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I

PREFACE

Engineering is a basic subject that combines science with other areas 
and technologies. Research in this field plays an important role in providing 
solutions to problems and difficulties. This book, “Engineering Sciences and 
Technologies Researches”, aims to explore the wide range of topics that science 
has to offer. The book brings together the efforts of researchers and scientists from 
different engineering disciplines. It presents innovations in engineering sciences 
and technologies to readers. Each chapter and/or paper was/were prepared with 
the efforts of academics or scientists. Theoretical knowledge is combined with 
practical applications to produce basic knowledge and solutions in the field of 
engineering. This book also intends to increase interest in engineering sciences 
and technologies.

Best Regards,

Assoc. Prof. Dr. Halil Ibrahim Kurt 
Ph.D Engin Ergul
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1. Introduction

The constant increase in the world population and the addition of new 
technological developments every day lead to an increase in industrial 
activities in quality and quantity. Rapidly increasing production of 

industries not only leads to depletion of natural resources, but also causes water, 
air and soil pollution (Dinh et al., 2022). Wastewater from industries differs 
greatly from domestic wastewater in terms of source, quantity and character. The 
effects of industrial wastewater on nature are much more significant, changing 
the natural balance, and in some cases, irreversible. For this reason, the factors 
that cause environmental pollution must be controlled and the effluent of the 
industrial facility must be treated to prevent it from polluting the natural water 
environment. Metals used in various fields in industry spread to the environment 
through wastewater and pollutant emissions and accumulate in nature. Metals, 
which are in a constant cycle in the air, water and soil and have toxic effects on 
living things, also hold an important place among water pollutants (Vezentsev 
et al., 2022).

The most important heavy metal sources in the environment are; Process 
and wastewater of industries such as metal production, paints, battery production, 
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metal finishing, mining and mineral processing, coal mining and oil refinery. It is 
not possible for heavy metals, which are in the primary toxic pollutant class, have 
high atomic density and toxicity, and are thought to be responsible for groundwater 
pollution, to be transformed into harmless compounds by biochemical methods, such 
as organic pollutants found in water (Acar et al., 2023). One of the heavy metals that 
pose a problem in terms of environmental pollution is chromium. Chromium; It can 
be found as +6 and +3 in wastewater from industries such as coating, leather tanning, 
wood preservative production, stainless steel production. Release of Cr (VI) into the 
environment can cause serious health problems. For this reason, different methods 
have been developed for the treatment of wastewater containing Cr(VI). The most 
commonly used method is to reduce Cr(VI) to Cr(III) and precipitate it as Cr(OH)3 
by increasing the pH of the environment. However, the sludge generated in this 
method creates an important secondary waste. Apart from these, methods such as ion 
exchange, electrocoagulation, membrane techniques and adsorption can be applied.

Among these methods, adsorption attracts attention in terms of ease of 
application and economy (Baran, et al., 2006; Aksu, et al., 2002). However, in 
order for this method to be used efficiently, it is of particular importance that 
the material chosen as the adsorbent is cheap and effective. Adsorbents used 
in heavy metal removal; clays, activated carbon, gels, alumina, silica, zeolites 
and resins. Recently, activated carbon has been replaced by cheap, effective, 
easy to obtain, abundant, natural materials and various industrial by-products 
in heavy metal removal. One of the natural adsorbents that has an important 
place in wastewater treatment by adsorption method is clay (Tahir and Naseem, 
2007). Clays found in soil are important inorganic compounds. Its sorption is 
due to their large surface area and ion exchange capacity. Clay minerals affect 
metal ions thanks to the negative charge in their structure (Anonymous). In our 
study, it is aimed to remove chromium ion, which is an important pollutant and a 
heavy metal in industrial wastewater, by using bentonite clay as an adsorbent by 
adsorption method, and to examine the effect of parameters such as chromium 
concentration, adsorbent dose, pH on adsorption efficiency and to determine the 
compliance of adsorption with the equilibrium isotherm equations.

2. Materyal and Methods

2.1. Batch Adsorption Studies:

The solutions used in the experiments were prepared by diluting the 1000 
mg/L Cr3+ stock solution from Cr(NO3)3.9H2O salt. The initial concentrations of 
the Cr3+ solutions used for the analyzes and the concentrations of the samples 



ADSORPTION STUDIES OF Cr(III) INTO BENTONITE CLAY         3

obtained after adsorption were determined with the Perkin Elmer AAS (Atomic 
Absorption Spectrometer) device.

The bentonite used in the experimental study was obtained from Kütahya 
Magnezit İşletmeleri A.Ş. The chemical composition of bentonite (XRF result) 
is given in Table 1.

Before starting the experiments, the bentonite used as an adsorbent was 
sieved and its particle sizes were determined and separated to be used in the 
experiments. As a result of the sieving process, the particle diameter of the 
adsorbent material was determined as 270 mesh< Dp< 400 mesh (53µm-38µm). 
Then, it was kept in a 70oC oven for 24 hours and brought to a constant weight.

For adsorption experiments, certain amounts of bentonite were weighed 
and placed in polyethylene tubes. A shaking water bath was used to keep the 
temperature (25oC) constant in the experiments. 25 mL of Cr3+ solution (100 
mg/L) at a certain pH was taken and added to the tubes containing bentonite. 
After a certain time, the tubes were taken from the water bath and placed in the 
centrifuge. Samples were processed at 5000 rpm for 7 min. Adsorbent substances 
were precipitated by centrifugation. The clear part of the solutions taken from 
the centrifuge was separated from the precipitate by decantation and analyzed 
on the AAS device to determine the equilibrium concentrations. % Adsorption 
values were calculated from the difference between the initial concentration and 
the concentration remaining in the solution (equilibrium concentration). The 
same processes were repeated for each parameter.

Table 1. Chemical composition of bentonite used in experiments (XRF results)

Component Amount % by weight
Na2O 1.18
MgO 9.05
Al2O3 11.80
SiO2 43.05
P2O5 0.16
SO3 0.17
K2O 1.13
CaO 8.96
TiO2 1.39
Cr2O3 0.29
MnO 0.16
Fe2O3 9.63

Loss of Glow 13.00
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3.	Results and Discussion

3.1. Effect of pH

When Figure 1 is examined, it is observed that the adsorption is maximum 
at pH 4 with 95.89% in the experiments conducted with bentonite. As can 
be seen, adsorption efficiency increased as pH increased. The reason why 
adsorption increases as the pH of the Cr3+ solution increases can be explained 
as follows. The surface of bentonite samples contains a large number of active 
centers and is charged (+) at low pH. Thus, the competition between H+ and 
metal ions for available adsorption centers increases. However, as pH increases, 
this competition decreases as the active surfaces become more negatively 
charged. As a result, the adsorption of (+) charged metal ions increases due to 
the electrostatic attraction force (Unuabonah et al., 2008).

Figure 1. Effect of pH on Cr(III) Adsorption

3.2. Effect of adsorbent dose

The effect of various adsorbent doses on chromium adsorption is given 
in Figure 2. As seen in Figure 2, it was observed that as the adsorbent dose 
increased, the amount of adsorbed substance increased up to a certain point 
and then remained constant. Accordingly, % adsorption values ​​increased. The 
reason for this can be shown as the increase in the surface area to which the 
substance adheres as the amount of adsorbent increases.
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Figure 2. Effect of adsorbent amount on Cr(III) Adsorption

3.3. Effect of Initial Cr(III) Concentration

Figure 3 shows the effect of initial chromium concentration on adsorption 
efficiency. When Figure 3 is examined, as the initial Cr(III) concentration increases, 
the sorption efficiency of Cr(III) decreases, although the amount of Cr(III) sorbed 
per unit adsorbent increases. The reason for this is that as the initial Cr(III) ion 
concentration increases, the number of empty centers to which the metal will bind 
decreases and the adsorbent reaches saturation, especially at high concentrations.

Figure 3. Effect of Initial Cr(III) Concentration on Cr(III) Adsorption

3.4. Adsorption Isotherm Results

To quantify the agreement between the sorption models and experimental 
observations for the behaviour of the Cr(III)–bentonite system, two different 
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sorption models, Langmuir and Freundlich, were used. The most widely used 
isotherm equation for modeling of the sorption equilibrium data is the Langmuir 
and Freundlich equation (Aşçı et al., 2007). The adsorption model constants 
were estimated from the adsorption data of Cr(III) ions on bentonite by using 
a Curve Expert computer program (Table 2). The Langmuir and Freundlich 
sorption isotherms obtained at pH 3.0 for Cr(III) ions are shown in Fig. 4.

Table 2. Isotherm constants obtained using Langmuir and Freundlich models

Lngmuir model qm (mg.g-1) K (L.g-1) R2

29.941 0.051 0.9247
Freundlich Model KF (mgn g-1 Ln ) n R2

2.78 1.876 0.9564

Considering the regression coefficients (R2) obtained for the isotherms, it was 
seen that chromium(III) adsorption to bentonite fits both isotherms, but it fits the 
Freundlich isotherm better than the Langmuir isotherm. The Freundlich constant 
n>1 indicates a desired level of sorption, and the closer the value of n is to zero, 
the more heterogeneous the system is. The Langmuir constant qm is the sorption 
capacity when the surface is completely saturated with metal ions. The Langmuir 
constant K indicates the strength of the bond between Cr(III) ions and the sorbent. 
A large K indicates that the binding of metal ions is irreversible and strong. In the 
study conducted by Ghorbel-Abid et al. (2009), Cr(III) was removed from aqueous 
solution by adsorption using bentonite and it was emphasized that the experimental 
data fit better with the Freundlich isotherm for natural bentonite clay.

Figure 4. Comparison of Langmuir and Freundlich isotherms
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4. Conclusion

In this study, batch adsorption experiments for the removal of Cr(III) 
from aqueous solution by using bentonite clay have been carried out. The 
effects of pH, adsorbent dose and initial Cr(III) concentration on adsorption 
were investigated and finally, the compatibility of sorption with Langmuir and 
Freundlich isotherms was examined.

When the pH changed between 1 and 5.6, the maximum efficiency was 
obtained as 95.89% at pH=4, 0.25 g clay amount and 100 mg/L initial Cr(III) 
concentration. The sorption efficiency of Cr(III) to the bentonite varied between 
as 100 and 82.47 % in the range of 25 and 300 mg/L initial Cr(III) concentration. 
Sorption of Cr(III) to the bentonite was non-linear and the bentonite-Cr(III) 
isotherms fitted well the Freundlich model and have similar shapes (n-values > 
1, showing favorable sorption). The highest Cr(III) sorption capacity, KF (2.78 
mgn g-1 Ln ) and intensity, n (1.876), were obtained for the bentonite. 
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1. Introduction

1.1. Evaluation of Heavy Metal Ions Pollution and Removal Methods

Metal ions are used in many industrial productions, including 
chromium plating, battery manufacturing, glass industries, 
agricultural activities, inorganic pigment production, plastic and 

rubber production, household waste, and pharmaceutical industrial processes 
(Singh & Mishra, 2021). Since heavy metal ions are not biodegradable, they 
tend to accumulate in living organisms. Heavy metal ions such as cadmium, 
chromium and lead, which are known to be potentially toxic even at low 
concentrations, pose a significant threat to the aquatic ecosystem. For these 
heavy metals expressed, the maximum allowable concentration in drinking 
water established by the US Environmental Protection Agency (USEPA) is 
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0.10 mg/L for Cr (total) (mg/L); It is 0.005 mg/L for Cd (II) and 0.015 mg/L for 
Lead (II) (Fu & Wang, 2011). Drinking water containing heavy metals above 
the permissible upper limit has various toxic effects on humans and living 
things. Some heavy metals such as cadmium, chromium and lead, mercury and 
arsenic are considered as potential carcinogens (Balali-Mood vd., 2021). For 
this reason, the wastewater of the industries mentioned above, which constitutes 
heavy metal pollution, should be treated before being discharged into the 
receiving environment (Liu vd., 2022). To remove the heavy metal ions from 
ındustrial wastewater are used in different physicochemical processes such as; 
adsorption, membrane filtration, electrodialysis, the reverse osmosis method, 
the ion exchange method, photocatalysis, and the ferrite method (Abraham 
vd., 2017; Z. Chen vd., 2021; Khulbe & Matsuura, 2018; Mariana vd., 2021). 
Among these methods, the best and most effective technique is the adsorption 
process (Lakherwal, t.y.). The cost of the adsorbent used in the adsorption 
process, the regeneration ability of the adsorbent, and the adsorption capacity 
are the most important factors affecting the process efficiency. Many materials 
such as natural or modified clay and oxide minerals (Jiménez-Castañeda & 
Medina, 2017), commercial activated carbon (Shahrokhi-Shahraki vd., 2021), 
carbon nanotubes(Baghayeri vd., 2021; Kumar vd., 2015), graphene oxide (X. 
Chen vd., 2016) , chitosan-based polymeric sorbent (Y.-W. Chen & Wang, 
2016) and natural biomaterials (Taşar vd., 2014) have used as an sorbent 
to the removal of the heavy metal ions from wastewater. However, these 
materials are disadvantageous because they have low adsorption capacity or 
have high costs. Therefore, it is tried to develop both effective and cheap, 
and easily available adsorbents to increase the efficiency and effectiveness 
of the adsorption process (Dhyani & Bhaskar, 2018; Shaheen vd., 2019). 
And especially biochars, which are seen as an alternative adsorbent for the 
removal of pollutions in wastewater, are attracted attention due to their porous 
structure, abundant surface functional groups, and ease available (Tran vd., 
2020). The use of biochar as an adsorbent both contributes to the recycling 
of wastes and is cheaper than another adsorbent since it was produced from 
waste biomass sources. The range of waste biomass resources (woody waste, 
agricultural waste, municipal solid waste, industrial waste, animal waste, etc.) 
is quite wide and it is known that significantly changes the adsorption capacity 
of the produced bio-char (Zhang vd., 2020). The properties (such as porosity) 
of biochar depend on the structure of the biomass (ultimate and proximate 
content) and sorbent production conditions. 
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1.2. The Aim of the Studies and The Gap of the Literature
Adsorption of heavy metals on biochars depends on many factors. These 

are biochar properties, environmental conditions, metal ion properties and initial 
metal ion concentration etc.(Gao vd., 2019; Shaheen vd., 2019). However, it 
is best to consider biochar properties such as particle size, surface area, cation 
exchange capacity, and total carbon mass percentage with holistic adsorption 
mechanisms. Studies are carried out by using solutions prepared in simulated 
laboratory conditions and by considering the relative contribution of each effect 
factor to the adsorption efficiency separately. The achieved removal success 
cannot be achieved when real wastewater samples containing heavy metals are 
used, that is, it does not give realistic and successful results. Therefore, it is 
important to evaluate the effect of all variables on adsorption with a holistic 
approach and to determine their feature importance. 

Many empirical adsorption kinetic and isotherm equations have been 
derived to model the adsorption process. However, these equations are usually 
static models derived to model the adsorption process under certain stable 
operating conditions. Therefore, models based on conventional adsorption 
equations have limitations in both kinetics and isotherms (Largitte & Pasquier, 
2016). Conventional model equations based on examining the effect of only 
one parameter at a time do not reveal the effect of the interaction between 
variable parameters on the adsorption capacity (Rodríguez-Romero vd., 2020). 
Therefore, models that can reveal the multidimensional structure of adsorption 
are needed. For these reasons, machine learning (ML) methods were used in this 
study to model the adsorption behavior of heavy metals on biochars and to solve 
the problems expressed by learning. 

Machine learning (ML) regressions are capable of modeling and predicting 
the complex and nonlinear mathematical relationship between independent and 
dependent variables. For this reason, researchers have used machine learning 
methods, especially in engineering applications (such as adsorption) where many 
variables must be evaluated simultaneously. In this way, many new methods 
have been included in traditional engineering research. Thus, acceptable 
estimation results for engineering applications began to be obtained. Especially, 
in the last five years, studies on the modeling of artificial neural networks 
(ANN) and machine learning techniques and the adsorption process have started 
to attract the attention of those working in the field (Aftab vd., 2022; Li vd., 
2023; Rodríguez-Romero vd., 2020; Taşar, 2022). In the mentioned studies, 
the effect of environmental factors affecting the adsorption capacity such as the 
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initial pH of the solution, the initial concentration of heavy metal ions, ionic 
strength, and adsorption temperature has been evaluated. Only one heavy metal 
ion was simulated in the studies. In the adsorption process of heavy metal ions 
on biochar, the pH, surface charge, surface area, porosity, functional groups, and 
mineral content of the adsorbent, etc. are determined plays an important role. 
And in the studies conducted by previous researchers, the type of adsorbent and 
its properties have a great effect on the adsorption capacity. 

Therefore, in this study, the success of the decision tree (DT), Gaussian 
method (GM), Random forest (RF) and Multi-Layer Sensing (MLP) machine 
learning methods in estimating the adsorption efficiency were comparatively 
examined.in single, double, and triple systems. While modeling, in addition 
to adsorption parameters (pH, temperature, initial concentration), adsorbent 
properties (particle size, average pore surface area, proximate and ultimate 
composition, etc.) were also taken into account. The relative importance of each 
variable parameter on the target variable was revealed. 

2. Material and Methods

2.1. Dataset and Data Preprocessing

In this study, the adsorption capacity of biochars for heavy metals was 
investigated and adsorption process was modeled. A dataset was used that 
summarizes the experimental data (350 pieces) on the adsorption of heavy 
metals such as As3+, Cd2+, Cu2+, Ni2+ , Pb2+ and Zn2+ to biochars. The dataset 
is presented in the supporting information document. In the data set, only 
biochar samples (44 pieces) were taken into account as adsorbents. The biochar 
samples considered in the data set were produced from different biomass types 
(24 pieces) with lignocellulosic structures in the temperature range of 300-700 
°C. The characteristic features of biochars are summarized in Table S1 in the 
supplementary dossier. 

In the dataset, there were used three major categories in which to classify 
variables; (i) biochar properties:  particle size, surface area (SA, m2/g), and the 
cation exchange capacity (CEC, cmol(+)/kg) of biochar are all measured in terms 
of pH in water (pHH2O), total carbon mass percentage (C%, (O+N)/C, (O/C), 
and (H/C). (ii) The adsorption process’s parameters: The initial pH (pHsol) of the 
wastewater and adsorption temperature (T), the initial heavy metal concentration 
of wastewater (C0, mmol/g). (iii) Adsorbate properties: properties of heavy 
metals, such as charge density (Ncharge). 
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The expressed variables, data ranges, and adsorption efficiency were 
presented in Table S2 in the supplementary document.  For this, a box plot 
was developed as a data representation method. Using the Pearson correlation 
coefficient (PCC), the linear relationship between any two factors in the datasets 
was determined (Equation 1). 

				    � (1)

The covariance between X and Y was cov(X,Y); σY and σX  are the standard 
deviations of  Y and X. 

A two-tailed t-distribution with (N-2) degrees of freedom was used to 
compute a statistical value using Equation 2. r is the PCC and N is the number 
of related samples in Equation 2.

				    � (2)

2.2. Regression Methods 

2.2.1. Multiple Linear Regression (MLR)

Multiple linear regression (MLR) is the most basic regression model 
used to describe linear relationships between multiple variables. In the MLR 
regression model, the relationships are defined as in Equation (3).
		  � (3)

The term Xij is j. of the independent variable i. represents the level value. 
Observation of yi dependent variable i. represents its value. Îij error term and 
bj j. regression coefficient and k is the number of independent variables. In the 
multiple regression model, the regression coefficients are calculated using the 
least squares method.

2.2.2. Decision Tree Regression (DT)

The decision tree regression is a binary recursive partitioning process 
that splits the input data into partitions/branches. As it progresses from each 
branch upwards, it continues to be divided into smaller groups according to the 
data feature. At this stage, the algorithm uses the partitioning method, which 
minimizes the sum of the squares of the deviations from the mean in two separate 
sections. In the regression tree method, the minimization (reduction) deviation 
at each node is solved by the equation in Equation (4) (Taşar, 2022).
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 	 � (4)

Pl and Pr are the probabilities of the left and right nodes, respectively. 
Var(Yl), Var(Yr) are the responsible vectors for the mutual right and left child 
nodes. , 1, 2,3 ,= = ¼R

j jx x j M  stands for optimal discrimination query. xj 
represents the  R

jx the best discrimination value. M is the number of variables in 
the training set.

2.2.3. Gaussian Process Regression (GPR)

GPRs are non-parametric machine learning models used to estimate the 
value of the continuous response variable. The output variable is modeled 
as a Gaussian process using covariances with the input variables. The most 
important feature of the GSR is that it has a variety of covariance functions that 
enable the most accurate option to be determined by providing the ability to 
create functions at different degrees. The Gaussian process is a generalization of 
the gaussian distribution. While the Gaussian distribution is the spread between 
random changes, the Gaussian process is explained as the distribution between 
functions. The Gaussian process function (x) is defined by the covariance and 
mean (x). The mathematical relationship between them can be expressed by the 
following equation.
			   � (5)

			   � (6)

Here, (x, x′) stands for kernel or covariance function. The (x) function can 
be defined as:
			   � (7)

Usually, for simplification, the mean function value is assumed to be 
zero. The relationship between the input vector and the objective vector in the 
Gaussian process is as follows:

				    � (8)

where f (x) and ε denote the regression function and the noise value of the 
gaussian distribution, respectively. Also, the covariance matrix can be given as 
follows. ki is the covariance determined between the hidden functions (xi) and 
(xj).
				    � (9)
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		  � (10)

2.2.4. Random Forest Regression (RF)

The random forest (RF) regression is a technique for constructing a 
decision ensemble (forest) consisting of many decision trees. In this method, 
multiple regression trees are created and the final regression result is calculated 
by taking a combination of the predictions from the regression trees to calculate 
the final estimate.

2.2.5. Supported Vector Regression (SVR)

Support vector machines are the supervised learning techniques used 
in classification and regression. The general statement about the regression 
adaptation of the support vector machine is:

		  � (11)

where xi is each of the N-dimensional input variables and yi is the output 
variable. 

			   � (12)

It is desired to calculate the value of the function presented in Eq. (12). 
In this case, w is referred to as the normal vector, x is the input vector, and the 
vector product is iso-dimensional. In the SVR method, our goal is to find a 
function f(x) such that the actual yi output values are estimated with a deviation 
of at most ε, and the distance between the two planes that are parallel to the 
found function and contain the training inputs is minimum. In order to find the 
f(x) function; a minimum vector w is sought. In this, the norm of the vector w is 
minimized. It is possible to formulate as a convex optimization problem:

                               (13)

                              (14)

                               (15)

                               (16)
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where constant C is a number greater than 0, and it reconciles the 
amount of deviations greater than the e with the distance between two parallel 
planes in which the f(x) function takes place. Compared to the traditional 
supervised learning methods of neural networks, the SVR also uses the 
principle of inherent risk minimization, which aims to reduce not only the 
experimental measurement error but also the upper bound of the generalization  
error.

2.2.6. Multi-Layer Perception (MLP) Model

Multilayer perceptron networks (MLPs) are a type of artificial neural 
network that uses at least one layer between the input and output layers. 
Unlike the single-layer perceptron, MLPs can solve nonlinear problems, so 
they are the most popular type of neural network in widespread use. This 
MLP architecture consists of the input layer, output layer, k hidden layers, 
and 2 neurons in each hidden layer. The input layer consists of a large number 
of neurons corresponding to each independent variable. The hidden layer 
provides the capture of non-linear relationships between variables. The output 
layer also corresponds to the predicted classification or recommendation. 
While the MLP method performs a forward transmission, it also uses a 
backpropagation algorithm to minimize the error. Forward transmission is 
when the input applied to the network advances from the previous layer to 
the next layer in sequence and reaches the output layer. The error signal is the 
difference between the input signal reaching the output layer and the desired 
value. The error signal moves from the output layer to the input layer and 
aims to minimize the error value by updating the weight values. Each hidden 
volume has an activation function that is generally non-linear and the same 
for all hidden volumes. The output of a hidden unit is determined by applying 
the activation function to the sum of the weighted signals from the previous 
layer and a discrete bias. 

The working structure of multi-layer perceptrons consists of two stages: 
forward computation, where the output of the network is calculated, and 
backward computation, where the weights are updated. The main purpose of 
the forward calculation is to estimate the output value for the given input values 
and calculate the error using the target value. While the information in the 
input cells is transferred to the middleware cells, it is multiplied by the relevant 
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weights, and the NET input of each middleware cell is calculated according to 
the weighted sum function:

			    � (17)

Here the NETp middleware p. the entry into his cell; Wip input layer i. cell, 
p. the weight that attaches to the cell; i in the xi input layer. represents the output 
of the cell. The NET input found is passed through an activation function, and 
the output of the middleware cells is found.
			   � (18)

Here is the p of the Fp intermediate layer shows the activation function 
of the cell. The activation function to be used must be differentiable. After this 
stage, the error calculation is made using the target value and the value in the 
output cell. Error calculation:
			   � (19)

εp the error made; Tp is the target output value; Fp. Displays the calculated 
value of the cell. In the second stage, backward calculation, the weights are 
updated to minimize the error rate. For this, the error values are propagated 
backwards and the update rules of the weights are created. The error is primarily 
the weight values between the output layer and the middle layer; Then, the 
weight values between the middleware and the input layer are calculated and 
proceed backwards.

2.2.7. Performance Evaluation 

The coefficient of determination (R2), mean squared error (MSE), mean 
absolute error (MAE), and root mean square error (RMSE) were used to 
discuss the performance of machine learning models and evaluate the model’s 
accuracy and the model’s compatibility with the dataset used. For this reason, 
the coefficients were calculated using Equations 20 through Equation 23, 
respectively (Taşar, 2022). 

(20)

(21)

(22)

(23)
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3.	Result and Discussion

3.1. Analysis of The Dataset and Pearson Correlation Matrix 

Biochar’s pH in water (pHH2O), carbon mass percentage (C, percent), 
molar oxygen/carbon ratio (O/C), molar hydrogen/carbon ratio (H/C), ash 
content (ash, percent), particle size (PS, mm), biochar surface area (SA, m2/g), 
and cation exchange capacity (CEC, cmol(+)/kg) are all considered characteristic 
features. It was shown in Figure 1 as a box graphic that the biochar’s characteristic 
properties changed depending on the pyrolysis conditions. 

	 Figure 1 presents a statistical distribution of properties of 44 biochar 
samples produced from lignocellulosic biomass by thermal degradation. By 
dividing the data set into quarters, the interquartile range was used to measure 
data variability. The minimum, first quartile, median, third quartile, and 
maximum statistical data were represented by five rows from bottom to top 
in each boxplot. In other words, the bottom and top of each box, for instance, 
correspond to the 25th and 75th percentiles. The distance between each box’s 
bottom and the top is referred to as the interquartile range. The red line in each 
box’s center represents the sample median. Sample skewness is depicted on 
a graph if the median is not in the center of the box. Whiskers refer to the 
lines that cross above and below each box. Whiskers range from the farthest 
observation of the interquartile range to the farthest observation of the whisker 
length (adjacent value). Considered to be outliers are observations that 
exceed the whisker. By default, an outlier is a value that exceeds 1.5 times the 
interquartile range from the bottom or top of the box. A red plus sign is used to 
denote outliers. Comparing boxplot medians is analogous to a t-test for means 
or other visual hypothesis tests.

