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Parkinson's disease (PD) is a serious neurological disease that is threatening
the whole world population. The devolution of the neurons located in the
substanstia nigra of the brain causes, bradykinesia, rigidity and resting tremor,
which are characteristic motor symptoms, occuring in advanced stages.
Currently, there is not an effective treatment for PD, it is just controlled by some
prescribtions. Early detection of this disease affects the choice of treatment.
Recent studies on early diagnosis by analyzing electroencephalography (EEG)
recordings have provided a glimmer of hope. Therefore, in this study, an
efficient PD detection method from EEG data by using a new set of features is
searched. An opensource resting state data of 28 subjects divided as Parkinson
and control gorups were anlyzed. PSDs of the EEG frequency bands that are
delta, theta, alpha, beta and gamma and Median Spectral Frequency (MSF),
Spectral Entropy (SE), Kolmogorov Algorithmic Complexity (KAC) and
Weighted Symbolic Mutual Information (wSMI) were extracted as features. The
performance of the PD and control group was evaluated with Gradient Boosting
(GB), Gaussian Naive Bayes (GNB), and K-nearest Neighbor (KNN), Support
Vector Machines (SVM), Logistic Regression (LR), Categorical Boosting
(CatBoost) and Extreme Gradient Boosting (XGBoost) Algorithms. A 85%
accuracy was achieved with the XGBoost algorithm, using 31 channels and 13
features which outperforms the results of previous studies using this dataset in
the literature.

1. Introduction

Parkinson's disease (PD)

and non-motor symptoms include cognitive,
behavioral, sleep, and autonomic disorders [3-6].
IS a progressive,

neuronal degeneration disorder that is caused by
genetic and environmental factors and affects
considerable amount of people all around the
world [1]. Many research were done on the
symptoms, causes, and the treatments of PD till
now [2]. Various motor and non-motor
symptoms due to damage of nigrostriatal
dopaminergic nerve cells and other nerve cells
are observed. Basic motor symptoms include
bradykinesia, rigidity, postural instability, tremor

It is often difficult to diagnose PD in its primer
stage. A neurologist generally makes the
diagnosis based on a clinical examination of the
patient and an assessment of the patient's medical
history. Since the symptoms are not specific to
the disease, there may be misdiagnosis or delays
[7]. These delays impose enormous costs on both
the people and the health systems of countries.
Early diagnosis of the disease affects the choice
of treatment. Initiation of neuroprotective
treatment to protect the nerves before too much

Cite as: N. Baki, N.G. 0zmen (2024). A Decision Support System For Early Stage Parkinson's Diagnosis from EEG Data Using Symbolic Mutual Information and KAC
Features, Sakarya University Journal of Science, 28(5), 912-923. https://doi.org/10.16984/saufenbilder.1367813
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loss of nerve cells in the substantia nigra may
slow the progression of PD.

In recent years, electroencephalography (EEG)
recordings are being used for diagnosing PD [8-
10]. Since a clear temporal resolution of the
cortical electrical activity of EEG is achieved, it
is mostly preferred for clinical and research use.
Moreover, it is cheaper and easy to use,
compared to MEG.

Recent EEG studies on PD, showed that the
amplitudes of theta and alpha brain waves change
significantly with the slowing actions [10]. In
order to reveal the hidden information about the
differences during PD needs more attention to
implement new methods in the analysis of EEG.
These studies may also contribute to the
discovery of other functions and dysfunctions of
the brain. It is stated that if there is any
deformation in the substantia nigra neurons, it
will affect the information transfer between the
cortex and the basal ganglia. These changes can
also be revealed from EEG recordings [11, 12].
During PD, the EEG spectrum slows down [13,
14]. Based on these changes, classification of PD
and healthy control (HC) groups can be detected.
Moreover, decision support systems can be
developed.

Research on PD diagnosis from EEG data
mostly focus on the development of new signal
processing methods for feature extraction [15].
Linear features acquired from different
frequency bands have achieved around 75-82%
accuracy [16] whereas, nonlinear methods have
also been used to extract information from EEG
for PD diagnosis [17, 18] where around 80-95%
classification accuracy rates were calculated.
Besides feature extraction methods, the use of
different machine learning methods and
comparison of their performances are also
searched [19].

Chaturvedi et al. compared high-resolution EEG
measurements of 50 PD patients and 41 HC and
found that the theta power in the left temporal
region and the alphal/theta ratio in the mid left
region were the most effective variables in
classification. Among machine learning
methods, 56%, 78%, 74% and 68% accuracy

results were obtained with Logistic Regression
(LR), Random Forest, Support Vector Machines
(SVM) and Decision Tree, respectively [20].
Betrouni et al. achieved 84% and 88%
classification accuracy using Power Spectral
Density (PSD) features with SVM and K-nearest
Neighbor Algorithm (KNN) methods in
classifying the level of cognitive impairment in
PD [21]. Anjum et al. achieved 85.7% accuracy
in their classification with a linear predictive
coding for PD detection from EEG [22].

Loh et al. transformed EEG data into
spectrograms to train a two-dimensional
convolutional neural network model by applying
Gabor transform to resting state EEG data from
16 individuals with HC and 15 individuals with
PD, achieving 99.46% classification accuracy
[23]. Lee et al. proposed a prediction method
with 89.3% accuracy in classification using
Hjorth parameter features and Gradient Boosting
(GB) algorithm [24]. Suuronen et al. investigated
how the number and placement of electrodes
affect PD and HC subjects. Using a special
budget-based search algorithm to select
optimized channel sets for classification, they
achieved an accuracy of 76% [25]. Karakas et al.
achieved 85.7% accuracy in the lova data and
63.25% accuracy in the Turku data sets using
beta activity and amplitude reduction