	 In order to increase the reliability of machine learning models, data 
must be analyzed before developing the models. It has been determined that 
the biochar samples are generally basic character (Figure 1). This can be 
explained by the reduction of acidic functional groups in the biomass structure 
during thermal degradation and the accumulation of alkaline cations such as 
Ca2+, K+, Mg2+, and Na+ (S. Wang vd., 2015). In the few examples of biochars 
showing acidic character; It can be thought that organic acids are formed by the 
decomposition of hemicellulose and cellulose, which are the main components 
of biomass. In addition, it was thought that at low temperatures depending on 
the chemical structure of the biomass a small amount of alkali salt release/
accumulation occurs (X. Chen vd., 2011). 
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Figure 1. Boxplot of variables related to bio-char  
characteristic and adsorption conditions characteristic

The inorganic contents and compositions of biomass resources are not 
the same, thus these results are understandable. When Figure 1 is examined, 
it is seen that the elemental compositions of biochar resources are relatively 
different from each other. This difference depends on the thermal decomposition 
conditions (especially the temperature) and the nature of the lignocellulosic raw 
material from which the biochar is produced (type, age, growing conditions, 
etc.). The main purpose of biochar production with the thermal decomposition 
process is to obtain a more porous and carbon-rich, high-strength material while 
removing the volatile components from the raw material structure. It is known 
that while the structure is enriched with carbon during thermal decomposition, 
the moisture and oxygen content also decreases. In this context, it is expected 
that the carbon contents of biochar samples will increase depending on the 
carbonization temperature and generally vary between 40% and 90%. 

The ash content of biochars affects on physicochemical properties and the 
distribution of organic matter (Sun vd., 2013).  However, how the ash content 
affects the adsorption process and its interaction with the adsorbent to be sorbed 
is a controversial issue (Abbas vd., 2018; R.-Z. Wang vd., 2018). For this reason, 
in this study, biochar samples varying between 1% and 50% are especially 
included. It is thought that the selected range will contribute to a more efficient 
interpretation of this effect. 

The O/C, H/C and (O+N)/C ratios of biochars are an indication of the 
abundance of oxygen-containing functional groups and the hydrophilicity 
of biochars, biochar surface aromaticity, and concentration of polar surface 
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functional groups, respectively (Cui vd., 2016; Shaheen vd., 2019; Zama vd., 
2017). Therefore, these parameters are important for adsorption applications, 
thus bio-chars can be compared in terms of these parameters. When the median 
of the O/C, H/C, and (O+N)/C molar ratios of the biochar samples which was 
used in this study are examined, it is seen that they are 0.14, 0.4, and 0.15, 
respectively.

It is seen that the average surface areas of biochars are concentrated in the 
range of 1-75 m2/g. Although carbonization is known to increase the porosity of 
biochar, it has been determined that the surface areas of the obtained biochars 
are generally much lower than commercial activated carbon (up to 1000 m2/g). 
The surface area of ​​only a few biochar samples could be reached 450 m2/g. 
However, porosity is not the only parameter that affects the efficiency of the 
adsorption process. Although the surface area of ​​biomass sources is low, heavy 
metal ion removal efficiencies are higher than expected (Kołodyńska vd., 2017). 
Because the CEC and inorganic contents of biochars also play an active role in 
the adsorption of heavy metals (Deng vd., 2019). The CEC value represents the 
ability to retain cations on the biochar surface. As the CEC value increases, the 
adsorption efficiency of metal pollutants increases. Figure 1 shows that the CEC 
values of biochars are in the range of 5-40 cmol(+)/kg.

3.2. Pearson Correlation Matrix Analysis

In this section, the relationships between PCC analysis and biochar 
properties were investigated and interpreted. According to the Pearson correlation 
matrix presented in Figure 2, the comments presented below were reached.

(i) The surface area of ​​biochars expresses a positive correlation with 
the carbon content. Considering that there is a linear relationship between the 
carbon content and the thermal decomposition temperature, it is understood that 
the relationship between the thermal decomposition temperature and the surface 
area of ​​biochars indicates a positive correlation.

 (ii) There is an inverse correlation between the ash content and the 
surface area of ​​the biochar. This can be interpreted as the clogging/filling of 
the micropores formed by the removal of volatile components during thermal 
decomposition by ash. 

(iii) It was determined that biochars showed close positive relationships 
with CEC, (O+N)/C, O/C, pHH2O, and ash. This proved that the CEC values ​​
of biochars and their functional groups and mineral contents are closely 
related.
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(iv) Adsorption efficiency of heavy metals was negatively correlated with 
carbon content, surface area, NChance and positively correlated with other variable 
parameters.

Multilinear regression methods were used in the study to investigate the 
deep relationship between adsorption efficiency and variable parameters. The 
data obtained are discussed in the next sections.

3.3. Performance Predictions for The Adsorption Efficiency Using The 
Regression Models

The data were modeled using the Random Forest Regression (RF), 
Gaussian Regression (GM), Decision Tree Regression (DT), Supported Vector 
Regression (SVR) ve Multi Layer Perception (MLP). Table 1 lists the ideal 
hyperparameters that were found for each regression. 10-fold cross-validation 
rate used in this study.  
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Table 1. Optimum hyper-parameters of methods

Regression Parameter

MLR 
(Method 1)

Linear

DT (Method 
2)

max depth: 5

GM (Method 
3)

Basıc 
Function

Kernel 
Function

Kernel 
Scala

Standard 
Deviation

Sigma

Constant Quadratic 9.2584 0.2439 0.2439

RF (Method 
4)

Tree number: 200, max depth: 5

SVR (Model 
5)

Preset: Linear SVM; Kernel function: Linear;Kernel scale: 
Automatic; Box constraint: Automatic;Epsilon: Automatic; 

Standardize data: true

MLP 
(Method 6)

Preset: Wide Neural Network; Number of fully connected layers: 
1; First layer size: 100; Activation: ReLU; Iteration limit: 1000; 

Regularization strength (Lambda): 0

Figure 3 compares the experimental and predictive results of the MLR(a), 
DT(b), GM(c), RF(d), SVR(e) and MLP(f) regressions. The x-axis and y-axis 
displays experimental data and the estimated value, respectively. The best 
prediction scenario is displayed by the straight line. Prediction rate, training time, 
and regression scores are all included in Table 2, which shows the R2, RMSE, 
MSE, and MAE. The MLR performed less well than the other regressions in 
this study because the regression coefficient of the MLR regression was found 
to be smaller than the coefficients of the other regressions studied.  As shown in 
Table 2, when the regression coefficients for the DT; GM; RF; SVM and MLP 
regressions regression coefficients were found to be 0.90; 0.97; 0.98; 0.76 and 
0.95 respectively.  In addition, the RMSE coefficient for the RF regression was 
obtained at 0.04929. Since the RMSE value of the RF regression is at least 15% 
lower than the other regressions. The root means square error (RMSE) is very 
close to zero, indicating that the RF regression performs satisfactorily.  As a 
result, it was determined that the RF regression had the best performance. It 
was concluded as a result that RF regression is required to ascertain the intricate 
relationship between factors and targets.It was revealed that the success rate 
obtained in the study was higher than all of the regression methods (El Hanandeh 
vd., 2021; Ke, Nguyen, Bui, Bui, Choi, vd., 2021; Ke, Nguyen, Bui, Bui, & 
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Nguyen-Thoi, 2021; Yang vd., 2014; Zhu vd., 2019) presented in the literature. 
The general estimation ability is far superior to the studies in the literature and 
the regressions used in this study. 

Figure 3. Prediction and actual response graph  
all of the regressions for adsorption efficiency
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Table 2. Performance metrics of Regressions

Regression RMSE R2 MSE MAE Prediction 
Speed (obs/

sec)

Training 
Time
(sec)

MLR 0.15686 0.79 0.024606 0.10987 6600 0.5517
DT 0.10902 0.90 0.011885 0.045542 17000 0.38394
GM 0.06111 0.97 0.0037343 0.028098 11000 4.3655
RF 0.04929 0.98 0.0024299 0.023042 820 10.603

SVM 0.16888 0.76 0.028521 0.10216 5500 2.1505
MLP 0.08046 0.95 0.0064737 0.03502 7300 17.396

3.4. Feature Importance

In this step of the study, feature importance information was tried to 
create for the adsorption process.  The feature importance values of the variable 
parameters discussed were tried to be presented in pie charts in detail and 
presented in Figure 4. It was determined that the initial metal ion concentration 
is the most critical parameter affecting the adsorption efficiency. This parameter 
was followed by the CEC and total carbon values of the adsorbent and the 
particle size of the adsorbent.

When examined in Figure 4, it is understood that the biochar properties 
affect the adsorption efficiency by 67%, the ambient conditions by 13%, and 
the initial heavy metal ion concentration by 20%. Considering the feature’s 
importance, it was concluded that first of all, attention should be paid to the 
selection of adsorbent for process efficiency.

When the biochar properties are evaluated within themselves, the outstanding 
parameters are CEC (21%), total carbon content (15%), particle size (15%), ash 
(13%), and pHH2O (10%). The relatively higher contribution of CEC is because 
the adsorbent is a function/result of both ion exchange (eg, Ca2+, K+, Mg2+, and 
Na+) and surface functional groups (eg phenolic carboxyl, and carbonyl groups) 
(Mohan vd., 2014). The total contribution of (O+N)/C and H/C to the molar ratio 
was determined as 12%. This indicates the role of oxygen-containing functional 
groups and aromatic structures in adsorption (Alam vd., 2018).  

In addition, contrary to what is generally expected (Ke, Nguyen, Bui, 
Bui, Choi, vd., 2021), the importance property value of the surface area of the 
adsorbent was determined to be relatively low (6%). This situation revealed 
that the chemical adsorption process, in which functional groups are active, is 
predominant in the adsorption process of metal ions. 
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Figure 4. The feature importance of variable parameters on the adsorption efficiency

Besides, the contribution of Ncharge and electronegativity in the adsorption 
process is almost negligible (<1%). It was also reported in Zhu et al., (2019) that 
heavy metal properties such as ion radius, charge number and electronegativity 
do not have a significant effect on the adsorption capacity. The initial metal ion 
concentration feature importance value is in agreement with the PCC coefficient 
(0.8241) shown in Figure 2. Studies in the literature emphasize the importance 
of initial metal ion concentration on sorption (Zhou vd., 2017).

It is known that the adsorption conditions, including the initial pH of the 
solution and the adsorption temperature, are critical for adsorption efficiency 
(Meng vd., 2014; Samsuri vd., 2013).  It is emphasized that the initial pH value 
of the solution affects the ion exchange capacity of biochar and the biochar 
surface charge distribution. The precipitation or adsorption of heavy metals on 
the adsorbent surface is closely related to the pH value of the solution (Ho vd., 
2017; Ma vd., 2016). The obtained importance attribute value (8%) proves this.

3.5. Partial Dependence Analysis for Adsorption Efficiency

Adsorption efficiency is the primary goal of partial dependency analysis, 
which focuses on the impact of a single parameter on the target variable 
(adsorption efficiency) and restricts other parameters to mean values. In this 
step, we attempted to use partial dependence analysis to reveal the type and 
magnitude of the effects that the parameters whose effects were looked at 
had on the adsorption efficiency. A thorough partial dependency analysis was 
also conducted to thoroughly examine the connections between the biomass 
composition, the surrounding environment, the initial metal ion concentration, 
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and the adsorption effectiveness. A partial dependency analysis data set was 
produced as a result of 350 adsorption studies, and it was valuable because it 
offered all-encompassing and general results.

In Figure 5 and Figure 6, the effects of variable parameters on adsorption 
efficiency are presented as a result of one-way and two-way partial dependence 
analysis, respectively. A two-way partial dependence analysis was created by 
considering the effect of other parameters against initial metal ion concentration, 
which is the most effective parameter on adsorption efficiency. In addition, 
it is seen that as the initial metal ion concentration increases, the adsorption 
efficiency increases up to the critical value and then stabilizes. The difference 
in concentration between the two phases, which serves as their driving force, is 
what causes this. The saturation of the active sites on the biochar surface can be 
used to explain the stabilization of the sorption efficiency.

One-way partial dependency analyses and PCC values presented in Figure 
2 were found to be in agreement. Accordingly, there is a negative relationship 
between the adsorption efficiency of heavy metals and the carbon content 
and surface area of biochar. Other variables show a positive correlation with 
adsorption efficiency.

Figure 5. Regression of adsorption efficiency with one-way partial dependence plot.
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Figure 6. Regression of adsorption efficiency with two-way partial dependence plot

4. Conclusion

In the study, which was designed to discuss the adsorption efficiency of 
heavy metal ions on biochars in aqueous solutions, the data set consisting of 
350 experimental data was evaluated by machine learning methods. The effect 
of variable parameters on adsorption efficiency was investigated by considering 
linear and non-linear relationships. As a result, the following conclusions were 
reached;

·	 The result of the study; multiple linear regression and Pearson 
correlation coefficient (PCC) analysis were found to be insufficient for analyzing 
the relationships. 

·	 The random forest (RF) regression was found to have a high success 
rate (98%) for predicting the adsorption efficiency. In addition, the prediction 
success of the RF regression was proven to be higher than the ANN presented in 
the literature. 

·	 The partial dependency analysis was performed to specifically reveal 
and interpret nonlinear relationships in the study. It was seen that PCC analyses 
and importance feature data and partial dependency analyses gave consistent 
results. 

·	 According to the importance property evaluations, the effect of biochar 
properties on adsorption efficiency is 67%, and the effect of ambient conditions 
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%CEC, total carbon, particle size and pHH2O values of biochars have more 
effective importance compared to other biochar properties. Contrary to 
expectations, the effect of the surface area of biochars is low.

As a result, it is thought that this study will shed light on the literature within 
the scope of discussing the adsorption efficiency depending on the biomass 
composition, ambient conditions, and metal ion concentration. It is thought that 
the inferences obtained in this study can direct the biochar production process as 
an adsorbent. For metal ion adsorption studies, it is predicted that it will protect 
researchers from unnecessary repetition, time losses, and chemical losses.
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1. Introduction

Landfills are an essential element of waste management in modern societies 
(Kjeldsen et al., 2002). As waste disposal sites, landfills often contain 
various residual waste materials and incineration residues. Leachate, 

a severe issue related to landfill operations, is known to harm environmental 
quality considerably (Nika et al., 2020; Bandala et al., 2021; Viegas et al., 2021). 
Leachates pose serious environmental pollution risks, mainly underground and 
surface water resources (Costa et al., 2019). These leachates can contain high 
amounts of organic and inorganic compounds. These compounds can have toxic 
effects and damage water resources (Sewwandi et al., 2012).
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Leachates have a complex composition, and these pollutants include 
organic and inorganic compounds, metals, toxic and pathogenic substances 
(Bandala et al., 2021). Heavy metals (Esfahani et al., 2021), pesticides 
(Wang et al., 2020a), polycyclic aromatic hydrocarbons (PAHs) (Ateş & 
Argun, 2021) and microplastics (Rodriguez-Narvaez et al., 2021) are just 
a few of the toxic pollutants discovered in landfill leachate in previous 
studies. In addition, parameters such as pH, conductivity, dissolved oxygen, 
chemical oxygen demand, biochemical oxygen demand, dissolved solids, 
suspended solids, ammonium, nitrate, phosphate, sodium, chloride, sulfide, 
and sulfate can be found in the composition of leachate (Siddiqi et al., 
2022).

Leachate composition depends on the design and operation methods of the 
landfill and the waste composition. Methane gas, formed due to the decomposition 
of organic materials contained in wastes, can reduce the amount of dissolved 
oxygen in leachate and cause anaerobic conditions. If these conditions continue, 
substances such as ammonia, sulfur and methane gas may increase leachate 
composition (Ma et al., 2022).

The parameters in the leachate composition also impact environmental 
impacts and treatment methods. For example, low pH values of leachate may 
increase toxic metals’ solubility and environmental impact (Guo et al., 2010). 
In addition, the high organic matter in leachate may increase treatment costs 
and make it challenging to implement alternative solutions such as recycling or 
recovery (Chen et al., 2021).

Treatment methods can be used to minimize the damage of leachate 
(Costa et al., 2019). These methods may vary according to the chemical 
composition, amount, and source of leachate (Kamaruddin et al., 2017). 
Various technologies have been developed to treat landfill leachate, including 
biological treatments (e.g., activated sludge and fluidized bed reactor 
processes) (Salam & Nilza, 2021), chemical treatments (e.g., chemical 
precipitation, Fenton process) (de Oliveira et al., 2019), and physical-
chemical treatments (e.g., adsorption and membrane processes) (Foo & 
Hameed, 2010; Reshadi et al., 2020). However, it is usually necessary to 
strike a compromise between the effectiveness of the treatment and the 
expense of using these techniques. For landfill leachate treatment, a thorough 
understanding of the composition of landfill leachate, as well as its variation 
and degradation characteristics, is crucial.
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Each method has different advantages and disadvantages, and the method 
to be applied may vary depending on the type of compounds in the leachate 
(Kjeldsen et al., 2002). For example, membrane filtration is highly effective 
in removing organic matter, nitrogen, and phosphorus but often requires 
maintenance due to membrane fouling (Foo & Hameed, 2010). While the 
chemical precipitation method produces a non-toxic precipitate, it can cause a 
high amount of sludge formation (Ye et al., 2016). While biological treatment 
provides high efficiency with low operating costs, it performs poorly in removing 
heavy metals (Salam & Nilza, 2021). The adsorption method can remove a wide 
range of compounds using different adsorbents, but the recovery of adsorbents 
can be challenging (Reshadi et al., 2020).

This article aims to examine in depth the properties of leachate, which is 
one of the most important environmental effects of solid waste landfills, and 
the methods that can be used to treat these waters. The article will provide 
information on the composition, toxic pollutants and environmental impacts of 
landfill leachate based on an extensive literature review. It will also provide a 
detailed analysis of the advantages, disadvantages, effectiveness and efficiency 
of different treatment technologies in treating leachate. The article’s main 
objective is to provide a scientific depth on landfill leachate and to promote 
the use of effective treatment methods to reduce the environmental impact of 
leachate.

2. Characteristics of Leachate

In general, landfill leachate is characterized by conventional parameters 
such as Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand 
(COD), Total Organic Carbon (TOC), pH, ammonia (NH4

+-N), heavy metal 
concentrations and suspended solids. BOD5/COD and COD/TOC ratios are 
typical indicators for the biodegradability of organic compounds and the 
oxidized state of organic carbon. The quality of landfill leachate is affected by 
various factors such as waste type, landfill age, climate, operating conditions and 
hydrogeology (Dabaghian et al., 2018). Concentrations of common pollutants in 
landfill leachate are given in Table 1.
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Table 1. Concentrations of common pollutants in landfill leachate  
(Kjeldsen et al., 2002; Costa et al., 2019; Luo et al., 2019).

Common Pollutant Pollutant Type Concentration (mg/L)

COD
Macro organics (dissolved organic matter)

0.0014-1.52 x 105

BOD5 0.001-5.7 x 104

NH4
+- N

Inorganic macrocomponents (nitrogen 
compounds and salts)

0.05-2.5 x 103

Cl- 0.03-4.5 x 103

HCO3
- 0.61-7.3 x 103

SO4
2- 0.008-7.8 x 103

Cd

Trace inorganics (heavy metals)

0-0.4
Cr 0.02-1.5
Cu 0.001-10
Pb 0.001-5
Ni 0.015-13
Zn 0.03-1000
POPs Trace organics <1

Type and Composition of Accumulated Urban Solid Waste: The chemical 
composition of leachate is directly related to the type and composition of the 
waste. For example, gases such as ammonia, methane, hydrogen sulfide and 
carbon dioxide released as a result of the decomposition of organic wastes affect 
the chemical composition of the leachate (Luo et al., 2020). In addition, the type 
and composition of municipal solid waste can affect the chemical composition 
of leachate. For example, heavy metals in the waste can be found in high 
concentrations in the chemical composition of the leachate. Also, some effluents 
may have high or low pH values, causing the leachate to become acidic or 
alkaline. As a result, the chemical composition of the leachate during the storage 
of municipal solid waste is directly related to the type and composition of the 
waste. Therefore, proper waste management is essential for reducing leachate 
generation and preventing environmental pollution (Coffin et al., 2022).

Waste Degradation Stage: The waste degradation stage also affects changes 
in the chemical composition of the leachate. In the aerobic decomposition stage, 
CO2 and water are released due to the decomposition of organic wastes under 
aerobic conditions. In the anaerobic acid phase, hydrogen sulfide, ammonia and 
organic acids are released due to the decomposition of organic wastes under 
anaerobic conditions. In the methanogenic phase, organic acids are converted 
to methane. In the stabilization phase, most of the organic wastes decomposed 
and the waste volume decreased (Anqi et al., 2020). The leachate characteristics 
according to the waste degradation stages are given in Table 2.
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Table 2. Waste Decomposition Stages and Leachate Characteristics (Li ve ark., 2011; 
Bhalla ve ark., 2013; Ho ve ark., 2018; Sharma & Gupta, 2022; De Almeida et al., 2023)

Parameter Stage I
Beginning

Stage II
Transition

Stage III
Acid 

Formation

Stage IV
Methane 

Formation

Stage V 
Maturation

BOD (mg/L) 150-300 100-10000 1000-
57000 600-3400 4-120

COD (mg/L) 1000-3000 480-18000 1500-
71000 580-9760 31-900

Total Volatile 
Acid (mg/L)
(Acetic acid)

0 100-3000 3000-
18800 250-4000 0

BOD/COD 
(mg/L) 0.05-0.2 0.23-0.87 0.4-0.8 0.17-0.64 0.02-0.13

Ammonia 
(mg/L-N) 0-30 120-125 2-1030 6-430 6-430

pH 7-8 6.7 4.7-7.7 6.3-8.8 7.1-8.8
Total 
Dissolved 
Solids (TDS)

Low Low Low Low Very low

Amount 
of Organic 
Matter

Low High Low Lower Very low

Amount of 
Organic Acid Low High Low High Very low

Electrical 
Conductivity Low High Low Lower Lower

Decomposition Rate: Waste degradation rate is another factor affecting 
changes in the chemical composition of leachate. The degradation rate depends 
on the composition of the waste, humidity, temperature and other environmental 
factors. A faster degradation rate results in more gaseous emissions and, 
therefore, higher chemical composition (Liu et al., 2015).

Scientific studies show that the waste degradation rate significantly 
impacts the distribution and quality of components in leachate. For example, a 
study by Lim (1999) found that leachate had higher levels of dissolved organic 
matter and nitrogen compounds as the rate of waste degradation increased. In 
addition, the increased rate of waste degradation may result in lower pH values 
and highly toxic substances in leachate. Another study was done by Abdel-
Shafy and Mansour (2018). This study investigated leachate from a landfill 
with a low waste degradation rate. The results showed that a high amount of 
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organic matter accumulates in the leachate, and these substances damage the 
aquatic ecosystem. However, the impact of the rate of waste degradation on 
the distribution and quality of components in the leachate depends on the 
composition of the waste and environmental conditions. Therefore, determining 
leachate characteristics and controlling the waste degradation rate is essential 
for environmental management (Top et al., 2019).

Age of the Landfill: The age of the landfill is another factor that affects 
changes in the chemical composition of the leachate. The older the landfill, the 
more decomposed the waste and the more different the leachate composition 
(Lindamulla et al., 2022). Landfill leachate is classified into three types based 
on landfill age. According to Table 3, young leachate is less than five years old, 
medium leachate is 5-10 years old, and old leachate has been created for more 
than a decade (Miao et al., 2019). Young landfill leachate mainly comprises 
low molecular weight hydrophilic organic matter with a low pH value and high 
biodegradation index (BOD5/COD). By comparison, high molecular weights 
humic acid (HA) and fulvic acid (FA) are the predominant components of old 
landfill leachate, resulting in a high pH value and low biodegradation index. 
Heavy metal concentrations, in particular, tend to decrease with ageing, as 
increasing pH decreases the solubility of metals.

Table 3. Changes in storage leachate classification  
with age (Renou et al., 2008; Zhao et al., 2019)

No. Parameter Unit
Type of landfill leachate

Young
(< 5 years)

Intermediate
(5-10years)

Stabilized
(> 10 years)

1 PH <6.5 6.5-7.5 >7.5
2 COD mg/L >10000 4000-10000 <4000
3 BOD5/COD 0.5-1.0 0.1-0.5 <0.1

4
Organic 
compound

80% VFAa
5-30% VFAa + 

HFAb HFAb

5 NH3-N mg/L <400 NAc >400
6 TOC/COD <0.3 0.3 -0.5 >0.5

7
Kjeldahl 
nitrogen

g/L 0.1-0.2 NAc NAc

8 Heavy metals mg/L
Low to 
medium

Low Low

9 Biodegradability Important Medium Low
a = Volatile fatty acids, b=Humic and fulvic acids, and c= Not available
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Hydrogeology of the Landfill: The chemical composition of the leachate 
is also related to the hydrogeology of the landfill. The soil type in the area where 
the landfill is located, the movement of groundwater and the height of the site 
are among the factors affecting the composition of the leachate (Wiszniowski et 
al., 2006; Bove et al., 2015).

Area and Climatic Conditions: The characteristics of leachate also 
depend on the area and climatic conditions of the landfill. Leachate from 
precipitation often contains high organic matter, nitrogen, phosphorus, COD, 
BOD5, TOC, chloride and heavy metals. The densities of these components 
depend on the conditions of the landfills where the leachate originates 
(Lindamulla et al., 2022). Lower COD and Dissolved Organic Carbon (DOC) 
concentrations in summer result from higher temperatures, although pH, total 
nitrogen, and electrical conductivity are typically greater in winter than in 
summer. In contrast, there is little seasonal change in the oxidation-reduction 
potential, metal concentrations, total suspended solids, and volatile suspended 
solids (Zhao et al., 2013). The amount of aromaticity in landfill leachate is 
indicated by the absorbance ratio to TOC concentration at 254 nm (SUVA254), 
which exhibits substantial seasonal change and is greater in the summer than 
the winter (Yang et al., 2019). Because of this, Dissolved Organic Matter 
(DOM) formed from leachate has a greater proportion of aromatic compounds 
in the summer. This is presumably because higher temperatures make landfill 
biodegradation more effective in the summer.

In addition, leachates are often characterized by high temperatures 
and pH values. The reason for this is related to the heat generated by the 
biochemical reactions occurring during the degradation process and the high 
pH levels of the materials inside the tank (Wiszniowski et al., 2006; Bove et al.,  
2015).

Due to their prevalence in landfill leachates, emerging organic 
contaminants (EOCs) such as persistent organic pollutants, endocrine 
disruptors, pharmaceuticals, personal care products, antibiotic resistance 
genes, and disinfection byproducts have lately attracted much attention. These 
contaminants have the potential to have negative effects on both human health 
and the environment. Leachate from landfills included 17 different kinds of 
microplastics, with concentrations ranging from 0.42 to 24.58 items/L (He et al., 
2019). Additionally, landfill leachate included significant amounts (>10 mg/L) 
of phenolic chemicals, particularly Bisphenol A and 2,4-Di-tert-butylphenol 
(Aziz et al., 2018). Over the past 20 years, 172 pharmaceutical and personal care 
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products (PPCPs), including beta-blockers, antibiotics, and anti-inflammatories, 
have been notified in landfill leachate worldwide (Yu et al., 2020). In addition, 
there are high levels of antibiotic-resistance genes in landfill leachate. The 
presence of these genes enables leachate to be considered a reservoir of antibiotic 
resistance. As a result, landfill leachate is a significant EOC source, making 
treatment more urgent.

3. Environmental Effects of Leachate

In research on the environmental effects of waste landfill leachate, it 
has been observed that waste landfills severely affect the environment and 
human health. According to studies on this subject, leachate causes many 
environmental effects, such as groundwater pollution, surface water pollution, 
soil pollution, atmospheric effects, loss of biodiversity, and harmful effects on 
human health.

Many studies have examined the environmental effects of leachate. 
For example, a study by Abd El-Salam and Abu-Zuid (2015) examined the 
environmental effects of water leaking from a landfill in Egypt. They found 
that leachate can contain high levels of heavy metals, organic compounds and 
nutrients that can contaminate groundwater and make it unsuitable for drinking 
and agricultural use. The authors also noted that leachate can cause soil 
salinization and reduce soil fertility. Also, a study by Alemayehu et al. (2019) 
showed that water leaking from a landfill in Ethiopia harms the environment 
and human health. The authors noted that leachate might contain high levels 
of organic and inorganic pollutants that can lead to the eutrophication of 
surface water bodies and the growth of harmful algae. This study reveals that 
leachate contains toxic chemicals and that the water resources in the region 
are polluted.

The environmental effects of leachate affect not only groundwater but also 
soil. In a study by Rezapour et al. (2018), it was reported that water leaking from 
a landfill in Iran has adverse effects on the soil; chemical contamination of the 
soil causes adverse effects on plant growth and adversely affects agricultural 
activities in the region.

Sauve and Van Acker (2020) conducted a life cycle assessment of 
European municipal landfills and found that leachate can significantly impact 
human health and the environment. Their study stated that leachate may contain 
high levels of pathogens, toxins, and pollutants that can cause water, air, and 
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soil pollution. They also noted that leachate could contribute to greenhouse gas 
emissions and climate change by releasing methane and other volatile organic  
compounds.

One of the important problems in landfills is geotextile blockage. In the 
study by Ko et al. (2019), they investigated the factors that cause geotextile 
clogging due to the co-storage of waste ash in municipal solid waste landfills at 
different stages. As a result of the research, it has been reported that insoluble 
solids are formed during the storage of waste ash, and factors such as liquid 
permeability values and leachate properties in the process cause geotextile 
clogging. Similarly, Wu et al. (2018) examined the characteristics of geotextile 
clogging during the storage of MSW wastes and municipal solid waste 
incineration (MSWI) bottom ash, and it was determined that the geotextile 
clogging problem depends on the leachate properties, the pH value of the water, 
and the amount of waste ash.

In conclusion, studies on landfills’ environmental impacts highlight 
leachate’s severe effects on groundwater, surface water, soil, and human health. 
Landfills’ design, operation, maintenance, and leachate management should be 
strictly regulated to prevent these effects.

4. Treatment of Landfill Leachate

Laboratory-scale studies on the treatment process of landfill leachate have 
been reported in the last 50 years. Conventional techniques (such as recirculation 
to landfills and transmission to sewage facilities) and biological, physical-
chemical, and chemical technologies can all be used to remediate landfill 
leachate. A comparison of landfill leachate treatment techniques is shown in 
Table 4 and Figure 1, and combinations are shown in Figure 2. The efficiency 
of the treatment types according to the age of the leachate is shown in Table 5.
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Table 4. Comparison of landfill leachate treatment techniques (Teng et al., 2021)

Treatment 
Methods Explanation Advantages Disadvantages

Physical 
Treatment

Treatment by 
methods such 
as precipitation, 
filtration, retention 
of particles in 
wastewater on the 
surface

- Simple and low 
cost 
- Low energy 
consumption

- Can only remove 
large particles, not 
organic and inorganic 
pollutants

Biological 
Treatment

Treatment using 
microorganisms that 
naturally clean the 
wastewater

- Natural process 
- Low operating 
costs 
- Removal 
of organic 
pollutants

- May be insufficient 
for some pollutants 
- Long treatment times 
- Requires maintenance 
and management

Chemical 
Treatment

Treatment using 
chemical substances

- High efficiency 
- Removes 
inorganic 
pollutants

- High operating costs 
- Storage and disposal 
of chemicals 
- Toxic by-products

Adsorption
Retention and 
removal of pollutants 
on a surface

- Low operating 
costs 
- High pollutant 
removal 
efficiency

- Inadequate treatment 
performance 
- Waste may be 
generated after the 
adsorbent material 
reaches saturation

Reverse 
Osmosis

Passage of 
wastewater water 
through a membrane 
by applying pressure

- High treatment 
efficiency 
- Removal of 
high pollutants

- High operating costs 
- Energy intensity 
- Increased salt 
concentration in 
leachate 
- Easy clogging of 
membranes

Electrochemical 
Treatment

Removal of 
pollutants using 
electric current

- High efficiency 
- Removes 
organic and 
inorganic 
pollutants

- High operating costs 
- The problem of reuse 
of electrolytes 
- Requires regular 
maintenance
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Figure 1. Landfill leachate treatment techniques (Teng et al., 2021)

Table 5. The efficiency of treatment types according to  
the age of leachate (Renou et al., 2008; Costa et al., 2019)

Age of leachate (Year) Average removal (%)
Treatment Type Young 

(<5)
Medium 
(5-10)

Old 
(>10)

BOD COD TKN

Domestic + Sewerage Good Fair Poor
Depending on the 

domestic wastewater 
treatment plant

Recycling Good Fair Poor 60-80 - -
Aerobic processes Good Fair Poor >80 60-90 >80
Anaerobic processes Good Fair Poor >80 60-80 >80
Coagulation/
flocculation

Poor
Fair Fair

- 40-60 <30

Chemical 
precipitation

Poor Fair Poor - <30 <30

Adsorption Poor Fair Good >80 70-90 -
Oxidation Poor Fair Fair - 30-90 -
Stripping Poor Fair Fair - <30 >80

Ultrafiltration
Poor–
Fair

- - - 50 60-80

Nanofiltration Good Good Good 80 60-80 60-80
Reverse osmosis Good Good Good >90 >90 >90
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Figure 2. Leachate treatment processes and combinations (Tee et al., 2016)

4.1. Traditional Removal Methods

Techniques such as conventional methods, recycling, and transfer to 
sewage plants are used to treat water leaking from landfills. Landfill leachate 
recycling has been widely used in previous years because it is easy and requires 
low operating costs. However, the main factors influencing the effectiveness 
of this system are the frequency and volume of recirculation. Multiple 
recirculation cycles can result in the buildup of refractory materials in landfill 
leachate, compromising the integrity of the landfill system and making it more 
challenging to remediate the leachate later (Chugh et al., 1998). Transferring 
landfill leachate to sewage facilities necessitates both biological and chemical 
treatment, depending on the sewage treatment facility receiving the leachate.

Disposing of landfill leachate at wastewater treatment plants (WWTPs) 
is easy and affordable. However, adding leachate with high levels of organic 
matter hurts the success of future treatment steps and lowers treatment efficiency 
overall (Deng et al., 2018). Furthermore, persistent organic compounds have 
been found to be resistant to biodegradation as they pass through wastewater 
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treatment plants. Furthermore, intact organic substances, particularly persistent 
UV Dissolved Organic Matter (DOM), can seriously hinder UV disinfection in 
WWTPs (Zhao et al., 2012). Consequently, an efficient pre-treatment should be 
performed to remove UV-quenched materials to lessen the detrimental effects of 
landfill leachate on UV disinfection.

4.2. Physical-Chemical Treatment

4.2.1. Coagulation / Flocculation

The coagulation/flocculation process is a physicochemical treatment 
method. In this method, chemicals called coagulants are added to the leachate. 
Coagulants neutralize the colloidal particles in the water, allowing them to 
coalesce (Djeffal et al., 2021). Thus, more extensive and heavier particles are 
formed. These particles come together in the form of balls called flocs and 
are separated from the leachate in the settling tank (Abbas et al., 2009). The 
coagulation/flocculation processes can effectively remove organic pollutants 
and heavy metals. However, its effect on ammonium nitrogen (NH4

+-N) is very 
low (Duran & Cuci, 2016).

The coagulation/flocculation process success depends on the coagulant 
type, dose, pH value, mixing speed and duration (Djeffal et al., 2021). Aluminium 
sulfate (Al2(SO4)3), ferrous sulfate (FeSO4), ferric chloride (FeCl3) and ferrous 
sulfate (Fe2(SO4)3) are commonly used coagulants (Kamaruddin et al., 2017). 
The optimum dose of these coagulants depends on the characteristics of the 
leachate. Generally, a coagulant/leachate ratio of around 15% has been found 
to give good results (Djeffal et al., 2021). Iron salts are more effective than 
aluminium salts. Because iron salts are insoluble over a more comprehensive 
pH range. Thus, they provide coagulation (Moradi ve Ghanbari, 2014). High 
molecular weight organics with a high hydrophobicity can be removed more 
successfully thanks to coagulation (He et al., 2006). When coagulants were 
applied to treat landfill leachate, 43.1% COD removal was observed when poly-
aluminium chloride was applied and 62.8% COD removal was observed when 
alum was applied (Ghafari et al., 2009). Combining the coagulation/flocculation 
process and powdered activated carbon adsorption, 86% of the COD can be 
removed (Li et al., 2010).

The pH value of the leachate is also essential in the coagulation/flocculation 
processes. Because pH value is effective on the hydrolysis of coagulant and floc 
formation (Abbas et al., 2009). Leachate is usually acidic or neutral. The pH 
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value should be adjusted between 4 and 5 for ferric chloride and 6 and 7 for 
aluminium sulfate and ordinary alum (Djeffal et al., 2021). 

Mixing speed and time also affect floc formation and size. Too high or too 
low a mixing speed may disrupt the floc structure. The stirring time must ensure 
the coagulant is completely hydrolyzed (Abbas et al., 2009). A study by Djeffal 
et al. (2021), determined that the mixing speed for ferric chloride was 250 rpm 
and the mixing time was 15 minutes, while the mixing speed for aluminium 
sulfate and ordinary alum was 250 rpm and the mixing time was 5 minutes.

It has been reported that pollutants such as BOD, COD, Total Suspended 
Solids (TSS), heavy metals, colour and nitrogen compounds can be removed 
between 80-99% from leachate by coagulation/flocculation process (Kamaruddin 
et al., 2017). It has also been shown that bacterial contamination in leachate can 
be reduced by this method (Djeffal et al., 2021). The coagulation/flocculation 
process is often combined with other treatment methods. For example, biological 
treatment, chemical oxidation, adsorption, or filtration can be applied before or 
after the coagulation/flocculation process (Kamaruddin et al., 2017).

However, the coagulation/flocculation process has some disadvantages. 
For example, conventional coagulation systems produce excessive sludge 
and increase soluble iron and aluminium concentrations. Therefore, improved 
coagulation/flocculation methods have been developed. The Fenton-like 
oxidation method uses hydrogen peroxide (H2O2) and zero valence iron (ZVI) 
to generate hydroxyl radicals (OH●) and oxidise organic substances in water 
(Ertugay and Acar, 2014; Ertugay et al., 2017; Atmaca & Beyazit, 2022). This 
method has some advantages over the classical Fenton method. For example, 
using ZVI does not require pH adjustment, prevents the increase of metal 
ions, and provides higher OH● production with a lower H2O2 dose (Atmaca & 
Beyazit, 2022). High levels of suspended solids, colour, turbidity, and chemical 
oxygen demand (COD) removal can be achieved by this method (De et al., 
2019; Atmaca & Beyazit, 2022). In electrocoagulation, metal ions dissolve in 
water and neutralize colloidal particles by applying an electric current between 
electrodes. This method allows coagulation without metal salts and produces 
less sludge. In addition, the oxidation of organic substances in water is also 
supported by producing hydrogen and oxygen gases by electrolysis. High 
removal rates of suspended solids, colour, turbidity, and COD can be achieved 
by this method (Mollah et al., 2004; Fernandes et al., 2015; Xu et al., 2020). In 
the photo electrocoagulation method, ultraviolet (UV) rays are used together 
with the electrocoagulation method. UV radiation increases the coagulation 
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efficiency by increasing the activity of metal ions and accelerates the oxidation 
of organic substances in water. This method can achieve high suspended solids, 
colour, turbidity, and COD removal with lower electric current and metal ion 
dose (Ghernaout et al., 2011).

4.2.2. Treatment of Leachate by Adsorption

Adsorption is the attraction of a multicomponent fluid (gas or liquid) 
mixture to the surface of a solid adsorbent and binding by physical or chemical 
bonds (Reshadi et al., 2020). The advantages of the adsorption process include 
simplicity, low cost, high efficiency and selectivity (Foo & Hameed, 2010). 
Activated carbon is one of the most common adsorbents used in leachate 
treatment. Activated carbon is a solid material with high surface area and 
porosity and uses physical or chemical forces to retain organic pollutants 
(Gao et al., 2015). Plant or animal-origin materials can be used as the source 
of activated carbon. The adsorption capacity of activated carbon depends on 
leachate composition, pH, temperature, contact time and activated carbon dose 
(Foo & Hameed, 2009). The adsorption mechanism of activated carbon can be 
described by mathematical models such as Langmuir or Freundlich isotherms. 
These models are related to the number and energy of vacant sites on the surface 
of the adsorbent. Kinetic models can also be used to evaluate the adsorption 
performance of activated carbon. These models include mass transfer resistance 
and chemical reaction rate, which determine the adsorption rate (Foo & Hameed, 
2009).

The disadvantages of the adsorption process of activated carbon include 
the presence of pollutants with low adsorption capacity, difficulty in reuse 
and waste generation when the saturation point is reached (Gao et al., 2015). 
Therefore, the adsorption process of activated carbon alone may not be sufficient 
for leachate treatment. Combining activated carbon with other methods may be 
more effective in this case. For example, the use of activated carbon as a pre-or 
post-treatment with biological or coagulation-flocculation methods; methods 
such as combining activated carbon with an electrocoagulation process have 
been reported in the literature (Cherni et al., 2021). The optimum conditions and 
removal efficiency of activated carbon may vary according to the characteristics 
of the leachate and the targeted pollutants. Different studies reported different 
optimum conditions in the literature.

Magnetic adsorbents are another group of adsorbents used in leachate 
treatment. Magnetic adsorbents are adsorbents with magnetic properties or 
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modified with magnetic materials (Reshadi et al., 2020). The advantages of 
magnetic adsorbents include high adsorption capacity, selectivity, reusability, 
and easy separability in a magnetic field (Reshadi et al., 2020). Natural or 
synthetic materials can be used as the source of magnetic adsorbents.

The optimum conditions and removal efficiency of magnetic adsorbents may 
vary according to the characteristics of the leachate and the targeted pollutants. 
Different studies reported different optimum conditions in the literature. When 
utilized as magnetic adsorbents, nanomaterials in various forms, such as tubes, 
wires, and rods, offer a number of benefits. For instance, a magnetic adsorbent 
with a specific surface area of 160 m2/g was produced in one study when carbon 
nanotubes were magnetized with iron oxide and functionalized with calcium. 
This material demonstrated excellent efficiency in effectively removing humic 
acid as well as other pollutants like heavy metals, dyes, organic pollutants, 
radioactive elements, and pesticides (Wang et al., 2014). This adsorbent may 
also be recovered and used again.

Cucurbituril’s rigid structure, chemical stability, insolubility in most 
organic solvents, and relatively low toxicity are some of its main benefits (Yang 
et al., 2014). It is a useful substance that may be used in a number of procedures, 
including the treatment of water. Cucurbituril’s key benefits are its stiff structure, 
chemical stability, insolubility in most organic solvents, and comparatively low 
toxicity (Wheate, 2008). Cucurbituril was demonstrated to have the capacity to 
trap many ions in very acidic solutions in one study (Yang et al., 2014). This 
shows that it could be useful in removing leachate from young landfills.

Magnetic adsorbents’ removal effectiveness can change depending on 
the target pollutants and the materials used in their construction. Other factors 
that significantly affect adsorption include the process temperature, pH, ionic 
strength, other pollutants or chemicals, and the isoelectric point of the adsorbent. 
In addition to providing examples and more information on landfill leachate, 
this section emphasizes many magnetic adsorbents. The use of magnetic 
adsorbents to treat real landfill leachate has only been the subject of a relatively 
small number of research (Zhang et al., 2016; Zhang et al., 2018a; Zhang et 
al., 2018b). For instance, around 30% of the COD in the landfill filtrate was 
removed by adsorption on magnetite (Augusto et al., 2019).

Additionally, a magnetic CuFe2O4/reduced Graphene oxide nanocatalyst 
combined the oxidation and adsorption of mature landfill leachate from Shiraz, 
Iran (Karimipourfard et al., 2019). Magnetic chitosan nanoparticles were 
created and utilized to remove HA in research (Dong et al., 2014b). The findings 
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demonstrate that adsorption is weakened by solution pH. The HA adsorption 
capacity falls from 29.3 mg/g to 7.4 mg/g when the solution pH rises from 4 to 
10. Ionic strength and adsorption capacity were shown to have a comparable 
connection, with lower ionic strength being better for adsorption effectiveness. 
According to the study, the highest adsorption capacity was 32.56 mg/g under 
conditions of 25 °C, pH = 7, and low ionic strength. According to the researchers, 
compared to freshly cut adsorbent pieces, the adsorbent preserved 90% of its 
adsorption ability after numerous desorption/adsorption cycles. 

Zhang et al. (2016) investigated using magnetic graphene oxide to extract 
HA, FA, and Pb(II) from landfill leachate. The results showed that the maximum 
adsorption capacity was 98.82 mg/g for HA, 75.38 mg/g for FA and 58.43 mg/g 
for lead.

Other adsorbents used in leachate treatment include natural or synthetic 
materials such as zeolite, clay, perlite, bentonite, alumina, and silica gel 
(Reshadi et al., 2020). The advantages of these materials include low cost, high 
selectivity and reusability (Reshadi et al., 2020). However, the disadvantages of 
these materials include low adsorption capacity, difficulty scaling, and the need 
for more information (Reshadi et al., 2020).

Erabee et al. (2018) investigated the adsorption treatment of landfill 
leachate using modified activated carbons with three different methods. The 
modified activated carbons were tested with raw landfill leachate samples. At 
optimum conditions of 0.5 g/L adsorbent dose, pH 7, temperature 25°C, and 
contact time 120 min, the removal efficiency was above 90% for TSS, ammonia-
nitrogen and some heavy metals. They also found that activated carbon prepared 
with KMnO4 had the highest removal efficiency. 

San-Pedro et al. (2020) investigated the choice of activated carbon type 
for the Fenton-adsorption process. Two types of activated carbon, granular and 
powdered, were analysed for adsorption capacity. Furthermore, three isotherm 
models (Langmuir, Freundlich and Temkin) investigated the behaviour of the 
carbons on raw and Fenton-treated leachate samples. Adsorption data showed 
better agreement with Freundlich and Temkin models. This indicated that 
multilayer physical adsorption took place on the carbon surface. The results 
statistically showed that granular-activated carbon was more efficient in COD 
removal, and powder-activated carbon was more efficient in colour removal. 
Finally, an adsorption column was designed for the Fenton-adsorption process, 
and a removal capacity of 21.68 kgCOD/kg carbon was achieved. Removal 
efficiencies for colour and COD were more than 99%.
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Ferraz and Yuan (2020) investigated the removal of organic matter 
from landfill leachate using spent coffee pulp-activated carbon. The authors 
converted spent coffee grounds (SCG) into activated carbon by impregnation 
with phosphoric acid (H3PO4), followed by pyrolysis in an inert atmosphere 
(N2). The surface areas of SCG activated carbon ranged from 188 to 2118 m2/g. 
SCG-activated carbon was tested in both synthetic and raw leachate treatment. 
Under optimum conditions (adsorbent dose 10 g/L, pH 3, temperature 25 °C 
and contact time 120 min), SCG activated carbon removed more than 90% of 
colour and COD from synthetic leachate. Similar results were obtained in real 
leachate treatment. The maximum adsorption capacity of SCG activated carbon 
was found to be 40 mg COD/g carbon. 

Zeng et al. (2019) investigated removing dissolved organic matter from 
landfill leachate using ZnCl2-activated sewage sludge and activated carbon from 
cabbage (Brassica oleracea). In their study, they analyzed the physicochemical 
properties of activated carbon and investigated the effects of different parameters 
such as adsorbent dose, adsorption time and solution pH on COD removal from 
leachate. Optimum parameters for adsorption were determined as an adsorbent 
dose 3%, adsorption time 60 minutes and pH=8. Under these conditions, the COD 
removal rate reached 85.61%. The adsorption of COD on activated carbon had 
the best fit with the Freundlich model. In addition, activated carbon was found to 
highly remove humic acid-like substances, such as persistent organic matter and 
short-chain alkanes in leachate, but not effective for long-chain alkanes.

Poblete et al. (2019) investigated advanced oxidation techniques based on 
ozonation, UV solar radiation, hydrogen peroxide, and persulfate for the total 
purification of a landfill permeate. Following the enhanced oxidation procedure, 
natural zeolite was used in a subsequent adsorption procedure. Implementing 
the UV sun/O3/H2O2 process required an irradiation time of 140 minutes and 
consumption of 0.67 g/L H2O2 for 56% colour and 17% COD removal. In the 
case of adding persulfate to the system (UVsun/O3/H2O2/S2O8

-2), colour and COD 
were reduced by 29% and 77%, respectively, and 250 minutes of irradiation 
time is required for 0.2 g/L S2O8

-2 concentration. In an experimental study with 
landfill leachate, post-adsorption treatment with natural zeolite resulted in an 
overall reduction of 36% in COD, 99% in ammonium and 18% in chloride. In 
another experimental study, adsorption with zeolite was used as a pretreatment 
for the advanced oxidation process (UVsun/O3/H2O2 and UVsun/O3/H2O2/S2O8

-

2). Results are similar to post-adsorption treatment; A total reduction of 30% in 
COD, 90% in ammonium and 20% in chloride was observed.
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In the study of Luo et al. (2019), phosphoric acid activated biochars 
prepared from rice husk were successfully used for filtrate purification, and 
color (100%), pollutants (>90%), COD (∼80%) and NH4

+ -N (100%) achieved 
a high level of removal.

As a result, the adsorption process in leachate treatment has advantages 
such as simplicity, low cost, high efficiency and selectivity. Different adsorbents 
can be used to remove organic matter, heavy metals and other contaminants 
from leachate. These adsorbents include activated carbon, magnetic adsorbents 
and other materials. The optimum conditions and removal efficiency of these 
adsorbents may vary depending on the characteristics of the leachate and the 
targeted pollutants. Different studies in the literature have reported different 
optimum conditions and removal percentages. For this reason, it is necessary to 
carry out experimental studies to select the most suitable adsorbent for leachate 
treatment. In addition, when the adsorption process alone is insufficient, its 
combination with other methods should also be investigated.

4.2.3. Treatment of Leachate by Air Stripping

Air stripping is commonly used as a pretreatment to remove NH4
+-N by 

transferring NH4
+-N from the aqueous phase to air as NH3 is absorbed into 

H2SO4 or HCl (Renou et al., 2008; Abood et al., 2013). The principle of the air 
stripping method is to increase the contact surface between the leachate and the 
air, thus ensuring the gas-liquid balance. Various types of reactors can be used 
for air stripping. The most common are packed bed, propeller, and spray tower 
reactors (Abood et al., 2013; De et al., 2019a). In these reactors, the air contacts 
the leachate as counter-flow or co-flow. Factors affecting the efficiency of the 
air stripping process include the pH value, temperature, flow rate, ammonia 
concentration, air-liquid ratio, and reactor type of the leachate (Abood et al., 
2013; De et al., 2019b). Air stripping can accomplish 85-95% NH4

+-N removal 
at starting concentrations ranging from 220 to 3260 mg/L (Bonmati & Flotats, 
2003) by air stripping within 36 hours of the optimal retention duration, followed 
by Fenton oxidation and increased coagulation processes (De et al., 2019a).

The advantages of the air stripping method include low operating cost, 
simple design and easy controllability. However, this method also has some 
disadvantages. The most important is that the ammonia emission from the air-
stripping process harms the environment. Therefore, proper treatment or disposal 
of ammonia air is required after air stripping (Abood et al., 2013). In their study, 
Santos et al. (2020) tested ammonia removal by air stripping of leachate from the 



54       ENGINEERING SCIENCES AND TECHNOLOGIES RESEARCHES

landfill and ammonia recovery by chemical absorption, and up to 98% ammonia 
removal and up to 92% ammonia recovery were achieved. In addition, more 
than the air stripping method is required for sufficient purification. Therefore, 
this method should often be used with other physical, chemical or biological 
treatment methods (De et al., 2019a; De et al., 2019b; Santos et al., 2020).

4.2.4. Membrane Treatment of Leachates

Membrane treatment separates contaminants in leachate by size using 
porous materials called membranes. Membrane techniques that can selectively 
separate by size using semi-permeable membranes include different types, such 
as microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF), and reverse 
osmosis (RO). Membrane-based methods have outstanding features, such as 
a small footprint, high volume loading, good wastewater quality and strong 
disinfection capacity. Therefore, in recent years, membrane-based methods 
have been seen as promising in treating landfill leachate. Figure 3 shows each 
membrane treatment’s filtration spectrum and appropriate range (Abdel-Fatah 
2018).

Figure 3. Filtration spectrum of membrane technologies (Abdel-Fatah 2018)
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MF is frequently employed as a pretreatment unit to get rid of colloids and 
suspended materials ranging in size from 0.1 to 1 m in landfill leachate treatment. 
UF efficiently eliminates macromolecules and particles 2 nm to 0.1 m in size. 
According to Renou et al. (2008), COD removal rates with this technology range 
between 10% and 75%. UF is frequently used as a pretreatment to eliminate high 
molecular weight components from landfill leachate that can result in membrane 
fouling during RO treatment. With a molecular shear between 200 to 2000 Da, 
NF treatment may successfully remove organic, inorganic, and microbiological 
pollutants (Amaral et al. 2016). The retention rates for anions are listed as 
follows: NO3

-<Cl-<OH-<SO4
2-<CO3

2- and for cations: H+<Na+<Ca2+<Mg2+ (Lin 
et al. 2020). NF is more energy efficient to apply after RO as its processes can 
be operated under lower pressure conditions (Ramaswami et al., 2018). The 
most promising treatment technique is thus reverse osmosis. Because of their 
potent blocking properties, which only allow water molecules to pass through 
membranes, heavy metals, suspended particles, dissolved solids, organic debris, 
and dissolved inorganic species may all be effectively removed from landfills 
(Chen et al. 2020b).

The large variety of applications for membrane treatments is constrained 
by two intrinsic disadvantages, even though they have produced high-quality 
waste. The accumulation of organic, inorganic, or biological species on the 
membrane surface or inside its pores is the initial cause of membrane fouling. 
According to Chen et al. (2016), this procedure may reduce the lifespan of the 
membrane modules and raise operational costs. The creation of membrane-
concentrated solid waste leachate is the second. Membrane methods can only 
concentrate pollutants in landfill leachate in lower amounts (20–30% of the 
original volume), not eliminate them. Leachate from landfills concentrated 
using membranes is more complicated and challenging to handle. There 
are pretreatment methods that help lessen membrane fouling. For instance, 
eliminating suspended materials, stopping the precipitation of insoluble salts, 
avoiding calcification, and eliminating organic debris, bacteria, and other 
microbes. The yield of membrane-concentrated storage leachate reduces when 
membrane permeability is increased.

In recent years, there has been much research towards fusing membrane 
activities with other processes. Heavy metal and organic matter concentrations 
in landfill leachate were treated using the Membrane Bioreactor (MBR). 
According to various circumstances, the MBR’s effectiveness varies greatly 
(between 23% and 98%) (Jakopovic et al. 2008). There are several benefits to 
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combining chemical and membrane therapies. Fenton oxidation, for instance, 
causes colloidal particle coagulation during the oxidation process, which 
can prevent colloidal particles from entering the membrane and significantly 
reduce membrane fouling (Chiu & James, 2006). For the most effective 
removal of COD (63%), colour (76%) and humic compounds (50%) from 
landfill leachate, the combined Fenton-MF-NF process was adopted (Moravia 
et al. 2013).

4.3. Biological Treatment of Leachate

Biological treatment converts colloidal and dissolved organic 
substances and inorganic elements (such as N, P, S, K, Ca and Mg) into cell 
tissue (sludge) and/or gases under suitable ambient conditions for optimum 
growth of microorganisms (Wiszniowski et al., 2006). Biological treatment 
enables the removal of pollutants with the cooperation of complex biological 
populations. These methods can be classified as oxygenated (aerobic), nitrate/
nitrite (anoxic) and anaerobic (anaerobic) according to the electron acceptor 
sources in the environment. Organic compounds are reduced to CO2 and 
sludge in aerobic conditions and biogas (CO2 and CH4) under anaerobic 
conditions (Luo et al., 2020). Biological treatment is widely used in treating 
landfill leachate containing high concentrations of BOD because this method 
is low-cost, reliable, and simple (Renou et al., 2008). Biological treatment 
techniques are very effective for young leachate with a high BOD/COD ratio 
(>0.5). However, biological treatment efficiencies decrease as the landfill 
age increases (Setiadi and Fairus, 2003). This is due to pollutants that reduce 
biomass activity or are resistant to biological processes (Renou et al., 2008). 
Old leachate also contains organic compounds that are difficult to remove by 
biological treatment. Therefore, a combination of biological, physical, and 
other treatment methods must be applied for leachate to meet the discharge 
standards to the receiving environment (Tauchert et al., 2006). Aerobic, 
anaerobic, and anoxic processes are among the biological methods to remove 
organic matter and ammonium nitrogen from landfill leachate (Canziani et 
al., 2006; Bohdziewicz et al., 2008; Trabelsi et al., 2009). In a recent study, 
electrocoagulation-biofiltration hybrid techniques were used to treat landfill 
leachate, and post-electrocoagulation biofiltration provided 37 ± 2% COD 
removal, primarily in the form of insoluble COD and HA, followed by 42 ± 
7% COD removal (Dia et al., 2018). Integrating air stripping, MBR and NF 
processes reduces approximately 88%, 95%, 100% and over 100% in COD, 
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ammonia, colour and toxicity, respectively, resulting in highly efficient landfill 
leachate treatment (Amaral et al. 2016).

MBR technology has recently become an intriguing procedure for treating 
landfill leachate. This technique combines biodegradation and membrane 
separation procedures. Treatment of landfill leachate with MBR has various 
benefits. These benefits include high process stability, minimal environmental 
impact, enhanced mixed liquid suspended solids biomass retention, and reduced 
sludge generation. They also feature good waste quality absorption. For the 
treatment of landfill leachate, MBR can be used. However, depending on landfill 
age and operating conditions, COD removal efficiencies can vary between 
23-90% (Ahmed & Lan, 2012). MBR needs less hydraulic retention time than 
traditional activated sludge processes but has a greater loading rate and COD 
removal effectiveness.

4.3.1. Aerobic Treatment of Leachate

Aerobic treatment of leachate is decomposing biodegradable organic 
compounds by microorganisms in the presence of oxygen in the air. This method 
is carried out by suspending and clinging biomass growth. These methods are 
widely used to treat wastewater and environmental fluids (Renou et al., 2008; 
Abbas et al., 2009). With these methods, nitrification converts ammonium nitrogen 
to nitrite/nitrate nitrogen, and some of the biodegradable organic pollutants are 
removed (Luo et al., 2020). Aerated Lagoons (AL), Aerobic Activated Sludge 
(AS), Sequencing Batch Reactor (SBR), Rotating Biological Contactors (RBC), 
Trickling Filters, Moving Bed Bioreactor (MBBR), Fluidized Bed Bioreactors 
(FBBR), Membrane Bioreactor (MBR) and Various aerobic biological processes 
such as) and wetlands have been used successfully for organic matter and 
ammonium removal (Kamaruddin et al., 2017; Torretta et al., 2017).

AAS processes are widely used in treating domestic wastewater or the 
combined treatment of leachate and domestic wastewater. This system is a 
mixture of microorganisms that can convert organic matter partly into new 
microbial biomass and partly into CO2, water, and minerals while consuming 
organic matter under aerobic conditions (Luo et al., 2014). However, alternative 
techniques are used to achieve high COD and nitrogen removal due to the 
disadvantages of AS systems, such as excess sludge production, low sludge 
settleability, high energy requirements, long hydraulic retention time, and 
microbial inhibition at high ammonium nitrogen concentrations (Renou et al., 
2008; Torretta et al., 2017).
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The data in Table 6 show the effectiveness of different aerobic biological 
processes in removing different pollutants. According to these data, SBR, 
MBR, MBBR and FBBR systems are very effective in terms of COD removal 
efficiency in the treatment of landfill leachate and have a removal efficiency of 
over 70%. Regarding NH4

+-N removal efficiency, AL, AS, RBC, MBBR, and 
FBBR systems perform more effectively than others.

Table 6. Removal of pollutants in leachate by  
aerobic biological treatment (Luo et al., 2020)

Reactor Type
Pollutant Removal (%)

COD BOD NH4
+-N

Aerated Lagoons 40 64 77
AS 50 61 75

SBR 76 84 65
RBC 38 80 98

Trickling Filters 49 77 59.5
MBBR 60-81 - 92-95
FBBR 85 - 80
MBR 79 99 60

Wetlands 50 59 51

As indicated in the table, aerobic biological treatment methods give effective 
results in the removal of various organic pollutants and nitrogen compounds. Each 
process has advantages and disadvantages, and the wastewater’s characteristics 
should be considered when choosing.

4.3.2. Anaerobic and Anoxic Treatment of Leachate Water

Leachate waters are wastewater formed in landfills with a high organic 
matter concentration (Renou et al., 2008). Anaerobic and anoxic processes can 
be used for the treatment of leachate. The anaerobic treatment turns organic 
substances into products such as CO2, CH4, H2S and NH3 by decomposing 
microorganisms without oxygen (Tchobanoglous et al., 2003). In this process, 
organic substances are broken down into smaller components by hydrolysis and 
acid fermentation (Torretta et al., 2017). These components are then converted to 
methane, CO2 and water by methanogenic bacteria during the methane formation 
stage (Wiszniowsk et al., 2006). Anoxic treatment, on the other hand, is a process 
in which nitrate is used as an electron acceptor and organic materials are used 
as electron donors. In this process, nitrate is reduced to elemental nitrogen and 
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is called denitrification. The denitrification process occurs heterotrophically in 
conventional nitrogen removal. So, it needs organic carbon sources (Schlegel, 
1988).

The advantages of anaerobic and anoxic treatment processes are:

·	 They require less energy and even recover energy by converting 
methane gas into energy. Methane gas can be collected as biogas to generate 
heat or electricity (Tchobanoglous et al., 2003).

·	 A more stable sludge is obtained and reduced (Tchobanoglous et al., 
2003). Anaerobic sludge contains less water, and it can be dewatered more 
easily. It also contains fewer pathogens and can be used as a fertilizer.

·	 Nitrogen removal is ensured, and contamination of the receiving 
environment is prevented (Rodríguez et al., 2011). With the conversion of 
nitrogen to its elemental form, the risk of eutrophication in aquatic ecosystems 
is reduced (Renou et al., 2008).

·	 Bad odour formation is reduced (Wiszniowsk et al., 2006). Odour-
causing compounds such as H2S formed by anaerobic treatment are removed by 
oxidation with anoxic treatment (Rodríguez et al., 2011). 

The disadvantages of anaerobic and anoxic treatment processes are:
·	 They have a low reaction rate and require a long hydraulic holding time. 

This means a larger reactor volume (Tchobanoglous et al., 2003).
·	 They are sensitive to environmental conditions, and it is important to 

control parameters such as pH, temperature, and nutrient ratio (Rodríguez et al., 
2011). Especially since the optimum pH range of anaerobic microorganisms is 
narrow, acid-base balance must be provided (Wiszniowsk et al., 2006).

·	 They cannot provide effective NH4+-N removal (Wiszniowsk et al., 
2006). An aerobic step is required to convert the nitrogen remaining from ammonia 
by anaerobic treatment to nitrate form by nitrification (Rodríguez et al., 2011).

·	 They cannot provide phosphorus removal. Bioremoval of phosphorus 
requires aerobic-anoxic cycles (Metcalf & Eddy, 2003).

Anaerobic and anoxic treatment processes can be applied together. A/O 
(pre-anoxic) or Modified Ludzack-Ettinger (MLE) processes are usually used. 
In these processes, an anoxic reactor is placed after the anaerobic reactor. 
Denitrification takes place in the anoxic reactor. For this, nitrate formed by 
nitrification in the aerobic reactor must be returned to the anoxic reactor. Thus, 
both organic matter and nitrogen removal are achieved. It is also possible to 
remove phosphorus in the aerobic reactor (Metcalf & Eddy, 2003). Anaerobic 
and anoxic treatment methods and yields are given in Table 7.
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Table 7. Anaerobic and anoxic treatment methods and yields 
(Tchobanoglous vd., 2003; Metcalf & Eddy, 2003).

Method Description Treatment Efficiency

Upflow 
anaerobic 
sludge blanket 
(UAnSB)

It converts organic materials into 
methane gas in an oxygen-free 
environment. A granular sludge 
bed is formed in the reactor, and an 
upstream flow is maintained.

COD removal %80-90, 
BOD removal %70-80, 
Nitrogen removal %10-20

Anaerobic 
fixed film fixed 
bed reactor 
(AnFFFBR)

It converts organic materials into 
methane gas in an oxygen-free 
environment. A biofilm forms on 
the fill material in the reactor, and 
a downstream or upstream flow is 
maintained.

COD removal %70-80, 
BOD removal %60-70, 
Nitrogen removal %10-20

Anaerobic 
treatment of 
leachate with 
returning

It is the process of providing 
anaerobic treatment by pumping 
back the leachate within the storage 
area. The landfill functions like an 
anaerobic reactor.

COD removal %50-70, 
BOD removal %40-60, 
Nitrogen removal %10-20

Pre-anoxic 
treatment 
(A/O)

It is an anoxic treatment applied 
after anaerobic treatment. It converts 
nitrate to elemental nitrogen by 
reducing it with organic substances 
in an anoxic reactor. internal 
recycling between the aerobic and 
anoxic reactors.

COD removal %90-95, 
BOD removal %85-90, 
Nitrogen removal %70-80

Modified 
Ludzack-
Ettinger (MLE) 
process

It is an anoxic treatment applied 
after anaerobic treatment. It converts 
nitrate to elemental nitrogen by 
reducing it with organic substances 
in an anoxic reactor. Internal 
recycle from the aerobic reactor to 
the anoxic reactor. In addition, the 
effluent from the aerobic reactor is 
recycled externally to the anoxic 
reactor.

COD removal %90-95, 
BOD removal %85-90, 
Nitrogen removal %80-90
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4.4. Chemical Treatment of Leachate
Chemical treatment is an effective method of removing contaminants 

from leachate. Various chemical treatment methods are available, each with 
its advantages and disadvantages. Chemical treatment methods can be divided 
into chemical precipitation, chemical oxidation, coagulation-flocculation 
and advanced oxidation processes (AOPs) (Teng et al., 2021). Chemical 
precipitation is a process that involves adding chemicals to leachate to form 
insoluble precipitates that can be separated by precipitation or filtration. 
Commonly used chemicals for precipitation are lime, alum, iron salts and 
magnesium salts. Chemical precipitation can effectively remove heavy metals, 
phosphorus, sulfate and some organic compounds from leachate (Amr and 
Zainol, 2016).

Chemical oxidation is a process that involves the use of oxidizing agents 
to break down or convert organic matter and ammonia nitrogen into leachate. 
Common oxidizing agents used for oxidation are chlorine, ozone, hydrogen 
peroxide and persulfate. Chemical oxidation can improve the biodegradability 
and decolourization of leachate, but it can also produce toxic byproducts such as 
chlorinated and brominated organics (Teng et al., 2021).

Coagulation-flocculation is a process that involves adding coagulants 
and flocculants to leachate to form agglomerates that can be separated by 
precipitation or flotation. Common coagulants and flocculants used for 
coagulation-flocculation are aluminium salts, iron salts, poly aluminium 
chloride, polyacrylamide and chitosan. Coagulation-flocculation can effectively 
remove suspended solids, turbidity, colour and some organic compounds from 
leachate (Rathnayake and Herath, 2018).

AOPs are a group of processes involving highly reactive hydroxyl radicals 
(OH) that can oxidize various organic pollutants in leachate. Commonly 
used AOPs for leachate treatment are Fenton, electro-Fenton, photo-Fenton, 
ozonation, photocatalysis and sonolysis. AOPs can highly remove COD, BOD, 
colour, and persistent organic matter from leachate. However, they can also 
require high energy input and produce secondary pollutants such as sludge and 
metal ions (Teng et al., 2021).

In conclusion, chemical treatment methods are effective and viable 
options for leachate treatment. However, it has some limitations, such as high 
cost, low selectivity and potential environmental risks. Therefore, combining 
chemical treatment methods with other methods, such as biological treatment 
or membrane filtration, is recommended to achieve optimum results (Siddiqi 
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et al., 2022). The chemical methods used to treat pollutants and their removal 
efficiencies are given in Table 8.

Table 8. Chemical methods and removal efficiencies

Chemical Method Pollutant Removal Efficiency Reference

Chemical 
precipitation

Heavy metals: %80-99, NH4
+-N: %50-90, 

COD: %40-70, Colour: %60-100
Teng et al. 
(2021)

Advanced 
oxidation 
processes

COD: %30-90, NH4
+-N: %20-80, Colour: 

%60-100, phenol: %50-100, Haloacetic acids: 
%40-100

Fang et al. 
(2021)

Electrocoagulation
COD: %17-70, NH4

+-N: %20-90, Heavy 
metals: %50-99, Colour: %50-90

Fang et al. 
(2021)

Adsorption
COD: %10-80, NH4

+-N: %10-70, Heavy 
metals: %20-90, Colour: %20-80

Teng et al. 
(2021)

Coagulation / 
flocculation

COD: %30-60, NH4
+-N: %10-40, Heavy 

metals: %40-80, Colour: %40-70
Teng et al. 
(2021)

Air stripping
NH4

+-N: %10-50, volatile organic compounds: 
%50-90

Fang et al. 
(2021)

Filtration
COD: %10-40, NH4

+-N: %10-30, Heavy 
metals: %20-60, Colour: %20-60

Teng et al. 
(2021)

Evaporation
COD: %90-99, NH4

+-N: %90-99, Heavy 
metals: %90-99, Colour: %90-99

Fang et al. 
(2021)

4.4.1. Chemical Precipitation

Chemical precipitation is a commonly used pretreatment method to 
remove heavy metals and substances that adversely affect biological treatment, 
such as NH4

+-N. In chemical precipitation, NH3-N and heavy metals from 
garbage leaching can be converted through chemical reactions to precipitate, 
separated by simple sedimentation or filtration (Kurniawan et al., 2006). For 
NH4

+-N precipitation, precipitants such as struvite, i.e., magnesium ammonium 
phosphate (MAP) and lime, are typically used. Struvite precipitation can provide 
approximately 80% NH4

+-N removal, depending on operating conditions such 
as pH, dosage, and order of addition of magnesium, ammonium, and phosphate 
(Kim et al., 2007; Teng et al., 2021). It remains a challenge unless methods are 
developed to dispose of or utilize sludge generated by the chemical precipitation 
process (Kundu et al., 2023).
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Biosorption can also be applied after chemical precipitation. Biosorption is 
the retention of pollutants through active groups on the surface of living or dead 
biological materials (Fu and Wang, 2011). Different biosorbents can be used for 
biosorption, but waste biomass is economically and ecologically advantageous. 
For example, biosorbents such as activated sludge, algae, fungi, bacteria, and 
vegetable waste can effectively remove heavy metals from garbage seepage 
(Charerntanyarak, 1999). The efficiency of the biosorption process depends 
on factors such as pH, contact time, biosorbent dose, initial concentration, and 
temperature. (Mirbagheri and Hosseini, 2005).

The advantages of treating garbage leachate by chemical precipitation 
and biosorption are simple operating conditions, low cost, high efficiency, and 
reduced secondary pollution. However, these methods also have disadvantages: 
chemical consumption, sludge production, biosorbent regeneration, and a lack 
of selectivity. Therefore, these methods must be optimized or combined with 
other purification techniques. (Liu et al., 2015).

The chemical precipitation technique has some disadvantages that limit its 
practical application: (1) low COD removal efficiency; (2) high pH dependence; 
(3) the requirement of large volumes of precipitator; and (4) excessive sludge 
formation. However, sludge reuse and developing new precipitating agents are 
valuable research areas that could address these limitations. (Luo et al., 2020).

4.4.2. Advanced Oxidation Processes 

Conventional methods used in leachate treatment often need to be revised 
or become more costly (Ameta and Ameta, 2018). Therefore, there is a need for 
alternative methods, such as advanced oxidation processes in leachate treatment. 
Advanced oxidation processes (AOPs) are processes used to decompose a wide 
range of organic pollutants in water and gas wastes using strong oxidizing agents 
such as hydroxyl radicals, superoxide radicals, and sulfate radicals. (Ameta and 
Ameta, 2018). Advanced oxidation processes include different methods such as 
Fenton, electro-Fenton, and photo-electro-Fenton.

With highly reactive hydroxyl radicals (OH·) and sulfate radicals (SO4
−·) 

formed using strong oxidants such as ozone (O3), hydrogen peroxide (H2O2) and 
persulfate, targeting the complete mineralization of biologically resistant organic 
pollutants and converting them into biodegradable forms AOPs developed for 
chemical and organic drugs are widely used as a pretreatment stage (Chong et 
al., 2010; Neyens and Baeyens, 2003).
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AOPs are considered a promising method of treating wastewater 
and are widely used. AOPs can mineralize different organic compounds in 
landfills into carbon dioxide and inorganic molecules or convert them into 
immediate biodegradable substances (Sruthi et al., 2018). Generating highly 
reactive hydroxyl (OH·) and sulfate radicals (SO4

−·) is a critical step with 
strong oxidants such as ozone (O3), hydrogen peroxide (H2O2), and persulfate 
and determines the degradation efficiency of organic compounds (Chen et 
al., 2018; Zhong et al., 2017). Activating or catalysing oxidants is a critical 
step. Major approaches include transition metal catalysis, photolysis (UV), 
sonolysis, microwave and radiolytic activation. (Jung et al., 2017; Xu et al., 
2017; Ye et al., 2016). Among these AOPs, O3 can be activated to initiate the 
formation of OH· by combining increased pH, the presence of H2O2 (Equation 
1), UV and various catalysts (Co (II), TiO2, MnO2 etc.) (Abu Amr and Aziz, 
2012; Abu Amr et al., 2013). Activation of H2O2 can be accomplished using 
various transition metal catalysts, UV, sonolysis and microwave. Fe2+/H2O2 
(Equation 2) based activation methods are known as the Fenton process and 
are widely used for wastewater treatment (Chou et al., 2015; Gupta et al., 
2014; Zhang et al., 2014). Persulfate-based AOPs occupy an important place 
among AOPs. Persulfate is a strong oxidant with a chemical formula (S2O8)

2-. 
Highly reactive oxidation products such as persulfate, hydroxyl radicals (OH·) 
and sulfate radicals (SO4

−·) can be formed. Persulfate-based AOPs include 
different compounds such as peroxydisulfate (PDS) and peroxymonosulfate 
(PMS). These compounds can be activated by various methods such as UV, 
heat, alkaline pH, transition metals, nanomaterials, radiolysis and generate 
hydroxyl radicals (OH·) and sulfate radicals (SO4

−·) (Equation 3). Persulfate-
based AOPs are widely used to treat industrial wastewater, surface water, and 
other leachate treatments. These methods are designed to convert organic 
pollutants into biodegradable forms by targeting their complete mineralization. 
Persulfate-based AOPs can be used with ozone (O3), hydrogen peroxide 
(H2O2) and other oxidants, or they can be used effectively alone (Chou et al., 
2015; Chen et al., 2020b; Yi et al., 2021). Conditions such as pH, temperature, 
initial concentration of organic pollutants, and ionic strength can affect the 
performance of AOPs.

H2O2 + 2O2  →  3O2 + 2OH·                      (1) 
Fe2+ + H2O2 → Fe3+ + OH− + OH·                    (2) 
S2O2−

8 + hv → S−
4 · +S−

4                     (3) 
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4.4.2.1. Treatment of Leachate by Fenton and Fenton-like Processes
The Fenton process is a widely used method in the treatment of landfills. 

Landfill waters can be raw, mature, or biologically pre-treated. The Fenton 
process effectively removes COD, TOC, colour, and other contaminants from 
landfills. On average, the Fenton process provides a removal efficiency of 35-90% 
for COD. In addition, the Fenton process increases landfills’ biodegradability 
(BOD5/COD), making them suitable for further biological treatment. In this 
way, the organic load of the wastewater is reduced, and thus its environmental 
impact is reduced (Jung et al., 2017).

Fenton and Fenton-like processes are advanced oxidation processes (AOPs) 
that oxidize or mineralize organic matter by generating hydroxyl radicals (OH•). 
Hydroxyl radicals are free radicals. These radicals are a very strong oxidizers 
and give rapid and non-selective reactions with organic substances. (Wang et al., 
2016; Zhang et al. 2016). In the Fenton process, Fe2+ ion is used as the catalyst, 
and H2O2 is used as the oxidizer (Kang and Hwang, 2000; Brillas et al. 2009).

The advantages of the Fenton process include high oxidation efficiency, 
simple operating conditions (it can operate at room temperature and atmospheric 
pressure), and environmental friendliness (H2O2 can be decomposed into 
harmless products) (Wang et al., 2009). The disadvantages of the Fenton 
process include high operating cost, narrow optimum pH range (usually works 
best around pH 3), large amounts of iron sludge formation, and difficulty in 
recovering the homogeneous catalyst (Fe2+) (Umar et al., 2010; Chen et al., 
2018). Xu et al. (2017) used a Box-Behnken design flank method to optimize pH 
and other parameters for Fenton oxidation of litter waters. The results showed 
that the maximum removal rates for TOC, COD and colour under optimum 
conditions were ≤ 68.9%, 69.6% and 100%, respectively.

In Fenton-like processes, other heterogeneous or homogeneous catalysts 
are used instead of Fe2+ ions. These catalysts include metal ions or minerals 
such as Fe3+, Cu2+/Cu+, pyrite, and nano-zerovalent iron (Wang et al., 2016). The 
advantages of Fenton-like processes include a wider pH range, less iron sludge 
formation, and easier catalyst recovery (Hilles et al., 2016). The disadvantages 
of Fenton-like processes include lower oxidation efficiency and higher catalyst 
dose requirement (Sruthi et al., 2018).

Some improvement methods are also applied to increase the performance 
of Fenton and Fenton-like processes. These include methods such as UV 
radiation (photo-Fenton), electric field application (electro-Fenton), microwave 
radiation (microwave-Fenton), and ultrasound application (ultrasound Fenton). 
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These methods accelerate or improve organic matter oxidation by increasing 
hydroxyl radical production (Hilles et al., 2016; Ye et al., 2016; Chen et al., 
2018; Sruthi et al., 2018).

In the Photo-Fenton process, the Fe3+ ion is reduced to the Fe2+ ion under 
the influence of UV radiation, thus increasing the production of hydroxyl 
radicals. In addition, UV radiation can directly decompose H2O2 to form 
hydroxyl radicals. The advantages of the Photo-Fenton process include higher 
oxidation efficiency and a lower reagent dosage requirement. The disadvantages 
of the Photo-Fenton process include the cost and maintenance of the UV lamp 
and the inability of UV radiation to penetrate deep water layers (Zazouli et 
al., 2012; Sruthi et al., 2018; Brillas and Garcia-Segura, 2020). In her study, 
Özçelik (2022) tried different Fe+2 and H2O2 doses, reaction times, and light 
intensities on samples taken from the leachate of a solid waste facility in Sivas. 
As a result, it was found that the photo-Fenton process provided higher COD 
(chemical oxygen demand) removal than the classical Fenton process, and the 
best treatment was obtained with 89% COD removal at 300 mg/L Fe+2/1000 
mg/L H2O2.

In the Electro-Fenton process, Fe3+ ions are reduced to Fe2+ ions by 
applying an electric field, or Fe2+ ions are released directly from the electrode 
surface. Thus, hydroxyl radical production increases. In addition, with an 
electric field, H2O2 can be produced at the electrodes, or the stability of the 
added H2O2 increases. The advantages of the Electro-Fenton process include 
higher oxidation efficiency and a wider pH range. The disadvantages of 
the Electro-Fenton process include high energy consumption, corrosion, or 
corrosion of the electrodes (Wang et al., 2019; Brillas and Garcia-Segura, 
2020). In the study of Atmaca & Beyazıt (2021), different current densities 
(10-50 A/m2) and pH values (2.5-5.0) were tested on samples taken from 
leachate. As a result, they stated that the best treatment was pH 3, current 
density was 10 A/m2, COD removal was 79.75%, and colour removal was 
80.57%. 

In the microwave-Fenton process, water molecules are heated rapidly 
by the effect of microwave radiation, thus increasing the production of 
hydroxyl radicals. In addition, microwave radiation can directly decompose 
H2O2 to form hydroxyl radicals. The advantages of the microwave-Fenton 
process include higher oxidation efficiency and shorter reaction time. 
The disadvantages of the microwave-Fenton process include high energy 
consumption, microwave generator cost and maintenance (Chen et al., 
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2018). Maheswari et al. (2022) investigated the effects of microwave power, 
ozonation and Fenton reagent on the degradation of COD in leachate in 
the microwave-combined ozonation and Fenton oxidation process. As 
experimental parameters, pH, COD, temperature, oxidizer dose, microwave 
power and reaction time were changed. The results showed that 70% COD 
removal efficiency was achieved in the microwave process at 450 W in 10 
minutes intervals, and 57.4% COD removal efficiency was obtained in the 
ozonation process at 159 mg/L ozone dose in 60 minutes and pH 11. In the 
Fenton process, on the other hand, COD removal efficiency of 52.91% was 
achieved with H2O2 66.47 mµ/L and Fe2+ 80 mµ/L in 60 minutes. Individual 
processes require long reaction times. When the three processes were 
compared, microwaves provided higher COD removal in a shorter reaction 
time. In the O3

+ Fe process, 83% COD removal was achieved in 75 minutes. 
The experiment revealed that M+ O3

+ Fe enabled the decomposition of COD 
in leachate in a shorter reaction time.

In the ultrasound Fenton process, water molecules form small bubbles 
called cavitation under the influence of the ultrasound application, and they burst 
and produce hydroxyl radicals. In addition, ultrasound applications can directly 
decompose H2O2 to form hydroxyl radicals. The advantages of the ultrasound 
Fenton process include higher oxidation efficiency and lower reagent dosage 
requirement. The disadvantages of the ultrasound Fenton process include high 
energy consumption, ultrasound generator cost and maintenance (Brillas and 
Garcia-Segura, 2020).

4.4.2.2. O3-Based AOPs

Compared to Fenton processes, O3-based processes cause lower levels of 
sludge formation and have higher oxidative power (E0 = 2.08 V) to treat landfill 
leachate. O3 can convert durable macromolecular substances into biodegradable 
compounds. In this case, too, it leads to an increase in biodegradability (de Brito 
et al., 2019).

O3-based AOPs decompose organic materials by forming strong oxidizing 
free radicals (hydroxyl radicals) by contacting ozone gas with water. In O3-based 
AOPs, ozone gas increases hydroxyl radical production at high pH (O3 /OH −) or 
when used with hydrogen peroxide (O3 /H2O2) (Rekhate and Srivastava, 2020). 
The hydroxyl radical reacts quickly and effectively with organic substances, as 
it is a non-selective and very short-lived oxidizer. Hydroxyl radical formation in 
O3-based AOPs occurs as follows (Wardenier et al., 2019):
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O3+OH−→HO2−+O2                   (4) 
HO2

−+ O3→•OH+O2
−+O2                  (5) 

O3+H2O2→•OH+HO2
−+O2                  (6) 

HO2
−+ O3→•OH+O2

−+O2                  (7) 

As seen in these reactions, ozone gas plays a role both as a source of 
hydroxyl radicals and as a consumer. Therefore, parameters such as ozone dose, 
pH value and hydrogen peroxide dose should be adjusted optimally. In addition, 
factors such as temperature, reaction time, organic matter concentration and 
composition also affect the performance of O3-based AOPs.

The advantages of using O3-based AOPs in the treatment of landfill 
leachate are:

·	 O3-based AOPs can effectively remove colour, odour, organic matter, 
and heavy metals in landfill leachate (Chen and Li, 2020a).

·	 O3-based AOPs can convert resistant macromolecular substances into 
biodegradable compounds. This leads to an increase in biodegradability (Chen 
and Li, 2020a).

·	 O3-based AOPs result in lower sludge formation levels than the Fenton 
processes. In this case, too, it has higher oxidative power to treat the landfill 
leachate (Wu et al., 2004).

The disadvantages of using O3-based AOPs in the treatment of landfill 
leachate are as follows:

·	 O3-based AOPs have high operating costs and energy consumption 
(Gripa et al., 2023).

·	 Optimum operating conditions (pH, ozone dose, hydrogen peroxide 
dose, etc.) of O3-based AOPs vary according to the characteristics of the landfill 
leachate (Wu et al., 2004).

·	 O3-based AOPs alone cannot provide sufficient treatment efficiency. 
Therefore, it is generally required to be used with other purification methods 
(Gripa et al., 2023).

Catalytic ozonation, combining ozone with solid catalysts, is an effective way 
to remove dissolved organic matter (DOM) from landfill leachate and increase the 
efficiency of DOM removal by controlling radical formation. Catalytic ozonation 
can be classified as homogeneous catalytic ozonation or heterogeneous catalytic 
ozonation, depending on the form of the catalyst used (Nawrocki & Kasprzyk-
Hordern, 2010). However, homogeneous catalytic ozonation can cause secondary 
pollution and require further separation before disposal. While heterogeneous 
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catalytic ozonation can be improved using metal oxides, its low mass transfer 
efficiency limits its practical application (He et al., 2018).

Ozonation is often combined with other AOP techniques such as 
electrochemistry /O3, O3/H2O2, O3/UV and O3/S2O8

2- to improve landfill leachate 
treatment performance (Ghahrchi and Rezaee, 2020). These techniques aim to 
break down or mineralize organic pollutants in landfill leachate by exploiting the 
strong oxidation property of ozone. Electrochemistry/O3 process uses hydrogen 
peroxide and hydroxyl radicals formed by electrolysis in combination with 
ozone. The O3/H2O2 process is based on the reaction of ozone with hydrogen 
peroxide to produce hydroxyl radicals. The O3/UV process allows ozone to 
photolysis under UV rays to form hydroxyl radicals. The O3/S2O8

2- process is 
based on the reaction of ozone with persulfate ions to produce sulfate radicals. 
Each of these techniques has advantages and disadvantages, and the landfill 
should be selected according to the characteristics of the leachate (Gorito et al., 
2021; Polatidou et al., 2022).

The integrated Fe0-O3/H2O2 process was used for semi-aerobic treatment 
of aged waste biofilter pretreated landfill leachate under conditions of 0.6 g/L 
Fe0, 26.80 mg/min O3 and 1 mL/L H2O2 formation, resulting in 43% COD 
removal (Wang et al., 2020b). In this process, FeO reacts with hydrogen peroxide 
and ozone to produce the hydroxyl radical. In addition, Fe0 electrochemically 
dissolves to form Fe2+ and Fe3+ ions. These ions also participate in Fenton or 
photo-Fenton reactions. Thus, the integrated Fe0-O3/H2O2 treatment offers 
multiple oxidation mechanisms, increasing the removal of organic contaminants 
from landfill leachate (Gorito et al., 2021).

Ozonation remains a viable option for treating landfill leachate, enabling 
measures to increase ozone efficiency (Wang et al., 2020b). Ozone efficiency 
depends on factors that affect the transfer of ozone gas to water. These factors 
include the concentration of ozone gas, flow rate, pressure, temperature, pH 
value of water, alkalinity, pollution level and reactor type. New technologies 
like the microballoon reactor are being developed to increase ozone efficiency. 
Microballoon reactor has small bubble size and high bubble surface area. In this 
way, the transfer of ozone gas to water and contact time is increased (Gorito et 
al., 2021; Polatidou et al., 2022).

4.4.2.3. UV-Based AOPs

By producing strong oxidizers such as hydroxyl radicals (•OH) or sulfate 
radicals (SO4•

-), pollutants can be broken down and mineralized. UV-based 
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AOPs include different processes such as UV/H2O2, UV-Fenton, UV/persulfate, 
UV/peroxomonosulphate and TiO2 photocatalysis.

In the UV/H2O2 process, •OH is produced as a result of the decomposition 
of H2O2 with UV light. This process has advantages such as high oxidation rates, 
simple operational procedures, and no sludge formation (Rehman et al., 2018). 
However, disadvantages of this process include the low UV absorbance of H2O2, 
and the high energy inputs required to produce sufficient OH due to the high 
OH scavenging rate of water and DOM (Zhao et al., 2020). Therefore, the UV- 
H2O2 or UV-Fenton process combined with Fe2+ can be used to improve the 
performance of this process. The UV-Fenton process allows the Fe2+ catalyst to 
react with H2O2 and O2 to produce •OH. This process makes obtaining higher 
treatment efficiency with lower H2O2 doses possible compared to the UV- H2O2 

process (Deng and Zhao, 2015). However, the disadvantages of this process 
include the need for pH adjustment, the formation of Fe sludge and the difficulty 
of recovering the Fe catalyst.

Sulfate radical (SO4•
-) - based techniques such as UV/persulfate (S2O8

2-) 
and UV/peroxomonosulphate (HSO5

-) have also attracted wide attention. SO4•
- 

has a high standard redox potential ranging from 2.5 to 3.1 V and can react with 
organic matter with rate constants of 105 to 109 1/M s (Lin and Wu, 2014). In 
addition, SO4•

- is converted to non-toxic sulfate after oxidation reactions, which 
does not require additional treatment and disposal (Gao et al., 2012). In addition, 
S2O8

2- and HSO5
- are more stable and economical than H2O2. However, the 

disadvantages of these techniques include that SO4•
- is affected by the staining 

composition due to its selectivity, and SO4•
- has a slower reaction rate than •OH.

TiO2 photocatalysis produces radicals such as •OH and • O2
- as a result of 

activating the TiO2 photocatalyst with UV light. This technique has received 
great attention due to its non-toxicity, low cost, high chemical stability, and 
environmental friendliness for landfill leachate treatment (Deng and Zhao, 
2015). However, disadvantages of TiO2 photocatalysis include low quantum 
efficiency, the inability of unadulterated TiO2 to absorb visible light, and 
difficulty separating the photocatalyst.

The application of UV-based AOPs in the treatment of landfill leachate has 
been reported in many studies in the literature. For example, Parthenidis et al. 
(2023) compared the performance of UV/Fe2+/H2O2 ve UV/Fe2+/S2O8

2- processes 
on biologically pre-treated landfill leachate. The results showed that both 
processes were effective in COD, TOC, colour index and ammonia removal, but 
the sulfate radical-based process varied depending on the staining composition. 
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Oxidant dosing and coagulation/flocculation have also been found to increase 
the efficiency of photocatalytic applications.

In another study, Ghanbari et al. (2020) purified litter leachate using a 
sequential electrocoagulation + electrooxidation + SR-AOP process. The results 
showed that the sequential process achieved 95.6% COD and 99.8% ammonia 
removal. In addition, it was determined that the phytotoxicity decreased after 
each treatment, and the biodegradability of the final effluent was significantly 
improved. 

AOPs have emerged as powerful tools for treating landfill leachate 
(Rizzo et al., 2020). However, AOPs have inherent limitations, such as high 
sludge formation, high chemical dosages, and narrow operating pH ranges 
(Babuponnusami & Muthukumar, 2014). Although energy-enriched AOPs can 
increase the removal efficiency of conventional methods, energy consumption 
increases the overall operating cost (Gogate & Pandit, 2004). Despite these 
problems, despite the relatively good waste quality, most AOPs still need to 
be expanded to laboratory-scale studies. Finding a tradeoff between energy 
consumption and operating efficiency is crucial for achieving environmental 
benefits at the lowest possible cost.

The basic principle of AOPs is to generate strong oxidizers, such as 
hydroxyl radicals, to break down organic pollutants in water (Babuponnusami & 
Muthukumar, 2014). Hydroxyl radicals react with organic pollutants, converting 
them into smaller, harmless compounds (Rizzo et al., 2019). The advantages of 
AOPs include being effective against a wide range of pollutants, not producing 
sludge and requiring low chemical dosage (Gogate & Pandit, 2004). The 
disadvantages of AOPs include high energy consumption, narrow operating pH 
range and formation of some by-products (Babuponnusami & Muthukumar, 
2014).

The energy consumption of AOPs is a major component of operating costs. 
Energy consumption depends on the type of AOP, reactor design and operating 
parameters (Gogate & Pandit, 2004). Some strategies that can be used to reduce 
energy consumption include catalysts, reactor optimization and hybrid systems 
(Babuponnusami & Muthukumar, 2014). Using catalysts can increase the 
reaction rate and efficiency by increasing the production of hydroxyl radicals. 
Reactor optimization can improve energy efficiency by improving geometry, 
fluid dynamics, and distribution. On the other hand, hybrid systems can create 
synergistic effects by combining AOPs with other treatment methods (Rizzo et 
al., 2019).
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In conclusion, AOPs are effective for treating landfill leachate but require 
high energy. Finding a tradeoff between energy consumption and processing 
efficiency is critical to the viability of AOPs. Strategies such as catalyst use, 
reactor optimization and hybrid systems can be used to increase energy efficiency.

5. Conclusion 

This study investigated landfill leachate properties, environmental 
effects and treatment methods. Studies show that the fate of pollutants such as 
endocrine-disrupting compounds in leachate is not fully known and requires 
further research. Landfill cannot fully prevent the effects of leachate on soil and 
water resources, and existing practices need to be improved. The performance 
of commonly used materials such as geotextile should be further improved. In 
addition, more data should be collected on the analysis of leachate samples from 
landfills and the amount and spread of contaminants.

Landfilling can only partially prevent the effects of leachate on soil and 
water resources. Therefore, improving the existing practices used in leachate 
management is necessary and finding more effective solutions is necessary. Using 
geotextiles and similar materials is common, but it is important to improve their 
performance further. The efficiency and durability of these materials in leachate 
management should be increased.

More research needs to be done on the environmental impacts of municipal 
solid waste incineration residues. Disposing combustion residues raises concerns 
about releasing pollutants into the atmosphere and storing residues. More work 
should be done to improve this process’s environmental impacts and disposal 
methods. More sustainable waste management solutions should focus on energy 
generation and recycling alternatives.

New methods and materials created to treat municipal wastewater can 
also be utilized to treat landfill leachate since wastewater and leachate both 
contain comparable contaminants. However, leachate contains pollutants 
in concentrations that increase over time. Therefore, selecting advanced 
technologies and materials must be carefully and strategically applied at each 
stage. The efficiency of the treatment systems should be increased and aimed to 
purify the leachate completely.

Treatment methods include leachate treatment, conventional adsorbents, 
coagulation/flocculation processes, membrane technologies and biodegradation. 
However, more than these methods is required. Therefore, it is important to 
combine and integrate different methods. Innovative technologies such 



MUNICIPAL SOLID WASTE LANDFIL L LEACHATE CHARACTERISTICS . . .        73

as advanced oxidation processes also need to be explored. Enhancing the 
physicochemical characteristics of traditional adsorbents may enable effective 
leachate treatment performance. The regeneration capacity of adsorbents is an 
important factor for successful application. In addition, developing conventional 
coagulation/flocculation processes and membrane technologies may enable 
alternative methods in leachate treatment.

Current biodegradation approaches alone do not offer an adequate solution. 
For this reason, different technologies need to be used together and integrated. 
Combining different treatment methods should establish a more effective and 
efficient leachate treatment process. This will result in more effective removal 
of pollutants, thereby reducing environmental impacts.

Consequently, more research and development work on landfill leachate 
management and treatment is required. This will reduce environmental impacts, 
create a sustainable waste management system, and protect human health. 
Researchers, governments, and industry stakeholders should collaborate on this 
issue to develop more effective solutions and take steps for a sustainable future.
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1. Introduction

Energy is among the most basic elements of human life. Without 
sustainable energy sources, the continuation of modern human life is 
improbable. There are two fundamental reasons for humanity’s search 

for sustainable energy sources. The first is the decreasing amount of petroleum 
reserves in the world, and the second is the environmental consequences of these 
fuels (Crookes, Kiannejad, & Nazha, 1997; Roberts, 2004). World petroleum 
reserves have been declining at accelerated rates due to greater use and the 
increasing demand for oil in the world (Roberts, 2004; Z. Tan et al., 2022). 
Therefore, the development of energy efficient systems enabling conservation 
of existing resources and the use of renewable clean fuel resources are in great 
need (Crookes et al., 1997).

Alleviating the demand for petroleum based liquid fuels, biomass 
based fuels such as ethanol, butanol, and biodiesel are most probable 
alternative liquid fuels obtained from agricultural raw materials by 
biotechnological transformations (Kaygusuz, 2002). Since biomass based 
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fuels contain various carbon compounds formed by photosynthesis, they 
are reproducible (renewable) compounds that indirectly contain solar 
energy (Nigam & Singh, 2011). Various forms of these fuels can be 
burned directly as liquid fuels or as fuel additives in diesel or gasoline 
engines (Ali, Hanna, & Leviticus, 1995). Biodiesel fuel is easily obtained 
from agricultural oils, burns cleaner than petroleum diesel, and does not 
result in extra carbon dioxide to the environment (Mekala, Potumarthi, 
Baadhe, & Gupta, 2014). Compared to petroleum based diesel, direct 
use of biodiesel releases 100% less sulfur, 80% less hydrocarbons, 60% 
less carbon monoxide and 50% less solid particles and 20% less carbon 
dioxide to the environment (Aljaafari et al., 2022). Biodiesel with a 
standard fuel purity does not contain carcinogenic compounds such as 
carcinogenic benzene derivatives and polycyclic aromatic hydrocarbons 
with or without nitrogen in fossil diesel exhaust fumes, so biodiesel 
exhaust gas is less harmful to human health (Sher, 1998; Graboski & 
McCormick, 1998; Pham, Aljaafari et al., 2022; Nguyen, Imamura, 
Furuta, & Maeda, 2022). Biodiesel is produced industrially, especially in 
Europe and North America, and is the most important biofuel with a share 
of 82% in the European Union (Iso, Chen, Eguchi, Kudo, & Shrestha, 
2001; Lai, Zullaikah, Vali, & Ju, 2005). In Brazil, 4.6 million metric tons 
of biodiesel is produced in 2020 from soybean oil (Parmegiani Marcucci, 
Zunta Raia, Zanin, & Arroyo, 2023). Biodiesel has the most advantageous 
position among alternative liquid fuels because it can be easily obtained 
from the oil in agricultural raw materials, mixed with petroleum diesel at 
any ratio (Lotero et al., 2005), and used directly as a fuel in diesel engines 
without requiring any modification (Lin & Lin, 2006; Tesser, Di Serio, 
Guida, Nastasi, & Santacesaria, 2005). Biodiesel fuel is often attained 
from the renewable natural resources including plant oils, animal fats, or 
recycled cooking oil (da Cunha et al., 2009). 

2. Biodiesel Production Methods

Renewable biological resources such as vegetable or animal fats 
and oils can be used as the basic raw material in biodiesel production 
(Vasistha, Khanra, Clifford, & Rai, 2021). Not to compete for food 
sources, the majority of biodiesel is made from waste plant oils delivered 
by stores, restaurants, and industrial food processors. Biodiesel production 
based on ester exchange (transesterification) of fatty acids on glycerol 
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in triglyceride form with a mono alkyl (alcohol) can be catalyzed by 
chemical catalysts such as acid, alkali or by biochemical methods with 
lipase enzymes (Lotero et al., 2005). A typical transesterification reaction 
of triglyceride with methanol is shown in Fig 1 but the actual reaction 
takes place in three separate steps. Although it has been stated that the 
transesterification reaction can occur as a result of the degradation of esters 
at high temperatures such as 400 oC without a catalyst (Ranganathan, 
Narasimhan, & Muthukumar, 2008), most of the industrial biodiesel 
production, nearly 90% efficiency transesterification reaction is achieved 
by using chemical catalysts.

Figure 1. Formation of fatty acid methyl esters (biodiesel) by  
transesterification reaction of triolein with methanol (methanolysis).

2.1. Alkaline Catalyzed Biodiesel Production

In standard biodiesel production, oils (triglycerides) and methanol enter 
into an alkali-catalyzed transesterification reaction to form methyl esters of 
fatty acids (biodiesel). Alkaline catalysts includes NaOH, KOH, carbonates, 
sodium and potassium alkoxides such as sodium methoxide, sodium ethoxide, 
sodium butoxide (Ganesan, Rajendran, & Thangavelu, 2009). Polar and short-
chain alcohols such as methanol and ethanol are commonly used. While NaOH 
catalyst can easily dissolve in these alcohols, the activated alcohols can react with 
triglycerides. Biodiesel production with alkaline catalysis is widely used due to 
its simplicity, despite some drawbacks (F. Ma & Hanna, 1999). Nevertheless, the 
rate of transesterification with alkali catalysis is low due to limited by the interface 
between oil and alcohol phases (Pham et al., 2022). In the alkali-catalyzed 
reaction; a mixture of free fatty acids, water and alkali salts occurs inevitably 
as by-products besides glycerol as outlines in Fig 2 (Chiu, Dasari, Sutterlin, & 
Suppes, 2006). The presence of free fatty acids and water in the oil source react 
with the alkaline catalyst, causing the catalyst to become dysfunctional. Large 
clump of soap masses formed with water and free fatty acids not only decrease 
the reaction performance and efficiency but increase the cost of the product as 
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well (Tesser et al., 2005). Therefore, with alkali catalysis, extensive purification 
for biodiesel and glycerol are generally needed (Lai et al., 2005; Yagiz, Kazan, & 
Akin, 2007). Alkali catalysis is not suitable for oil substrates with higher content 
of water and/or free fatty acid such as recycle oil, which are the two main factors 
limiting the transesterification reaction in alkali-catalyzed biodiesel production 
(Enweremadu & Mbarawa, 2009). Using isopropanol as a co-solvent in KOH 
catalyzed biodiesel production was resulted in a distinct separations of FAME 
and glycerol as greener production (Pham et al., 2022). However, it was necessary 
that the solvent (ca., 10%) needed to be distilled from mixture. In general, the 
biodiesel plant operating with the chemical method is generally associated with 
not only high costs for the initial setup and operation, but the use of water, steam 
and electricity as well (Xu, Du, Liu, & Zeng, 2003; Yagiz et al., 2007). Table 1 
summarized critical aspects of different methods of biodiesel productions. In 
order to overcome these drawbacks observed in chemical catalysis, there has 
been an increasing interest in lipase catalyzed biodiesel production (Shahedi, 
Habibi, Yousefi, Brask, & Mohammadi, 2021; Xu, Du, & Liu, 2005)

Figure 2. Alkaline catalyzed production of biodiesel (Ranganathan et al., 2008).

2.2. Acid Catalyzed Biodiesel Production

Acid-catalyzed biodiesel production is occasionally used in industry. 
Technically any mineral acid can be used to catalyze the transesterification 
reaction, mostly sulfuric and sulfonic acids are preferred in this process (Canakci 
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& Van Gerpen, 1999; Ganesan et al., 2009). Despite higher yields achieved in 
acid-catalyzed biodiesel production, it has also well-known disadvantage due 
to the corrosive nature of the acids damaging the equipment. Also, the reaction 
occurs at a slower rate and requires greater (e.g., 30:1) molar equivalent of alcohol 
to oil (Canakci & Van Gerpen, 1999) which needs additional evaporation process. 
Compared with the acid-catalyzed reaction, the alkali-catalyzed transesterification 
reaction is considerably faster which constitutes one of the reason for industrial 
preference (Ganesan et al., 2009; Ranganathan et al., 2008). As opposed to limited 
applicability of alkaline catalyst for the oil with high free fatty acid or water, acid 
catalysts are not sensitive to free fatty acids, in fact, it is more suitable for the 
transesterification reaction for vegetable oils with more than 1% free fatty acids 
(Canakci & Van Gerpen, 1999) (Enweremadu & Mbarawa, 2009).

2.3. Biodiesel Production by Enzymatic Method

In recent years, the use of lipases in biodiesel production has gained 
significant attention, especially with lipases immobilized on suitable supports. 
Compared with the alkaline catalyzed biodiesel production associated with the 
above-mentioned drawbacks, the enzyme catalyzed transesterification offers 
clean and environmentally friendly processing (Z. Tan et al., 2022). Enzymes, 
on the other hand, have their own limitations such as the high costs and their 
instability against alcohols. Table 1 compares critical aspects of different 
production methods for catalysis (Ganesan et al., 2009). In recent years, there 
have been increasing number of studies in the literature for enzymes use in 
biodiesel production (Ranganathan et al., 2008). 

Figure 3. Enzymatic production of biodiesel (Ranganathan et al., 2008).
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In enzymatic transesterification reaction, mainly glycerol is produced as a 
clean by-product that can easily be separated from biodiesel with a separator as 
seen in Figure 3. Compared to the chemical catalysis, with the use of enzyme 
catalyzed biodiesel production, alkaline cost, the need for acid neutralization, the 
soaps formation with alkali salts can be avoided (Fukuda, Kond, Noda, Kondo, 
& Noda, 2001) (see Fig 1 and Table 1). Therefore, the enzymatic conversion does 
not generate waste under ideal conditions, which results in clean products very 
little or no need for purification and relatively inexpensive processing (Nelson, 
Foglia, & Marmer, 1996; Shimada, Watanabe, Sugihara, & Tominaga, 2002; 
Yagiz et al., 2007). Similar to normal natural oils, waste frying oils can also be 
used as substrates in the production of biodiesel by enzymatic reaction because 
lipases are more insensitive to water and free fatty acids in the oil composition 
(Enweremadu & Mbarawa, 2009). In addition, mild reaction conditions (35-45 
oC) and probable reuse of catalyst are other advantages of this method (Ganesan 
et al., 2009). Also, the initial investment and energy input of enzymatic biodiesel 
production is very low compared to chemical catalysis (Shieh, Liao, & Lee, 
2003; Yagiz et al., 2007). 

In the production of enzymatic biodiesel, lipases are used (Ranganathan et 
al., 2008). Lipases (triacyl glycerol acylhydrolases EC 3.1.1.3) normally catalyze 
the hydrolysis of fatty acid ester bonds in the presence of water (X. J. Zhang 
et al., 2022). However, given the reaction constrains changed towards limiting 
water, lipases are able catalyze esterification, inter- and trans-esterification type 
synthesis reactions (Causevic, Olofsson, Adlercreutz, & Grey, 2023; Paiva, 
Balca, & Malcata, 2000; Shimada et al., 2002). Apart from biodiesel production, 
lipases are industrially significant enzymes used in detergents, leather and 
paper industries and in the synthesis of pharmaceuticals and food ingredients 
(Dimitrijević et al., 2012; R. Sharma, Chisti, & Banerjee, 2001). Lipases are 
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also widely used in organic synthesis with their high stability in organic solvents 
(X. J. Zhang et al., 2022). Lipases are generally obtained from fungi and bacteria 
with high efficiencies (Tüter, Aksoy, Gılbaz, & Kurşun, 2004). The lipases 
frequently evaluated for the production of biodiesel are from Candida antarctica 
(Shimada et al., 1999; Watanabe et al., 2000); Candida rugose (Zhu, Wu, & Yu, 
2005), Pseudomonas cepacia, Pseudomonas fluorescens, Rhizomucor miehei 
(Salis, Pinna, Monduzzi, & Solinas, 2005) and Thermomyces lanuginosa (Hsu, 
Jones, Foglia, & Marmer, 2004). In general, lipase production from fungi have 
well recognized benefits such as, ease of mass production from inexpensive 
biomass, extracellular and soluble properties of lipases allowing ease extraction, 
good thermal and pH stabilities and specificity for wide substrates (Mahfoudhi, 
Benmabrouk, Fendri, & Sayari, 2022).

3. Biodiesel Production with Lipases

3.1. Enzyme Specificity

Enzymes are biological catalysts with known characteristics for high 
activity, selectivity under mild operation conditions (Gurgel et al., 2022). One 
of the well-known characteristics of biological catalysts is their specificity, and 
lipases are no exception. As listed previously, many lipases studied for their 
ability to catalyze the alcoholysis of fats and oils to simple alkyl esters differ 
from each other. All lipase have certain characteristic such as the position and 
types of fatty acids including chain length, degree of unsaturation, the number 
and position of double bonds (Causevic et al., 2023). For example, lipases 
from Rhizomucor miehei and Thermomyces lanuginose are known as Sn-1,-3 
regioselective lipases (Causevic et al., 2023) yet they catalyzes alkyl ester 
yields of 70 to 100% from natural oils irrespective of chain length or degree 
of unsaturation of the acyl groups due to acyl migration to either position 
(Fernandez-Lafuente, 2010). Nevertheless, a combination of immobilized 
lipases from T. lanuginosus and R. miehei resulted in significantly greater yield 
of transesterification of soybean oil (Rodrigues & Ayub, 2011). Accordingly, 
enzyme specificity matters. For example a very specific enzyme from C. 
antarctica lipase Cal A accepts tertiary and sterically hindered alcohols (Palomo 
et al., 2002), recognizes the Sn-2 recognition in triglycerides, therefore produces 
approximately at most 30% yield of alcoholysis or transesterifications of oils 
and fats (Ondul, Dizge, & Albayrak, 2012) and is selective towards trans-fatty 
acids (Kirk & Christensen, 2002). Thus, it is important to obtain most suitable 
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lipase catalyst for the fatty acid characteristics of fats and oils for alcoholysis 
(Ganesan et al., 2009).

3.2. Methods of Immobilization 

As a water soluble hydrolyze, lipases normally catalyzes reactions 
at the oil-water interface (Sarmah et al., 2018; T. Tan, Lu, Nie, Deng, & 
Wang, 2010). The rate of catalysis is largely dependent on the available area 
of the interphase (Foresti, Alimenti, & Ferreira, 2005). One way to increase 
interphase is to distribute lipases throughout medium or the support matrices 
by means of immobilization (Causevic et al., 2023). It is commonly known that 
immobilization of the lipase on a support prevents the lipase from aggregating 
due to spreading the enzyme on the surface of the supports (Girelli & Chiappini, 
2023). In biodiesel production, the use of immobilized lipases is generally 
studied, with the exception of a few studies (Kaieda et al., 2001; Kojima, 
Du, Sato, & Park, 2004; Nelson et al., 1996), due to the fact that not only the 
commonly known drawbacks for the use of free enzyme in catalysis such as 
loss enzyme (Andersch et al., 1997; Iso et al., 2001), but also the reaction 
conditions of biodiesel production in particular (Kaieda, Samukawa, Kondo, & 
Fukuda, 2001; Kaieda et al., 1999) including various lipase-specific limitations, 
(Al-Zuhair, 2007; Brzozowski et al., 1991; Giorno & Drioli, 2000; Soumanou 
& Bornscheuer, 2003a). With the use of immobilized enzyme, well recognized 
advantages are expected such as the possibility of reuse of the enzyme, the 
reduction in the cost of purification due to the absence of enzyme, continuous 
transformation for production, the realization of product formation under more 
controlled conditions, the relatively simple and efficient conversion processes 
(Antczak, Kubiak, Antczak, & Bielecki, 2009; Maghraby, El-Shabasy, Ibrahim, 
& Azzazy, 2023) and up to 50% reduction in the cost of the process (Gurgel et 
al., 2022).

Enzyme immobilization simply means to restrict the movement of enzyme 
protein by means of fixation to a permanent support material in the reaction 
medium (Homaei, Sariri, Vianello, & Stevanato, 2013). Therefore, various 
support materials and enzyme immobilization methods have been used for 
enzyme fixation. For biodiesel productions, it is observed that ion exchange 
resins, diatomaceous earth and porous silica gels are frequently chosen supports 
materials for the immobilization of lipases while simple adsorption is frequently 
used as the fixing method (de Fuentes, Viseras, Ubiali, Terreni, & Alcántara, 
2001; Parmegiani Marcucci et al., 2023; Salis, Sanjust, Solinas, & Monduzzi, 
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2003; H. Wang, Wu, Ho, & Weng, 2006) Most of the studies investigating 
biodiesel production with immobilized lipases have used commercial enzyme 
preparations. One of the most commonly used commercial enzyme preparation 
for biodiesel production is Novozyme 435 lipase from Novo Nordisk (Balcão, 
Vieira, & Malcata, 1996; Bélafi-Bakó, Kovács, Gubicza, & Hancsók, 2002; 
de Oliveira et al., 2004; Fukuda et al., 2001; Köse, Tüter, & Ayşe Aksoy, 
2002; Lai et al., 2005; Samukawa et al., 2000; Shimada et al., 1999; Tüter et 
al., 2004; Watanabe et al., 2000; Xu et al., 2005, 2003). Novozyme 435 (C. 
antarctica lipase B) was entrapped in coarse porous polyacrylic resin particles 
while Lipozyme IM 20 (Yadav & Trivedi, 2003), IM 60 and IM 77 (R. miehei) 
lipases trapped in weakly acidic resin in macroporous form are frequently used 
enzymes (de Fuentes et al., 2001; Fukuda et al., 2001; Lai et al., 2005; Shieh 
et al., 2003; Xu et al., 2003; Yadav & Trivedi, 2003). Another frequently used 
lipase from Pseudomonas cepacia marketed by Amano is sold in diatomaceous 
earth (PS-D) and ceramic (PS-C) forms (Salis et al., 2005). In addition to the 
lipase listed, similarly prepared other lipases were commonly evaluated for 
biodiesel productions.

It was noted that adsorption was the most common immobilization methods 
applied to lipase enzymes in not only the commercial enzyme preparations 
mentioned above but also the techniques developed by various researcher 
(Balcão, Paiva, & Malcata, 1996; Balcão, Vieira, et al., 1996; de Fuentes et al., 
2001). Enzyme immobilization by adsorption consists of contacting the enzyme 
solution and the support material for a certain period. Although it is a simple 
and easy, the method mostly relies on formation of weak bonding between the 
enzyme and the support material (Balcão, Vieira, et al., 1996; de Fuentes et al., 
2001; Paiva et al., 2000). Enzyme immobilization by adsorption has also widely 
known disadvantages such as detachment and therefore the loss of enzyme. 
Due to the weakness of the bonds between the support and the enzyme, the 
immobilized enzyme is separated from the support material during its use and 
leaches to the reaction medium, so not only the product is contaminated with 
the enzyme but also the catalytic activity is lost over time (Gaur, Pant, Jain, 
& Khare, 2006; Sardar, Agarwal, Kumar, & Gupta, 1997; Torres et al., 2002; 
Weaver & Carta, 1996).

Biodiesel production with various immobilized lipase systems has been 
investigated in the literature. Although lipase-catalyzed biodiesel production 
predicts the above-mentioned advantages, there is no commercially significant 
lipases catalyzed biodiesel production (Al-Zuhair, 2007; Shimada et al., 1999; 
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X. Wang et al., 2009). It has been stated that the cost of biodiesel production 
with lipases is higher than that of alkaline catalyst (de Fuentes et al., 2001). 
Some of the noted difficulties associated with the use of lipases in industrial 
biodiesel applications include high cost of immobilized enzymes (de Fuentes 
et al., 2001; Du, Xu, Liu, & Zeng, 2004; Shimada et al., 1999), low activity 
and instability under processing conditions (Gaur et al., 2006; Iso et al., 2001; 
Shimada et al., 2002; Watanabe et al., 2000; Watanabe, Shimada, Sugihara, 
& Tominaga, 1999, 2001; Xu et al., 2003). For biodiesel production, some of 
the commercial preparation of immobilized lipases were evaluated (Lai et al., 
2005; Shieh et al., 2003; Xu et al., 2003). The common types of supports often 
used for lipase immobilization were porous or particulate in nature including 
ion exchange resins, diatomaceous earth and porous silica gels along with 
adsorption method for immobilization (Balcão, Paiva, et al., 1996; de Fuentes 
et al., 2001; Dizge, Keskinler, & Tanriseven, 2008; Salis et al., 2003; H. Wang 
et al., 2006). Some of these commercially available supports are both expensive 
(Mateo, Abian, Fernandez-Lafuente, & Guisan, 2000; Würtz Christensen et 
al., 2003) and difficult to use in packed-bed column type industrial reactors 
(Anspach, Huckel, Brunke, SChÜTte, & Deckwer, 1994; de Castro, de Lima, 
& Roberto, 2001). It is essential to contain high load of enzyme with catalytic 
functionality for the potential applicability of the immobilized lipases (Guldhe, 
Singh, Mutanda, Permaul, & Bux, 2015; Velasco-Lozano et al., 2014). For 
example, epoxy functionalized silica gel with good properties of lipase activity 
was used for simultaneous immobilization lipases from C. antarctica B and R. 
miehei or T. lanuginose at the amount of 4 and 15 or 10 mg/g, respectively, 
which is relatively insufficient for productive application (Shahedi et al., 
2021; Shahedi, Yousefi, Habibi, Mohammadi, & As’habi, 2019). Mainly due 
to frequently noted shortcomings such as high costs not only for the enzyme 
and some of the support materials (Fernández-Lorente et al., 2006), but also 
for the chemicals used in support activation and immobilization, both the cost 
and performance of the immobilized lipase systems (Ranganathan et al., 2008) 
for biodiesel production are insufficient to meet industrial expectations (Würtz 
Christensen et al., 2003). 

In recent years, the development of immobilized lipases on nano-sized 
materials has offered for transesterification type reactions. Among nano-sized 
materials including carbon nanotubes, Fe2O3, Fe3O4, magnetic or non-magnetic 
nano-particles, graphene/graphene oxide, etc. were reviewed recently (Z. Tan et 
al., 2022) with some renewable materials such as non-woven nanofibers made 
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from poly (lactic acid)/chitosan blends fiber mats (Siqueira et al., 2015). Because 
of the minimized size of supports, greater number of enzyme can be immobilized 
per weight of nanomaterials that promises the high loading of the catalyst (X. 
Wang et al., 2009). It was noted that these type of supports appear to possess 
very good catalytic characteristics such as high catalytic efficacy, high catalytic 
turnover, great stabilities and low diffusional resistance (Aggarwal & Ikram, 
2023; Ansari & Husain, 2012; Bilal et al., 2021). For example, the magnetic 
materials offer facilitation of ease of separation after catalysis (J. Wang et al., 
2012). However, most of these supports needed to be chemically activated before 
or after immobilization similar to other types of supports (Garmroodi et al., 
2016). Moreover, highly engineered types of these supports tend to be expensive 
and involve tedious methods for their preparation and enzyme immobilization. 
For example, amino functionalized and then glutaraldehyde activated magnetic 
nanoparticle immobilized lipase was used for biodiesel production in a packed-
bed reactor, where it was observed that the shear stress of the fluid flow damaged 
the lipase nanoparticle leading to the loss of lipase activity at the flow rates above 
0.25 mL/min in 160 ml reactor volume (X. Wang, Liu, Zhao, Ding, & Xu, 2011). 
In terms of industrial application, the criteria such as low cost, long half-life, high 
stability and smooth continuous production in the packed column may not be 
anticipated with the current immobilized lipase systems (X. Wang et al., 2011). 
These aspects pose difficulty for implementing in industrial size applications 
especially for high volume of operation vs low value products such as biodiesel. 

Effectively catalyzed biodiesel production with a robust immobilized 
lipase, the main desirable attributes include (1) sufficient stability for mono alkyl 
short chain alcohols, (2) high mechanical / thermal stability for higher operation 
temperatures potentially allowing higher reaction rates through the effect 
of low viscosity or increased rate of mass transfer (J. Zhang et al., 2022), (3) 
simple, rapid and cost effective or inexpensive support as well as the method for 
immobilization, (4) hydrophobic functional groups on the support for possibly 
open-lid lipase conformation (Dizge et al., 2008; Garmroodi et al., 2016; Salis et 
al., 2005) and repellence of glycerol, (5) minimal regioselectivity towards fats and 
oils for general applicability. These characteristics can be significantly modified 
with immobilization procedures (Causevic et al., 2023; Gurgel et al., 2022). 

3.3. Reactor Type 

Stirred tank and plug-flow (packed-bed) type reactors are the two well-
known type reactors where the catalysis reaction takes place in batch or 
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continuous modes (Poppe, Fernandez-Lafuente, Rodrigues, & Ayub, 2015). 
When the enzyme is immobilized on or in the micro particulate type supports 
such as granular resins or porous spheres, which are frequently encountered for 
the biodiesel production, a stirred tank reactor was generally used with dispersed 
immobilized enzyme in the reaction mixture (Al-Zuhair, 2007). The immobilized 
enzyme can be retained within the reactor by a filter or membrane. Low cost 
of construction and well-mixed reaction medium are normally associated with 
these reactors (Al-Zuhair, 2007). However, a mechanical disruption the support 
from the propeller speed and an enzyme leach often encountered. Compared 
with stirred tanks, plug-flow type reactors holds immobilized enzyme in a fixed 
place while allowing the reaction mixture to pass through therefore offering 
probable high volumetric productivity with ease of operation and maintenance 
(J. Wang et al., 2012). Most of biodiesel productions with immobilized lipases 
listed in the section of the immobilization method were carried in stirred 
tank type reactors. With this type of reactor, it was note that as the reaction 
proceeds, the generated glycerol physically mixes well with the alcohol tend to 
form a separate liquid phase mentioned before (Ganesan et al., 2009). Use of 
immobilized enzyme in a plug-flow type reactor preferably in continuous mode 
allows operational ease for introduction of a separator to remove glycerol due 
to its higher density (1.2 g/mL) from the other components (0.8 - 0.9 g/mL). In 
addition, the residual glycerol on the immobilized enzyme in plug-flow type 
reactor can be washed with appropriate solvent and the glycerol in the washing 
solution can be excluded from the heavy glycerol by the separator as well (Ondul 
et al., 2012). It was noted that the enzymatic alcoholysis of natural oils can be 
carried out considerably faster and more economically in continuous reactors. 
(Dalla Rosa et al., 2009; Komers, Skopal, & Čegan, 2010; Lee et al., 2010). Use 
of continuous mode suits well for automation and saves considerable cost, labor 
and time for the production (Halim, Kamaruddin, & Fernando, 2009). 

Especially suited well for plug-flow type reactors, fibrous materials offer 
important advantages as an industrial-scale immobilized enzyme support 
with notable features such as good flow properties, limited back pressure 
and negligible diffusion resistance of the substrates or products (T. Tan et al., 
2010). Fibrous type materials generally offering superior mechanical strength, 
chemical stability, high surface area, open-form of structure for flow (H. Chen 
& Hsieh, 2005; Ichijo et al., 1990; Li et al., 2015; S. Sharma & Yamazaki, 1984; 
X. Wang et al., 2011). The fibrous materials used include polydimethylsiloxane 
modified nonwoven fabrics (Li et al., 2015) polyethylene terephthalate fibers 
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(Elçin & Saçak, 1996), cotton terry cloths (Albayrak & Yang, 2002; Nie, Xie, 
Wang, & Tan, 2006; S. Sharma & Yamazaki, 1984) nylon fibers (Braun, Klein, 
& López, 1996; Seng, Rhee, Cho, & Ryu, 1980), silk fabrics (Furuhata, Deno, & 
Sakamoto, 1996). In order to take advantage of packed-bed reactor in biodiesel 
production in n-hexane, cotton fiber was used as a support not only to hold the 
nanoparticles in place with even distribution and adjustable loading but also 
to provide good flow characteristics (X. Wang et al., 2011). However, it was 
noted that the shear stress of the fluid flow at the highest flow rates damaged 
the lipases–nanoparticle biocomposite, leading to the loss of lipase activity (X. 
Wang et al., 2011). The effect of shear stress was also noted other studies using 
microporous particle or membrane (Poppe et al., 2015). A stirred tank was used 
with lipases adsorbed on fibrous support treated with relatively hydrophobic 
molecules, very good stability during long-term reuse and high catalytic activity 
was obtained (Li et al., 2015).

Despite increasing academic interest for lipase catalyzed biodiesel production, 
the enzymatic production of biodiesel has not been applied commercially, greatly 
due to the high cost of lipase enzyme and the insufficient rate of catalysis (Robles-
Medina, González-Moreno, Esteban-Cerdán, & Molina-Grima, 2009). Loss of 
enzyme efficiency due to deactivation and/or inhibition with glycerol over time 
was observed in many of the biodiesel productions with the immobilized lipases 
on variety of supports or immobilization techniques (Li et al., 2015; Parmegiani 
Marcucci et al., 2023). Reduction in the cost of lipase and therefore of catalysis 
can be realized by containing a high load of enzyme immobilized with extended 
lifetime, employing suitable immobilized enzyme technology and inexpensive 
support in an effective type of reactor (Nie et al., 2006).

3.4. Alcohols

In the production of biodiesel, the use of alcohol is required, as the fatty 
acids in the triglyceride will be subjected to transesterification with monohydric 
alcohols (Du, Li, Sun, Chen, & Liu, 2008). Theoretically, all alcohols can be 
used in biodiesel production, nevertheless there are crucial differences among 
alcohols for biodiesel production including solubility in oils, efficiency and 
effects on the enzymes stability (Ranganathan et al., 2008). Furthermore, 
methanol is more suitable and the most commonly used alcohol for biodiesel 
production because of the high reactivity, cost-effectiveness, and low boiling 
point (Pham et al., 2022; Salis et al., 2005). For this reason, biodiesel is referred 
to as fatty acid methyl esters. In order to achieve a complete conversion in 
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biodiesel production, theoretically, 3 moles of alcohol should be used for 1 mole 
of triacylglycerol (oil). It has been reported that a positive result in terms of 
biodiesel yield and efficiency was not obtained with the use of alcohol in more 
than the molar equivalent of fatty acids in the oil (Salis et al., 2005). For a 
complete transesterification, a stoichiometric ratio of one mole of triglyceride 
to three moles of alcohol is necessary to yield three moles of fatty acid alkyl 
esters. However, a large excess of alcohol is required to drive the reaction to the 
forward direction (especially with acid and alkaline types of catalysts) because 
transesterification is an equilibrium reaction (Ganesan et al., 2009; Pham et al., 
2022). It has been stated that many lipases are denatured, especially with methanol 
and ethanol, at the minimum molar equivalent alcohol ratio (oil:alcohol, 1:3) 
(Nelson et al., 1996). In this sense, the most important selection and application 
criteria for lipases to be used in biodiesel production is the stability of enzymes 
against alcohols (Matassoli, Corrêa, Portilho, Veloso, & Langone, 2009). High 
alcohol concentrations denature every enzyme, but the alcohol stability at the 
minimum molar equivalent level is important (Noureddini, Gao, & Philkana, 
2005). Significant variations in terms of alcohol stabilities were found among 
lipases used in investigations for alcoholysis. Several studies have reported that 
P. cepacia lipase is resistant to higher methanol concentrations compared to P. 
fluorescens, C. rugosa or C. antarctica lipases (Fukuda et al., 2001; Kaieda et al., 
2001). It has been reported that C. antarctica lipase (Novozyme 435) begins to 
denature from methanol above 0.66 molar equivalents (Samukawa et al., 2000) 
while P. cepacia lipase is not affected by 2-3 molar equivalents of methanol 
(Fukuda et al., 2001). It was found that the methanol stability of C. antarctica 
lipase B (Novozyme 435) pretreated in oil soaking was reduced. While the 
normal enzyme begins to denature from methanol above 0.66 molar equivalents, 
the oil pretreated enzyme begins to denature at alcohol concentrations above 
0.33 molar equivalents (Samukawa et al., 2000). When a different acyl acceptor 
for example methyl acetate or ethyl acetate was used for transesterification 
instead of methanol, the lipase inactivation by alcohol is largely avoided (T. Tan 
et al., 2010). However, higher molar ratio was needed with the esters and they 
considerably costs high (Du et al., 2004).

In general, transesterification demands thorough miscibility of alcohol with 
the oil. It is important to note that the enzyme stability against alcohol is directly 
related to their immiscibility with oils with long chain fatty acids (Ganesan et 
al., 2009). Such alcohols as methanol and ethanol, which are frequently used 
in biodiesel production, are not sufficiently miscible with the oil medium at the 
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required equivalent molar ratio, and the insoluble part denatures the enzyme. 
Thus, the gradual inclusion of alcohol were adopted in most studies for biodiesel 
production. In the gradual addition of alcohol, the alcohol (in molar equivalents) 
required to be added to the medium is added in parts and after the majority of 
the previous part is used, the other part is added (Shimada et al., 1999). While 
some researchers use a two-stage (1+2) system in which the production starts 
with a ratio of methanol in one molar equivalent and the remaining two molar 
equivalents of alcohol are added in the later stage of the reaction (Shimada et 
al., 2002; Watanabe et al., 1999), more often methanol is used in three equal 
stages (1+1+1) (Du et al., 2004; Kaieda et al., 2001, 1999; Shimada et al., 1999; 
Watanabe et al., 1999). In an experiment investigating the methanol resistance of 
C. antarctica lipase (Novozym 435), it was stated that the enzyme was denatured 
from 0.66 mol and above methanol, and the reaction was carried out with the 
addition of methanol in 5 stages (Samukawa et al., 2000). In the ethanolysis 
study of tuna oil with C. antarctica (Novozym 435) enzyme, ethanol stability 
of lipase was found to be higher than methanol (Watanabe et al., 1999). While 
the enzyme was denatured from methanol above 0.66 moles, it was stated that it 
was denatured from ethanol above 1 mole and three-stage ethanol addition was 
performed (Watanabe et al., 1999).

The most important problem related to the effects of alcohols on the 
enzyme in biodiesel production conditions is that small alcohols such as 
methanol and to some extent ethanol do not dissolve sufficiently in the reaction 
medium, so they come to the enzyme surface and disrupts the enzyme. In order 
for alcohols to enter into the enzymatic reaction, the alcohol must be completely 
dissolved (Shimada et al., 1999). It was stated the enzyme denaturation was due 
to insoluble portion of alcohols in the oil (Watanabe et al., 1999). In general, the 
longer the carbon chain, the more hydrophobic alcohols, and thus they reach 
the greater miscibility in oil at higher ratios. Unfortunately, methanol with the 
shortest alkyl alcohol with highest reactivity (Pham et al., 2022) has the lowest 
solubility in oil and causes the highest rate of denaturation, followed by ethanol 
(Shimada et al., 2002). At molar equivalent ratios of alcohols containing three or 
more carbons, the problems of immiscibility in oil and instability of lipases were 
not noted (Parmegiani Marcucci et al., 2023; Shimada et al., 2002), and better 
alcohollysis yields and efficiencies are obtained with these alcohols compared to 
methanol and ethanol (Fukuda et al., 2001; Linko, Lamsa, Wu, & Uosukainen, 
1998; Nelson et al., 1996; Salis et al., 2005; Shimada et al., 2002; Soumanou & 
Bornscheuer, 2003a; Stevenson, Stanley, & Furneaux, 1994).
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3.5. Oils

All organic renewable oils contain triglycerides with varying types of 
fatty acid compositions while they can be grouped by their chain length (short, 
medium, long), the degree of unsaturation or sn position on triglyceride. In 
terms of agricultural production, oils from palm and soybean constitutes 
nearly 90% while the rest consists of oils from sunflower, rapeseed (canola), 
olive and corn (Kuhnt, Degen, Jaudszus, & Jahreis, 2012). Refines, recycled 
or waste oils from these sources have been used in various investigations for 
biodiesel production. Also, some alternative renewable sources such as animal 
waste (Cavali et al., 2020) or fish waste oils (Marín-Suárez, Méndez-Mateos, 
Guadix, & Guadix, 2019), microalgae (Ferreira Mota et al., 2022), yeasts 
(Selvakumar & Sivashanmugam, 2019) etc., have also been proposed or used 
for transesterifications (Marín-Suárez et al., 2019). To mention some of a few 
common sources used for feed stock, sunflower oil (Mittelbach, 1990; Soumanou 
& Bornscheuer, 2003a), canola oil (Jeong et al., 2004; Uosukainen, Lämsä, 
Linko, Linko, & Leisola, 1999) animal tallow or lard (Lu, Nie, Xie, Wang, & Tan, 
2007) (Nelson et al., 1996), soybean oil (Du et al., 2004; Parmegiani Marcucci 
et al., 2023; Shieh et al., 2003), rice bran oil (Lai et al., 2005), coconut, peanut, 
palm kernel (Soumanou & Bornscheuer, 2003a), microbial oils and including 
frying waste oils (Antczak et al., 2009) as such, almost all types of oil have been 
used with lipase for biodiesel production. 

Lipases generally act well on oils consisting of long chain (16-18 carbon) 
fatty acids, although their rate of action varies slightly on different oils used. 
The fatty acids in the triglycerides of most oils are long-chain carboxylic acids 
and, lipase enzymes have high rates on these fatty acids (Paiva et al., 2000; T. 
Tan et al., 2010) It has been stated that the effects of lipases on polyunsaturated 
fatty acids are generally weak (Shimada et al., 1998, 1997, 2002). Studies on the 
effects of various enzymes on different oils have not found significant differences 
in their effects on oils with similar fatty acid composition. For example, there 
was no significant difference between C. antarctica and P. cepacia lipases in 
biodiesel production from triolein and sunflower oil (Iso et al., 2001; Soumanou 
& Bornscheuer, 2003a)

3.6. Glycerol

The glycerol formed in the biodiesel production process adversely affects 
the reaction due to its physicochemical properties, including polarity, high 
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density and viscosity (Soumanou & Bornscheuer, 2003b). First of all, glycerol 
reversibly inhibits lipases because it is insoluble in the medium consisting 
of biodiesel - oil mixture, and also, it significantly prevents substrate and/
or product diffusion by coating the enzyme polar surface (Watanabe et al., 
2000). Due to these interference, glycerol reversibly stops enzymatic catalysis 
(Soumanou & Bornscheuer, 2003b). The negative effect of glycerol has been 
reported in almost all investigations (Bélafi-Bakó et al., 2002; Dossat, Combes, 
& Marty, 1999; Du et al., 2004; Kojima et al., 2004; Parmegiani Marcucci et 
al., 2023; Shimada et al., 2002; Soumanou & Bornscheuer, 2003b; Watanabe et 
al., 1999). In fact, a protocol for the preparation of a new biodiesel that keeps 
glycerol into their composition as monoacylglycerols was developed by using 
1,3-regiospecific lipase from Rhizomucor miehei through selective ethanolysis 
of sunflower oil (Calero et al., 2014). In a few studies, hydrophilic alcohols tert-
butanol was used to regenerate the enzyme (J. Chen & Wu, 2003). However, 
it is cumbersome to desorb glycerol from the immobilized lipase especially in 
large-scale productions. For example, using fibrous support immobilized lipase 
in packed-bed reactor for methanolysis of pure or waste oil in petroleum ether 
(3/2, v/v of oil), a hydrocyclone separator was used for removal of glycerol from 
the reaction mixture after completion every 1/3 molar equivalent of methanol 
(Nie et al., 2006).

Challenging nature of glycerol was noted with the lipase catalyzed 
alcoholysis reactions from natural oils. The glycerol generated tend to mix the 
alcohol and form a polar phase, which is not completely miscible with the oil, 
in turn drawing alcohol from the oil phase (Ganesan et al., 2009). Therefore, 
decreasing alcohol concentration in oil phase decreases the rate of the alcoholysis 
reaction (Al-Zuhair, 2007). The conversions toward transesterification will be 
greatly enhanced if the free glycerol is removed from the substrate mixture as 
the reaction proceeds. A suitable solvent such as isopropanol may be evaluated 
in lipase catalyzed biodiesel production for separation of glycerol (Pham et al., 
2022).

3.7. Water

Since the production of enzymatic biodiesel is a transesterification reaction, 
the water proportion in the medium must be precisely controlled. As a substrate, 
water determines the dominant direction of the lipase-catalyzed reaction (Balcão, 
Paiva, et al., 1996). Lipases perform different reactions depending on the water 
activity in the medium (Wehtje & Adlercreutz, 1997a). In general, in the reaction 
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medium consisting of an oil-alcohol mixture, the hydrolytic reaction of lipases 
increases proportionally with increasing water content in the medium, while the 
transesterification reaction increases as the water activity decreases. However, 
regardless of this general manifestation, it is also known that the enzyme protein 
needs a certain amount of water to maintain its native stable structure (L. Ma, 
Persson, & Adlercreutz, 2002). In case of excessive drying of the medium 
or removing water from the enzyme with various solvents or adsorbents, the 
enzyme loses its activity (Stevenson et al., 1994). Depending on the lipase, it 
is stated that lipases are active in a wide range of water activity and maintain 
their activity even at very low water activity values (Koller, Aris, Ujang, & 
Vaidya, 2001; Valivety, Halling, & Macrae, 1992; Wehtje & Adlercreutz, 
1997b). The minimum level of water required for lipase activity should be 
used in biodiesel production. In the alcoholysis reaction, the water level in the 
environment will disrupt the competition between the transesterification and 
hydrolysis reactions towards the direction of hydrolysis. Optimal proportion of 
the water level varies among enzymes. While some lipases require high water 
for optimal transesterification activity, or even in the presence of water, the 
transesterification reaction of some enzymes comes to a halt even at low water 
levels (Meher, Vidyasagar, & Naik, 2006; Wehtje & Adlercreutz, 1997a).

3.8. Solvents

In various studies for lipase-catalyzed biodiesel production, the alcoholysis 
reaction was carried out in the presence of solvent. Solvent has conventionally 
been used to solubilize the hydrophobic substrates in aqueous media for lipases 
reactions (Lara & Park, 2004). The presence of solvent in the medium for 
alcoholysis reaction are expected primarily to dissolve immiscibility problem 
among the substrates (alcohol and oils), decrease the viscosity especially in 
saturated oils, thus increase the biodiesel yield and efficiency. Depending on 
the solvent used, it is observed that the use of the solvent aimed at increasing 
the alcohol solubility in the oil and/or protecting the enzyme from alcohol 
denaturation (Iso et al., 2001; Soumanou & Bornscheuer, 2003a). With the use 
of appropriate solvents, higher biodiesel yields and efficiencies are obtained 
(Nelson et al., 1996; Shimada et al., 2002; Soumanou & Bornscheuer, 2003a). 
The presence of solvent in the environment in the alcoholysis reaction with 
methanol and ethanol, which denatures the enzyme above a certain ratio, 
increases the alcoholysis efficiency (Fukuda et al., 2001; Shimada et al., 2002). 
Especially in systems where there is high viscosity such as animal tallow and 
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waste oils, high viscosity causes a decrease in efficiency (Nelson et al., 1996) 
and requires the use of solvents. Among the solvents investigated, n-hexane 
is the most frequently used solvent within the ratios between 70% (Nelson 
et al., 1996) and 95% (Kojima et al., 2004; Shieh et al., 2003; Soumanou & 
Bornscheuer, 2003a; X. Wang et al., 2009). Depending on the type of enzyme, 
the highest biodiesel efficiency is obtained with hydrophobic solvents such as 
n-hexane (X. Wang et al., 2011), n-heptane and isooctane, while lower yields 
are obtained with hydrophilic solvents such as acetone (Nelson et al., 1996). 
Lipases are known to vary in their sensitivity to miscible organic solvent, but 
they tend to be inactivated by water miscible organic solvents due to exclusion 
of the bound water from the enzyme (Yu, Qin, & Tan, 2007). Although biodiesel 
can be obtained in high yields with the use of solvents, the use of solvent causes 
a decrease in space-time efficiency in biodiesel production, requires additional 
evaporation costs and increases the safety risks related to explosion and 
environmental health (Penzol, Armisén, Fernández-Lafuente, Rodés, & Guisán, 
1998).

4. Conclusions

Production of biodiesel relies on transesterification of naturally existing 
organic fats and oils with small alcohols catalyzed by various methods. The 
primary burden associated with biodiesel production is limited availability of 
fat and oil resources without competing natural resources for food commodities. 
To overcome the problem, studies are needed to focus on nonedible sources 
such as recycled cooking oils, oils with high free fatty acid contents, microbial 
sources grown in organic waste and finally photosynthetic oil rich algae to make 
biodiesel fuel. Inexpensive catalysts but high cost of downstream processing 
associated with chemical catalysts for biodiesel production have led to the 
investigations for alternative catalysts. Due to the fact of efficient productions of 
lipase catalysts not only decreased the cost of catalysis but also aids the recovery 
of high quality glycerol, both of which lowers the cost of bioconversion for 
transesterifications. Combination of bioethanol production derived from 
renewable biomass, alcoholysis with bioethanol may aid for generation of diesel 
fuel. However, lipase stability against ethanol or methanol as the acyl acceptor 
appears one of the main hurdle for lipase catalysis resulting in short lifetimes. 
Although stepwise addition of alcohols appears to ease the problem, it lowers 
the rate of transesterification. In addition to undissolved alcohol causing serious 
inactivation, the persistence presence of glycerol smeared on enzyme inhibits 
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the forward alcoholysis reaction. As with the inclusion of sonication, more 
effective glycerol separation approaches need to be integrated in reactor design. 
Finally, for economically viable lipase catalyzed biodiesel production, better 
enzyme immobilization techniques achieving not only a high load of enzyme 
but also sufficiently stable and active lipase need to developed and evaluated 
for industrially applicable type reactors so that the shorter reaction times and 
greater production capacity may be realized.
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1. Introduction

Present market demands require that manufacturing systems develop 
their activities under a dynamic and uncertain production environment. 
In recent years, agent technology has been considered as an important 

approach for developing industrial distributed systems (Wooldridge and Jennings, 
1995). A number of researchers have attempted to apply agent technology to 
manufacturing enterprise integration, supply chain management, concurrent 
engineering, manufacturing scheduling and control, material handling, and 
holonic manufacturing systems. 

Agents realize to solve a problem of your own, submit bids, after 
the submission of bids, wait for a while, wait for an offer as a result of the 
evaluations and evaluate the answers from the other agents as a result of a 
new initiative. The criteria that the agents use when evaluating incoming 
responses are defined by the agent programmer. An agent obtained in a 
software environment waits in the system until a goal is defined for it or an 
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event occurs that it needs to respond to (Hahn et. al 2009). The design of 
agent-based systems differs from classical modeling and design systems. 
Until now, instead of a standard design template, special designs have 
usually been used in agent-based systems. Prometheus is a design method 
used in the identification, design and application of agent-based systems. 
Perepletchikov et al. (2005) presented a mechanism for dividing an agent 
oriented application into the three scoping levels of essential, conditional and 
optional was applied after the initial system specification, and was then used 
to direct incremental development with three separate release. Fernández- 
Caballero and Gascueña (2009) composed an Analysis Overview Diagram 
to obtain an initial sketch of the application. Afterwards, the model obtained 
- by following the two first stages proposed by Prometheus methodology – 
could be integrated into INGENIAS through UML-AT language. Next, the 
modeling integrated on with INGENIAS. Finally, code was generated for the 
ICARO-T platform. Lhafiane et al. (2015) proposed multi agent system (MAS) 
architecture using the Prometheus methodology to efficiently manage reverse 
logistics processes. The proposed MAS architecture included five types of 
agents: Gate keeping Agent, Collection Agent, Sorting Agent, Processing 
Agent and Disposal Agent which act respectively during the five steps of 
reverse logistics Network. Ehimwenma and Krishnamoorthy (2020) presented 
the use of Prometheus approach for the modelling of a pre-assessment system 
of five interactive agents which was a multi-agent-based e-learning system 
was developed to support the assessment of prior learning skills in students to 
classify their skills and make recommendation for their learning. Larıouı and 
Byed (2020) designed a multi-agent architecture using Prometheus method 
to effectively manage the movements of travelers in a multimodal network. 
The proposed MAS architecture included six types of agents: Personal 
Travel Agent, Information Agent, Directory Selecting Agent, Sorting Agent, 
Calculating Agent and Decision-Making Agent. The multi-agent architecture 
proposed was efficient, flexible, designed to easily be adapted and to manage 
disturbances in the transport network.

AGVs are one or more computer-controlled, operating independently of 
the operator in the factory or warehouse. This definition is a general term that 
covers all transport systems that can work without an operator. It is a material 
transportation system such as wheelbarrows pallets that are programmed 
to move between different production and warehouse stations without an 
operator (Schulze and Wullner, 2006). If the AGV carries more than one load, 
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the researchers have specified it as Multiple-load AGV (MAGV). Ho et al. 
(2004) identified four problems for MAGV scheduling. The first problem 
is the problem of task determination for loads. The second problem is the 
problem of delivery the load. The third and fourth problems are the problem 
of determining the pick-up point and load selection when the pick-up point is 
reached. 

When looking at previous studies, there were no studies that performed 
MAGV and agent modeling. In Prometheus method of modeling; there are three 
main stages: system specifications, architectural design and detailed design by 
using agent interface. In this study, Prometheus agent-based design software has 
been applied for MAGV.

2. Method

One of the systems that differs from the classical modeling and design 
systems is the agent-based systems. Special design templates are used for agent-
based systems. Prometheus, one of the special templates, plays an important role 
in the design and implementation of systems. A software with the same name 
has been developed to design the Prometheus methodology. In this method, there 
are three basic stages: system specifications, architectural design and detailed 
design (Padgham and Winikoff 2005). 

The stage of determining the system specifications of the Prometheus 
method focuses on the goals and basic functions of the system. At the same 
time, at this stage, the communication interfaces of the agent-based system are 
being prepared. 

At the architectural design stage, the types of agents present in the system 
are determined. How the agents will communicate among themselves is 
determined by the information from the system. 

At the detailed design stage, the detail design of the agents and how to 
organize the work within the system are determined. At this stage, it is designed 
in detail which plans the agent types will execute in the face of the situations 
they face. The plans to be realized by the agents are implemented by triggering 
messages from other agents. Messages are transmitted as a result of the 
negotiation of the agents within themselves or with other agents.

The name of the software containing the Prometheus method, which is 
most commonly used in the design of agent-based systems, is the Prometheus 
Design Tool (PDT). (Figure 1)
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Figure 1. Prometheus Software

3. Model Design

At the first stage of the Prometheus method, at the stage of system 
specifications, scenarios, goals and sub-goals, as well as roles that will achieve 
these goals are determined. System startup information is entered using the main 
menu of system specifications via the “System specifications” panel.

Figure 2. System roles and goals 

There are five roles in the MAGV agent based system: MAGV management, 
task determination, pickup, delivery and load selection. The goals and roles 
definition for MAGVs are as follows (In Figure 2);
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·	 MAGV Management role
o	Handle to assigned jobs
o	Assign jobs to MAGVs
·	 Task Determination role
o	System initializing
o	Negotiation between MAGVs
·	 Delivery role
o	Prepare proposal to delivery
o	Deliver of assigned jobs
o	Select algorithm to delivery
o	Preparation of MAGV Schedules
·	 Pickup role
o	Perform to capacity control
o	Controlling station
o	Prepare proposal to pickup
o	Preparation of MAGV Schedules
·	 Load selection role
o	Select algorithm to load
o	Pickup assigned jobs
This stage groups the roles determined in the system specifications stage 

by determining the agents. After deciphering the agents, protocols are written 
between the agents and a negotiation system is composed. Figure 3 shows the 
agent and role definitions.

Figure 3. Agent role interaction

The MAGV management is carried out by the producer agent. In addition, 
the task determination role is performed by the MAGV agent, the pickup and 
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load selection role is performed by the pickup agent (scheduler), and the delivery 
role is performed by the delivery agent (scheduler).

Figure 4. Agent protocol

Figure 4 shows the agents and the protocols. The job protocol is available 
between the producer agent and the MAGV agent, the pickup protocol is 
available between the MAGV agent and the pickup agent (scheduler), and 
the delivery protocol is available between the MAGV agent and the delivery 
agent (scheduler). In these protocols, there is an interaction between each other 
the messaging method. The perception of operations is also analyzed by the 
producer agent.

Figure 5. Producer agent –Detailed design

If the types of agents receive messages from the environment in which 
they are located or from other agents, it is defined which plans they will run and 
which database they will operate on. Messages can come from other agents, as 
well as from agents themselves. Figure 5 shows producer agent detailed design. 
The producer agent activates adding operations, compose MAGV agents and 
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report operations to MAGVs. The agent starts negotiation and jobs information 
events send to the MAGV agent.

Figure 6. MAGV Agent –Detailed Design

Figure 6 shows MAGV agent detailed design. The agent starts negotiation 
message trigger to Query MAGV Proposal plan. Jobs information message is 
triggered to compose pickup agent and delivery agent’s plans. And then, MAGV 
agent sends to pickup information message to pickup agent (scheduler). MAGV 
agent also sends to delivery information message to delivery agent (scheduler). 
The agent determine to pickup loads plan send to report pickup loads message to 
pickup agent (scheduler) and to delivery loads plan send to report delivery loads 
message to delivery agent (scheduler). Jobs, MAGV pickup proposals, MAGV 
delivery proposals and MAGV bidding result belief sets are recorded to data.

Figure 7. Pickup Agent (Scheduler)

Pickup information message is triggered the select algorithm to pickup 
plan for pickup agent (scheduler). Figure 7 shows pickup agent (Scheduler) 
detailed design. Control jobs to station, select to pickup jobs, prepare to pickup 
proposal and update pickup bidding results plans are performed by pickup agent 
(scheduler). MAGV schedules, pickup records and MAGV bidding results belief 
sets are used by the agents.
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Figure 8. Delivery Agent (Scheduler)

Figure 8 shows delivery agent (Scheduler) detailed design. Select 
algorithm delivery jobs, deliver loads, prepare to delivery proposal, and update 
delivery bidding results plans are implemented by the delivery agent (scheduler). 
Delivery records, MAGV schedules and MAGV bidding results belief sets are 
conducted by the agent.

The final stage in the development of an agent-based system is the 
implementation of a software application. However, it was not included in the 
Prometheus method because it requires the use of different platforms.

4. Conclusion

In this study, the software used in the design of agent based systems is 
designed for the operations performed by MAGV material handling systems 
in enterprises. The model differs from traditional methods of modeling and 
designing. In agent based systems, custom designs are usually used instead of 
a standard design template. The three stages of the Prometheus design method 
have been studied and the design of the necessary works for MAGV has been 
provided. In future studies, it is considered to make the system more efficient by 
performing the coding of the software on the platforms.
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1. Introduction

As an effective result of the technological benefits of Web 2.0 and later 
Web 3.0, there are very important changes in user experiences and 
user habits (Kollmann vd., 2016). More accurately, developments in 

the light of innovative technologies force all users to change their habits. At 
this point, institutions or organizations should be able to design the products 
they will develop in order to ensure the continuity of their services, reach 
large masses and gain superiority over their competitors in the sector, taking 
into account user needs and expectations, in accordance with the user-oriented 
design approach and be open to innovations when necessary. In this explanation, 
“User Experience Design” is considered as a factor that constitutes one of the 
key factors of the production and development process. User experience [UX], 
in short (Hartson & Pyla, 2019), starts from the moment any product is put into 
the service of users after the development process and refers to the positive or 
negative experiences that users experience while using it (Anderson vd., 1988). 
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This process includes every stage of the user’s interaction with the company and 
its products and services. User experience design [UXD] (Da Silva vd., 2018)  
refers to the impact of the user experience on the product development process 
to improve usability, accessibility, improvability and satisfaction resulting from 
the interaction between a product and its user. As can be understood, a product, 
system or service can only be successful if it is accepted and preferred by its 
users. Based on this information, the concept of user experience design enables 
users to focus on ease of use, meeting requirements, easily performing tasks, 
enjoying the product and similar issues while examining and evaluating how 
users feel about the product or service. Applications developed on mobile and 
web platforms constitute one of the most common environments where different 
expectations and opinions on user-oriented design understanding are seen. 

The most important concept in a wide range of products developed 
in recent years, from IT products to industrial products, is “usability”. Since 
usability is an element that increases productivity, it can prevent people from 
wasting time and resources and can lead to great economic gains. When users 
use a product, they should be able to perform the tasks they want to perform 
easily and without physical and cognitive difficulties (Greiner, 2007). Based 
on these, products with a high level of usability are efficient, effective and 
satisfying, easy to learn, contain elements that can be easily remembered during 
reuse even after a long break in use, do not cause the user to make mistakes, 
and even if mistakes are made, they offer solutions for the user to get rid of 
the errors encountered (Çağıltay, 2020). The developed products should be able 
to provide functionality with the minimum error rate within the framework of 
usability. In order to prevent the problems encountered, product usage should 
be determined and optimization should be ensured in the design process by 
considering different prototype studies and test phases. In addition, usability 
testing methods that can be applied at the point of obtaining data to increase the 
usability of the product should be applied and users should be included in this 
testing process (Riihiaho, 2018). With the tests applied, different results can be 
obtained in the detection of problems occurring in the interfaces of the products.

The software product on which the proposed work was tested has 
functionalities that enable employees in a company to track their work, plans and 
daily activities, and to communicate with each other. In order to obtain data on 
usability issues on this and similar systems and to make the system more usable 
and user-oriented, different test methods such as first click and tree testing were 
applied (Sivaji vd., 2011). The tests were carried out by involving seven to ten 
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users in the testing process and it was aimed to analyze the design problems on 
different prototypes and make improvements. (Bastien, 2010). In addition, the 
product was also developed using the SAPUI5 application framework, as it is 
capable of working in conjunction with SAP (System Applications Products) and 
SAP applications are widely used by many corporate companies. The applications 
developed to communicate on mobile and web platforms were developed using 
ReactJs and React Native frameworks.  Similarly, the hierarchical structure of 
both the page layouts and the hierarchical structure of the menus within the 
application of products with many features is a challenging situation compared 
to products with simpler structures. At this point, user audiences constitute the 
most fundamental element that will guide product design, functionality and ease 
of use. By evaluating the designed interfaces with usability tests, positive or 
negative situations encountered in the use of the product can be easily observed 
and changes can be made in the design structure.

This study is based on the usability evaluation of the applications of a 
software product on different platforms and the evaluation of the users’ degree of 
task execution, performance and satisfaction levels. Usability evaluations were 
carried out on different prototypes, and the goal was to identify the problems, 
requirements and expectations of the users. In line with the objectives, it is 
aimed to offer solutions to the problems encountered.

S.Kantar, emerging usability in the interface of smart TVs problems, 
examining them with user experience techniques, card grouping, user testing 
using a number of testing methods and metrics, such as experience surveys and 
A/B testing and in the systematic improvement of film categories. has been 
found (Kantar, 2018).

In Çakmak’s study on the usability of education management systems, 
he conducted a usability test to measure the effectiveness, efficiency and user 
satisfaction of social elements. In the study, collecting information about the 
user profile with a demographic questionnaire, observing user behaviors during 
the use of social elements, observing the eye movements of users with eye 
tracking method to determine user focal points monitoring and collecting user 
comments through think aloud method provided. Task completion to determine 
the effectiveness with the observations made status, during the performance of 
tasks to determine efficiency the number of errors made, during task completion 
to determine efficiency to determine the time spent and users’ satisfaction levels 
The comments made by the participants were taken into consideration and 
evaluated (Çakmak, 2013).
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In the thesis study conducted by Ş. Akın, the university library web usability 
evaluation on the page has been discussed. Sakarya In order to evaluate the 
usability of the University’s web pages questionnaire, usability test, think-aloud 
protocol and observation. Different methods were used. Unlike the studies in the 
literature users’ information retrieval skill levels [IARS] were also measured. 
In the study It was found that users with high BEBD also had high satisfaction 
rates (Akin, 2015).

M.Dalcı, card grouping the problems of METU’s current website study 
and using google analytics, and the data obtained was used to develop new used 
in the site design. In the thesis study, students, academics, staff and different user 
groups, such as researchers, and the METU website, information architecture 
and information in terms of usability. Google analytics, users preferences, 
landing page optimization and disappearance factor analysis. used as a web 
analytics tool to obtain reports(Dalci, t.y.) (Dalcı, 2011).

In another study conducted to identify the design problems of the website 
of the Radar Performance and Track Analysis Center (RAPSİM), studies were 
carried out to evaluate the usability of the website and to update the website 
design in line with user-oriented design qualities with the results obtained. 
Participants were given a usability test and usability evaluation questionnaire 
was applied. Functional problems encountered on the website identified, and the 
results obtained in order to prevent and improve these problems findings were 
presented to the developers (Bati & Durdu, t.y.)

In another study conducted by Stephan, Cheng and Young in 2006 usability 
study was conducted at the University of Mississippi’s library home page. on the 
site. The test was conducted with 12 participants and the satisfaction of the level 
as well as providing access to library resources (Stephan vd., 2006).

Fung, Chiu, Ko and Lo’s study on the evaluation of the University of 
Hong Kong’s library web page was tested according to Nielsen’s ten usability 
methods. The study found that the mobile website had five intuitive immediate 
usability problems: users were not adequately informed about waiting time, 
some information was not logically supported, there were some compatibility 
problems in viewing content, error messages did not provide enough helpful 
information, and there was a lack of search for experts (Fung vd., 2016)more 
and more students use mobile devices for educational purposes. Under this 
circumstance libraries, especially academic libraries, should try to expand their 
services and design mobile websites to meet users’ needs. The history of mobile 
library websites is relatively short, especially in Asia. Usability evaluation of 
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mobile library websites is a new issue for study. As such, this paper evaluates 
the usability of the University of Hong Kong Library (HKUL.

2. Theoretical Background

The product, on which the concepts subject to the study are tested, is used 
for two different purposes, namely the ability to provide communication between 
the employees of the company and the ability to manage the work, plans and 
daily activities of the personnel within the company, and is developed on three 
different platforms: mobile, web and desktop. In order to realize the tracking of 
personnel, ExtJs application framework was used for the components used in 
the interface together with javascript language on the web platform and MVVM 
model was used as the design pattern (Oban, 2022). In addition, the hierarchical 
structure of both the page layouts and the hierarchical structure of the menus 
within the application of products developed for different platforms with more 
features in a similar structure constitutes a challenging situation compared 
to products with a simpler structure. At this point, user audiences constitute 
the most fundamental element that will guide product design, functionality 
and ease of use. By evaluating the designed interfaces together with usability 
tests, positive or negative situations encountered in the use of the product can 
be easily observed and changes can be made in the design structure. Since the 
product in question is an application used by the majority of the personnel, it has 
caused users to have many different types of requests for both product design 
and additional features. Depending on the continuous change in user needs over 
time, the product has gone through many stages in terms of both design and 
functionality, increasing the product quality and user satisfaction level.

Because of the tasks assigned to the users, usability evaluation was carried 
out by evaluating the relationships between task performance and satisfaction 
levels. Based on this information, the objectives planned to be realized are 
expressed as follows:

·	 Identifying expectations and requirements by taking into account user 
feedback on the application, 

·	 To determine the level of users’ ability to access information, 
·	 Evaluate the performance of the performance of tasks, 
·	 Realizing the detection of click maps related to the tasks given on 

application interfaces,
·	 Evaluate user satisfaction levels.
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Based on the definition of usability stated in the ISO 9241-11 document 
in Figure 1 and the interrelationships between the concepts, usability evaluation 
methods such as the first click test and the tree test were applied to determine 
performance variables and usability metrics such as efficiency, effectiveness, 
satisfaction levels and the number of errors.

The number of test users applied in the study varies between seven and 
ten. The research was conducted on seven different tasks that were prepared by 
taking into account the features of the application. These tasks are defined in 
Table 1.

Figure 1. ISO 9241-11 Usability Scheme According to Standard

Table 1. Description of Tasks Tasks Task Description Task

Task 1 Please report problems that occur in the application
Task 2 View the tasks you have already assigned to your colleagues
Task 3 Change the application settings
Task 4 View the Reports page
Task 5 Please forward your suggestions regarding the application to the necessary 

units
Task 6 View jobs of company employees
Task 7 Log out of the application

One of the limitations of the study is that participants are affected by the 
environmental conditions (Hawthorne effect) in usability tests applied with real 
users and real tasks. The Hawthorne effect is defined as changes in user behavior 
due to the presence of the researcher or the test user’s awareness of being observed 
by the researcher  (Akin, 2015). These changes may affect usability studies by 
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creating negative consequences for some users during the performance of tasks, 
both in terms of time and by causing tasks not to be completed correctly (Ritch 
Macefield, 2007) .

The functionality of interface designs is developed through a certain trial 
process before reaching the end user. For this, creating a prototype design is 
important to test the user experience (Türkmenoğlu & Atalar, 2020) . Before the 
product was presented to the employees of the company, it was prepared in line 
with the current needs and the competencies of the designers, inspired by the 
designs of different products that had been previously developed, without any 
prototype work. Some of the development stages representing these preparation 
processes can be exemplified as follows:

·	 Within the framework of the use of the product, color selection was one 
of the most demanded by the users in terms of design. The blue color intensity 
of the screens used for each module on the interfaces caused eye fatigue in the 
users and caused an effect that reduced the comprehensibility rate. In addition, 
the fact that the status of the records on the list was not expressed with icons, 
but only in the form of a description (plain text) caused users to waste time in 
determining which jobs were important or completed at first glance. The screen 
design with the records related to the jobs on the list is shown in Figure 2.

Figure 2. Screen Design Displaying Job Lists

·	 The development phases of interface designs are based entirely on user 
feedback, and thanks to the “ToDo” module of the application, users can notify 
the relevant people about the problems they encounter in terms of both design 
and functionality and the additional features they want to be included in the 
application. After deciding on the intensity of the requests received from the 
users and how necessary the requested additional features were for the system, 
the necessary arrangements were made on the existing application design and 
the update process was provided. In the first design, after logging in to the 
system, the user could change the session status (online, busy, away, etc.), see 
the number of personnel in the relevant units and whether these personnel were 
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active or offline in the system, and make a call with any personnel selected from 
the list.

·	 Based on this information about the usage problems observed, the design 
of the product went through a number of design processes due to the intensity 
and diversity of the incoming requests and different prototype studies as shown 
in Figure 3, and reached its appearance in Figure 4. The product was presented 
to the users with its new design and after this process; usability tests and tools 
were utilized in order to ensure the highest level of user satisfaction. It was 
ensured that the problems encountered by users on application interfaces were 
identified in a technical context rather than observation method. In the product 
prototypes developed in the process, grouping work was carried out on the main 
screen in order to make it easier and faster for users to access the modules of the 
application. The user’s frequent contacts are grouped under the tab “Favorite 
Contacts”, recent contacts are grouped under the tab “Coming Soon”, other 
personnel in the department where the user is located are grouped under the tab 
“My Department” and the user groups created by the user are grouped under the 
tab “Groups” in order to enable the personnel to communicate more quickly and 
to perform their tasks in a shorter time and with the least number of clicks.

•	 The design example in Figure 4 was re-coded using the “XAML” 
language, taking into account the prototype work in Figure 3 mentioned earlier. 
With the realization of this interface design, it was ensured that the location 
information of the users is displayed on the screen when they first log in, the 
people they frequently meet and their colleagues in the same unit are indicated 
on the list. In addition to these, links were included to facilitate access to other 
modules and shortcut menus were prepared to perform tasks faster. In order for 
the information in the lists to be more easily understood by the users, the content 
to be emphasized has been made clear by coloring and icon work.

Figure 3. Examples of Prototype Work
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Figure 4. Design Arrangements of the Application

2.1. Usability Evaluation Approaches

Brinck et al. categorized usability methods into two different categories. In 
the first method, real data can be obtained by involving real users in the testing 
process (usability tests and interviews), while in the second method, in the absence 
of test users, predictions can be made about how usable the product design is based 
on previous experiences and design principles (Brinck vd., 2001).In usability 
testing methods, the usability of web or mobile products is measured according 
to certain criteria as a result of real users fulfilling the tasks/scenarios given to 
them. Usability testing methods are applied to evaluate the system in line with the 
opinions of real users, to develop easy-to-use system interfaces and to increase 
the satisfaction levels of users. In usability testing, participants are observed while 
performing the tasks assigned to them on a developed website, mobile application 
or a prototype (Battleson vd., 2001). During these tests, different types of problems 
can be identified and more user-friendly products can be produced as a result of 
continuous improvement of the problems obtained (Greiner, 2007).

2.1.1. Eye Tracking Technique

Eye tracking is a method used to obtain information about where and 
for how long the user looks on any system interface and at which points they 
concentrate (Bergstrom & Schall, 2014). The inclusion of eye tracking method 
in testing processes requires technological products with high costs. For this 
reason, when the studies in the literature were analyzed, it was seen that the 
usage rate of this technique was lower than other test methods. Jacob and Karn 
stated that the eye-tracking technique is a separate method for determining the 



144       ENGINEERING SCIENCES AND TECHNOLOGIES RESEARCHES

focus points of users (Jacob & Karn, 2003). In the eye tracking method, the 
focus points on the screen can be detected due to the information obtained from 
user comments. However, automatic recording of these movements using a tool 
allows for more data to be obtained and analyzed, as well as identifying the 
places where the focal points are seen most intensely with the temperature maps 
obtained with mouse clicks.

2.1.2. Tree Test

Tree testing is another UX method used to measure the availability of 
menu items on an interface design and the appropriateness of category headings 
constructed with the labeling method applied in the card grouping study, and to 
understand how users comprehend the structure of an interface and what their 
expectations are (Dancing with the Cards: Quick-and-Dirty Analysis of Card-
Sorting Data :: UXmatters, t.y.). By applying the tree test together with the test 
users, it can be determined which navigation maps the users use to reach any menu, 
and in this way, it can be ensured that the categorization structure of the system can 
be reconstructed repeatedly and products with more useful interfaces can be offered 
to users (Tree Testing: The Complete Guide to Evaluating Findability | Maze, t.y.).

2.1.3. A/B Test

It is ensured that the existing interface design of any developed mobile 
or web application is analyzed comparatively with newly developed different 
design studies in line with the expectations of the users. In A/B testing, an 
interface can be redesigned and the elements on it (menu, button, color, etc.) are 
designed with a different variation and presented to the users, and determinations 
can be made about findability and noticeability. This test is generally used in the 
optimization of the arrival page that users encounter when they first enter the 
site. A/B testing has four important benefits: measuring users’ actual behavior, 
measuring even small changes, analyzing trade-offs, and being inexpensive to 
implement (Experience, t.y.).

2.1.4. First Click Test

The first click test is used to evaluate the intuitiveness of elements and 
clickable elements on a website in relation to the site design. It refers to the first 
object on the interface that the test takers focus on and click on while performing 
their assigned tasks (First Click Testing | UsabilityHub, t.y.).
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2.1.5. System Usability Scale (SUS) Questionnaire 

The system usability scale is a simple and reliable tool for obtaining data 
on usability issues of an interface. It was developed by Jon Brooke in 1986 
in response to the need to measure usability. This type of questionnaire uses 
fewer or more measurement criteria than ten subjectively used items. The score 
obtained from the SUS questionnaire is used to evaluate the overall usability of 
the system [22](Brooke, 2013).

3. The Research Findings and Methods

Together with the test users performed on the application, a task-based 
usability evaluation (Table 1) was discussed. Some basic concepts need to be 
expressed in the results obtained as a result of the tests performed. Explanations 
of these concepts are given as follows: 

·	 Correct Path: It shows whether the users act in accordance with the 
menu hierarchy designed by the designers. 

·	 Incorrect Path (Invalid Path): Refers to users trying to complete the 
tasks they want to perform by following a path other than the menu hierarchy 
that was previously set up. 

·	 Back From Here: It refers to the situation where users navigate to 
other menu items other than the main menu items that cover the relevant menu 
contents while navigating the menu items. 

·	 Nominated Answer (Expected Answer): Indicates under which main 
headings the menu item that users plan to access is located. 

·	 Skip Task: Refers to the situation where users do not fulfill the task 
assigned to them.

3.1. Task 1

It is the process of notifying the support team of situations that are difficult 
to use, difficult to access or low perceived by the users. In the tree test method 
performed with the test users, the navigation movements of the users between 
the constructed menus were observed. With the explanation of the concepts 
mentioned above, Figures 5-a, 5-b and 5-c below show the results obtained with 
the tree test method. In Figure 5-a, it was observed that five of the seven users who 
participated in the tree test acted in accordance with the menu steps and a success 
rate of 83.3% was obtained. The remaining two users followed a path other than 
the main heading of the “Help” menu and preferred the “Tools” menu. Figure 5-b 
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shows which menu items the test users clicked on first and the navigation maps 
between the menu items. Figure 5-c shows the average task completion time of 
the users and the direct or indirect success or error rates. The direct success rate 
represents that users act in accordance with the constructed menu steps without 
making any mistakes, while the indirect success rate represents that users first 
navigate through different menu items to find the correct menu step and then 
perform the correct menu steps.  Direct error refers to the incorrect menu steps 
made by the users by selecting other menu items different from the set menu steps, 
and indirect error refers to the users acting in accordance with the menu hierarchy 
determined as the correct path and then making incorrect menu selections. 

Figure 5-a. Users’ Preference Rates for Menu Headings

Figure 5-b. Users’ Navigation Maps between Menus

Figure 5-c. Direct or Indirect Success/Failure Rates
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3.2. Task 2

It refers to the process of viewing the tasks that users have given to other 
personnel. The navigation maps showing the test users’ access to the list, success 
and error rates are shown in Figure 6-a. The results of the tasks performed by 
the 10 users participating in the test showed a 50% success rate and a 50% error 
rate. It was observed that 5 of the users acted in accordance with the menu steps, 
while two of the remaining 5 users preferred the “Shortcuts” menu and three 
preferred the “Quick Access” menu. Figure 6-b shows which menu items the 
test users clicked on first and the navigation maps between the menu items. In 
this task, 5 of the test takers achieved direct success, while 2 of the other 5 made 
direct errors and 3 made indirect errors. The time spent by 10 participants on this 
task was 22.15 seconds Figure 6-c

Figure 6-a. Users’ Preference Rates for Menu Headings

Figure 6-b. Users’ Navigation Maps between Menus
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Figure 6-c. Direct or Indirect Success/Failure Rates

3.3. Task 3 

In this defined task, users are asked to view the settings page of the application 
and make any changes. Figure 7-a shows that 7 of the 10 users who participated 
in the tree test tried to access the “Settings” page from the “Options” menu. 
While 2 of the other 3 users followed a step in accordance with the determined 
hierarchy, 1 user used the “Shortcuts” menu. The most important conclusion to 
be drawn from this test study is that the structure designed by the designer for 
the “Settings” page is wrong. It is seen that the majority of the test participants 
used different menu steps to fulfill the relevant task. At this point, the interface 
design should be adjusted by considering the access steps to the “Settings” page. 
Figure 7-b shows that the majority of the menu steps performed by the test users 
have direct error definitions. Figure 7-c shows that 9 out of the 10 users who 
participated in the test for the task performed in Figure 7-c followed menu steps 
with errors in direct and indirect ways. Only 1 of the participants followed the 
steps in accordance with the menu hierarchy designed by the designer.

Figure 7-a. Users’ Preference Rates for Menu Headings
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Figure 7-b. Users’ Navigation Maps between Menus

Figure 7-c. Direct or Indirect Success/Failure Rates

3.4. Task 4

This defined task includes shortcuts in the application and viewing the 
reports page. Figure 8-a shows that 7 of the participants in the tree test used the 
“Administration” menu item to view the “Reports” page. 3 of the participants 
tried to access it in accordance with the determined menu steps. Figure 8-b 
shows the menu steps performed by the test users. Figure 8-c shows that 6 of the 
10 users who participated in the test regarding the task performed directly and 
indirectly followed the incorrect menu steps. Among the other 3 participants, 2 
of them directly and 1 of them indirectly followed the menu steps.
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Figure 8-a. Users’ Preference Rates for Menu Headings

Figure 8-b. Users’ Navigation Maps between Menus

Figure 8-c. Direct or Indirect Success/Failure Rates

As a result of the information obtained from the tests, when the design 
problems were taken into consideration, the desktop platform of the product was 
improved in terms of both menu hierarchies and color scheme. Usability tests 
for this improved design are discussed in Task 5, Task 6, Task 7, Task 8, Task 9 
and Task 10 in the next section.

3.5. Task 5

Suggestions and opinions about the application and errors encountered were 
requested to be reported to the support team. This task resulted in a 60% success 
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rate and 40% error rate. Figures 9-a and 9-b and Table 2 show the distribution of 
the regions that users clicked on the screen and the data on the time spent.

Figure 9-a. Users’ Click Maps on the Screen

Figure 9-b. Direct or Indirect Success/Failure Rates

Table 2. Data on Members’ Term of Completion of Tasks

Member 
ID

Task 5: Submit your suggestions regarding the implementation to 
the necessary units

Result Time Spent (s)
1 Successful 5,04
2 Faulty 17,57
3 Successful 10,42
4 Successful 19,16
5 Successful 16,66
6 Faulty 35,02
7 Faulty 11,78
8 Successful 21,64
9 Successful 30,95
10 Faulty 25,71
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3.6. Task 6

The task includes a request for users to create jobs for their colleagues 
within the company. With this task, 70% success rate and 30% error rate were 
achieved. While 7 of the users attempted to assign tasks to their colleagues 
by clicking on the user profile page and viewing the person’s job list, 3 of 
the remaining test participants attempted to access the web interface by 
clicking on the “Dashboard” link. Figures 10-a and 10-b and Table 3 show 
the distribution of the regions that users clicked on the screen and the data on 
the time spent.

Figure 10-a. Users’ Click Maps on the Screen

Figure 10-b. Direct or Indirect Success/Failure Rates
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Table 3. Data on Members’ Term of Completion of Tasks

Member ID Task 6: View jobs of company employees

Result Time Spent (s)

1 Faulty 6,98

2 Successful 11,93

3 Successful 5,5

4 Successful 76,71

5 Successful 14,03

6 Successful 9,41

7 Faulty 8,97

8 Successful 12,2

9 Faulty 11,33

10 Successful 58,08

3.7. Task 7

In the process of conducting usability tests and observing user behaviors, 
the last of the tasks directed to the test users was the request to log out of the 
application. As a result of the implementation of this task, 50% success rate 
and 50% failure rate were obtained from the participants. It was observed that 
5 users who participated in the task clicked on the application menu option to 
log out of the application, while the other 5 participants clicked on the user 
profile or unidentified regions. Figures 11-a and 11-b and Table 4 show the 
distribution of the regions that users clicked on the screen and the data on the 
time spent.

Figure 11-a. Users’ Click Maps on the Screen
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Figure 11-b. Direct or Indirect Success/Failure Rates

Table 4. Data on Members’ Term of Completion of Tasks

Member ID Task 7: Log out of the application

Result Time Spent (s)

1 Successful 5,36

2 Successful 16,7

3 Faulty 7,14

4 Successful 5,15

5 Faulty 29,55

6 Faulty 16,44

7 Successful 13,67

8 Successful 16,44

9 Faulty 26,43

10 Faulty 56,19

3.8. Task-Based Comparative Analysis of Click Percentages of Menu 
Headings in Applied Test Methods

Table 5, Table 6, Table 7, Table 8, Table 9, Table 10 and Table 11 show 
the percentage of clicks on the menus in the tasks given to the users as a result 
of the usability tests performed in the application that is the source of the 
proposed study. The first 4 of the tasks implemented with real users reflect the 
results of the tree test and the remaining 3 reflect the results of the first click 
test.
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Table 5. Menu click  
percentages for Task 1

Table 6. Percentage of menu  
clicks for Task 2

Job 
Description 
Task 1

Please report 
any problems in 
implementation?

Menu Label Percentage of 
First Clicked 
Menu

Percent 
Visited

Personal 10% 10%

Help 60% 60%

User Profile 0% 0%

Options 10% 20%

Shortcuts 10% 10%

Quick 
Access

10% 10%

Job 
Description 
Task 2

View the tasks you 
have already assigned 
to your colleagues

Menu Label Percentage of 
First Clicked 
Menu

Percent 
Visited

Personal 50% 50%

Help 0% 0%

User Profile 0% 0%

Options 0% 10%

Shortcuts 20% 20%

Quick 
Access

30% 30%

Table 7. Percentage of  
menu clicks for Task 3

Table 8. Percentage of  
menu clicks for Task 4

Job 
Description 
Task 3

Change the application 
settings

Menu Label Percentage of 
First Clicked 
Menu

Percent 
Visited

Personal 10% 20%

Help 0% 0%

User Profile 10% 20%

Options 70% 70%

Shortcuts 10% 20%

Quick 
Access

0% 0%

Job 
Description 
Task 4

View the Reports page

Menu Label Percentage 
of First 
Clicked 
Menu

Percent 
Visited

Governance 67% 78%

Connections 33% 44%
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Table 9. Percentage of  
menu clicks for Task 5

Table 10. Percentage  
of menu clicks for Task 6

Job Description  
Task 5

Please forward 
your suggestions 
regarding the 
application to the 
necessary units

Menu Label Click Percentage
User Profile Menu 60%
Other (Objects 
clicked outside the 
specified region 
on the screen)

40%

Job Description  
Task 6

View jobs 
of company 
employees

Menu Label Click 
Percentage

User Profile and User 
Details Menu

70%

Other (Objects 
clicked outside the 
specified region on 
the screen)

30%

Table 11. Percentage of menu clicks for Task 7

Job Description  
Task 7

Log out of the application

Menu Label Click Percentage

User Profile and User Avatar 50%

Other (Objects clicked outside the specified region on 
the screen)

50%

3.9. System Usability Measure (SUS) Results of the Application

The SUS (System Usability Scale) [14] questionnaire is used to find 
out whether a product is usable and learnable. The result of applying this 
questionnaire with the test users does not provide information about the source 
of the problems encountered in the interface. In order to determine how useful, 
the product is in the eyes of the users, a usability survey was conducted with 12 
employees. Based on the SUS survey questions and evaluation criteria, the data 
shown in Table 12 were obtained.
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Q
uestion 1

Q
uestion 2

Q
uestion 3

Q
uestion 4

Q
uestion 5

Q
uestion 6

Q
uestion 7

Q
uestion 8

Q
uestion 9

Q
uestion 10

Overall

Person 1 2 4 4 4 3 3 3 3 1 3 30x2.5=75

Person 2 2 3 3 2 2 1 3 3 2 3 24x2.5=60

Person 3 3 3 3 3 3 2 3 4 2 4 30x2.5=75

Person 4 4 1 4 4 4 1 4 4 4 4 34x2.5=85

Person 5 4 4 3 4 3 4 4 4 4 4 38x2.5=95

Person 6 4 4 4 3 3 2 4 4 3 3 34x2.5=85

Person 7 3 3 3 3 3 3 3 4 3 3 31x2.5=77.5

Person 8 2 4 3 3 3 4 4 4 4 4 34x2.5=85

Person 9 2 2 2 1 3 3 4 3 4 2 26x2.5=65

Person 10 4 1 3 0 0 0 2 2 0 2 14x2.5=35

Person 11 2 4 0 4 1 4 4 4 3 4 30x2.5=75

Person 12 4 4 4 3 3 3 4 4 4 3 36x2.5=90

Total Result: 902.5 
Average usefulness of the product:902.5/12=75

The total result of the survey conducted with twelve test users was 902.5, 
which was divided by the total number of users to obtain a score of 75. The 
fact that the product has a usability level of 75 points reveals the fact that this 
product offers a medium level of use and that there are some aspects of the 
product that need to be improved.

4. Conclusion and Discussions

As a result of the increasing variety of software products, the impact of 
usability on product quality is of great importance. Software usability testing is 
a methodology that ensures the easy usability of products by target user groups 
and is a process in which the deficiencies that exist or may arise in the system are 
identified by measuring the human-computer interaction features of a system. 
Products with high usability provide great benefits to both users and developers. 
In this direction, when the studies conducted in the field of usability in both 
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academic and internet environments are examined, it is mentioned that usability 
is a key factor in obtaining a Successful product and the necessity of conducting 
tests with real users is emphasized.

Based on these, the quality and acceptability of a product depends not only 
on its technical features but also, and more importantly, on its ease of use and 
its compatibility with the physical, mental and psychological characteristics of 
the users. For this reason, the impact of user experiences on product design in 
the product development process is quite high. Having a good user experience 
is extremely important for a software product because there are applications 
or websites on the internet that are very similar to each other in terms of their 
functionality.

This study focuses on the basics of usability and user testing of desktop 
and web applications of a software product under development. In order to 
increase the usability and user satisfaction level of the product, the first-click 
tree test, which is one of the usability testing methods, was selected and the SUS 
questionnaire was applied to measure the usability level of the system. In the 
process of determining these test methods, the methods applied in the studies in 
the literature were examined. In addition to the test methods used in the study, 
the basic concepts of many test methods that can be applied in the design process 
were mentioned and a task-based scenario was prepared in the testing process 
to be carried out with the users. Based on the features of the product, usability 
tests were applied with seven different tasks that were predetermined based on 
the features of the product, and statistical data were obtained on the time spent 
by the users while performing the tasks assigned to them and the “Faulty” or 
“Successful” performance of the tasks.

Before starting the realization of the study, the contents of domestic and 
foreign sources related to usability studies in the literature were examined and 
the qualities of the results obtained together with the test methods used in the 
relevant studies were also taken into consideration. As a result of the literature 
review, it was observed that usability tests conducted with real users in some 
of the studies examined in some of the studies were mostly carried out with 
the results obtained from the survey types on the sites on the web platform, 
while it was found that there was not much room for scenario-based testing 
processes. In this study, since the tested product has many categories, options 
and a complex structure like e-commerce sites, in addition to the application 
of the SUS questionnaire, testing methods such as tree test and first click test 
were also included. In this way, the menu steps followed by the users while 
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performing the relevant tasks were obtained in real time and graphically. With the 
results obtained, statistical data on which task users spend too much time while 
performing the task on the application subject to this study, and whether they 
perform the tasks as Successful or Faulty have been obtained, and arrangements 
have been made on new interfaces supported by prototype studies so that users 
do not experience the same questions over and over again.

The results of the SUS questionnaire with the test users revealed that there 
are aspects of the application that need to be improved. The score of 75, which 
was calculated as a result of the questionnaire, showed that the product provides 
a moderate level of user experience and usability to its users. This study was 
carried out in order to help the personnel who will work on the usability of 
software products and aims to shed light on software product developers with 
the methods applied in the study and the usability testing tools used in the study.

Suggestions for Implementation; 

- Within the scope of this study, a short, concise and understandable 
language was used for the definition of the tasks in the usability tests and it was 
ensured that questions such as misunderstanding that may arise during the test 
were prevented. 

- The number of participants in the tests varies between seven and ten, and 
the results that can be obtained with a larger number of participants should be 
evaluated. The generally accepted opinion in the literature regarding the number 
of test users is that it is sufficient to choose the number of participants between 
five and fifteen.

- Considering that usability studies are a process that should be applied 
repeatedly in product development stages, usability studies should be carried 
out periodically on the relevant application subject to this study.

- The users included in the test process in the study were selected among 
the personnel working within the company.

- It is recommended to conduct studies on how experienced and 
inexperienced users affect the results obtained from usability tests during the 
testing process.

- Whether the product to be developed is a software or an industrial 
product, user experiences and usability tests conducted with users should be 
prioritized. The importance given to usability studies should be increased in 
presenting more usable and user-friendly products to the target audience.
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1. Introduction

Malignant tumors that occur as a result of unbalanced proliferation of 
cells in the lung are called lung cancer. Cancer cells first multiply in 
their location and form a mass structure. When it reaches advanced 

stages, it spreads to surrounding tissues and organs. The most common type of 
cancer in the world in recent years is lung cancer. (Schabath and Cote, 2019). 
According to recent research, the reasons for the spread of lung cancer can be 
listed as air pollution, smoking, genetic susceptibility, inhalation of radon gas, 
occupational deformation and malnutrition. (Mao et al., 2016). Lung cancer is 
the most-deadly type of cancer in men worldwide. In women, it ranks second 
after breast cancer (Gültekin et al., 2008). As with other types of cancer, early 
diagnosis of lung cancer is of vital importance (Sebik and Bülbül, 2018). 
Therefore, many countries are developing strategies for the early detection 
of lung cancer. With the expected increase in the number of preventive/early 
detection measures, scientists are working on computerized solutions that 
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help ease the work of doctors, increase the accuracy of diagnosis by reducing 
the factor of subjectivity, speed analysis and reduce medical costs (Çifçi, 
2022). The use of deep learning methods in the health sector has increased 
considerably in recent years (Kaya et.al, 2019) because these methods give 
effective results in the field of medical image processing. Deep learning 
methods usually work on computer scanning images. One of these types of 
images is the histopathological image, and it is the most important factor in the 
diagnosis of cancer. Histopathology is the examination of changes in organs, 
tissues and cells under a microscope using various methods. It is used in 
diagnosis by making use of different pathological features of various diseases 
in tissues (Wikipedia, 2023). This study aims to achieve a more sensitive and 
accurate classification by using previously trained machine learning and deep 
learning methods for classification of normal tissue, adenocarcinoma and 
squamous cell carcinoma tissues in lung histopathology images. In this study, 
the dataset named “Lung and Colon Cancer Histopathological Image Dataset 
(LC25000)” created by Borkowski et al. was used (Figure 1). The dataset 
contains a total of 25,000 color digital images. These images are divided into 
5 equal numbers of classes and compressed with the jpeg algorithm. These 
classes include images about lung benign tissue, lung adenocarcinoma, lung 
squamous cell carcinoma, colon adenocarcinoma, and colon benign tissue. 
The images are tissue images taken by biopsy from individuals in the sample. 
The resolution of the images in the dataset is 768x768 pixels (Borkowski 
et al., 2019). A total of 15000 images were selected from the data set, 5000 
images of squamous cell carcinoma, 5000 images of adenocarcinoma and 
5000 images of normal tissue.

(a) (b) (c)
Figure 1. Samples of Three Tissues in the LC2500 Dataset 

(a) Adenocarcinoma (b) Squamous Cell Carcinoma (c) Normal Tissue
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2. Method

InceptionV3, Xception, DenseNet121, ResNet50, ResNet101, 
ResNet101v2, VGG16, VGG19 and MobileNet architectures were used to 
extract the attributes of the dataset. These are deep convolutional neural 
network architectures and they involve depthwise separable convolutions.  
Random Forest, KNN, and Support Vector Machine algorithms were used for 
classification in this study (Figure 2).

Figure2. Working Principle of the Model

Deep learning is a machine learning technique that finds patterns and 
generates outputs and answers using algorithms and large data sets, without 
requiring any human intervention. Deep learning methods teach devices to 
filter, classify, and make predictions about input in the form of images, text, or 
audio. Deep-learningz methods are multi-level representation-learning (LeCun 
et.al., 2015). Today’s popular deep learning techniques associate input data with 
target outputs using flexible artificial neural networks (Kleppe et.al., 2021). In 
the context of deep learning, transfer learning algorithms allow the information 
acquired in a model or task to be used to perform another task. Thus, the pre-
trained model is enabled to learn effectively and quickly in the new task. It can 
take advantage of previously trained algorithm models to show high performance 
in the new task by reducing the computational resource. 

Support Vector Machines (SVM) is one of the supervised learning methods 
often used in classification problems. SVM simply draws two boundary lines close 
to and parallel to both groups. These boundary lines are brought closer together, 
producing a common boundary line. In other words, a feature extraction is made 
for each input entering the system and a different point representing each input 
is obtained on the two-dimensional plane. It is suitable for complex but small 
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and medium-sized data sets. SVM is effectively used to solve classification and 
regression problems based on statistical learning theory (Yakut et.al., 2014). A 
SVM creates an n-dimensional hyperplane. This nD hyperplane divides the data 
into categories optimally (Figure 3). SVM models are closely related to artificial 
neural networks. (Haykin, 1999). 

Figure 3. A sample of the SVM Algorithm hyperplane

SVM is based on the theory of Vladimir Vapnik and Alexey Chervonenkis 
(Vapnika and Izmailov, 2021). After successful applications in the 90s, it 
attracted the attention of scientists working in the field of artificial intelligence. 
The transformation that takes place in the SVM algorithm is performed by the 
nonlinear movement of vectors from a low-dimensional input space to a high-
dimensional space. SVM can classify or perform regression by taking advantage 
of the gaps between the data. A kernel that determines this transformation is 
specified for the system that performs the transformation. During classification, 
vectors are transferred to high-dimensional space and made linearly separable. 
The vector with the maximum distance to the classes within the separation 
planes is determined as the most suitable linear separator. (Hsu and Lin, 2002)

Random Forest is one of the supervised learning algorithms. It is used 
in both regression and classification problems. Random Forest increases the 
classification value by producing several decision trees. It is suitable for use in 
classification and prediction models and is considered one of the basic algorithms 
(Pal, 2005). Common machine learning methods are distinguished by high 
predictive accuracy and model interpretability. (Suchetana, et al. 2017) Random 
Forest, on the other hand, can be applied to missing data or unstable datasets. 
It aims to increase the accuracy rate by producing more than one decision tree 
during the implementation phase. It creates a decision forest using decision trees 
(Figure 4). The reason why the Random Forest algorithm has a high success rate 
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is the low bias rate and low tree correlation. The low drift rate is achieved by 
creating fairly large trees.

Figure 4. Random Forest Classifier

K-Nearest Neighbor (KNN) Algorithm is a basic non-parametric 
classification algorithm. The algorithm is proposed by T. M. Cover and P. E. 
Hart. It is a classification method in which the class in which the sample data 
point is located and the nearest neighbor are determined according to the k value 
(Cover and Hart, 1967). The distance between the classes is calculated by the 
Euclidean distance (Agrawal, 2014). KNN is an old but simple algorithm. It is 
widely used because it is easy to use and produces effective results (Qiu et.al., 
2008). 

Figure 5. Visual illustration of the KNN algorithm (Uddin et.al., 2022)
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In this study, InceptionV3, Xception, DenseNet121, ResNet50, ResNet101, 
ResNet101v2, VGG16, VGG19 and MobileNet architectures were used for 
feature extraction. In this study, SVM, Random Forest and KNN Algorithm were 
used to classify feature vectors of lung histopathology images. The confusion 
matrix was used as a benchmark to calculate the performance of the Classifiers. 
(Figure 6).

Actual values
Positive (+) Negative (-)

Positive (+) TP FP
Negative (-) FN TN

Figure 6. Confusion Matrix

The confusion matrix is used to solve classification problems. It can 
be applied to binary classification as well as multi-class classification 
problems. It is a very popular measurement. It is generally used for 
measuring Recall, Precision, Specificity, Accuracy, and most importantly 
Area Under the Curve (AUC) and Receiver Operating Characteristics 
Curve (ROC), which are one of the most important evaluation metrics for 
checking any classification model’s performance. AUC can be calculated 
by antiderivative area finding method or by knowing the curve equation, 
the area under it and its boundaries. There is no exact formula to calculate 
AUC. The ROC curve compares TP and FP values. The aim is to reduce the 
classification threshold. This way more objects stay on the positive side. 
There are 4 terms in the matrix (Table 1) which are True Positive (TP), 
False Positive (FP), False Negative (FN), and True Negative (TN) (Ünal 
and Dudak, 2020). 

Table 1. Terms of Confusion Matrix

Term Observation Prediction

TP + +

FP - -

FN + -

TN - +

Specificity, Accuracy, precision, sensitivity, and F-measurements can be 
made using these 4 terms.
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3. Results 

Data is the raw material of deep learning. Although deep learning models 
can theoretically be applied with a small amount of data, accuracy increases as the 
amount of data approaches infinity. The number of data used in this study is 15000 
and it is divided into two parts as 80% training and 20% testing. Nine different 
deep learning architectures, namely DenseNet121, InceptionV3, MobileNet, 
ResNet50, ResNet101, ResNet101v2, VGG16, VGG19 and Xception, were used 
for feature extraction. Features were extracted for more successful classification 
of tumor types in the histopathological images in the data set. Extracted features 
are classified with machine learning models of SVM, Random Forest and KNN 
Algorithm. The results for the first level are given in Table 2.

Table 2. Machine Learning Models Success

Feature Extracted Networks K-NN SVM
Random 
Forest

Average 
Success

ResNet50 95.933 99.867 97.533 97.778
DenseNet121 94.356 96.356 93.867 94.860

VGG16 86.889 97.442 95.467 93.266
VGG19 83.467 96.967 94.044 91.393

MobileNet 85.800 95.667 87.400 89.622
ResNet101 84.978 92.854 89.400 89.077

ResNet101v2 82.089 92.711 91.862 88.887
InceptionV3 83.289 91.733 88.400 87.807

Xception 89.511 80.533 92.562 87.565
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Pre-trained machine learning and deep learning methods were used together 
for classification of squamous carcinoma, adenocarcinoma and healthy tissues 
obtained from lung histopathology images. The features extracted using nine 
different deep learning architectures were classified by three different machine 
learning algorithms. According to the classification results, it was seen that the 
ResNet50 model, with average 97.778 percent success, could be more useful 
than other models in the early diagnosis of lung cancer.
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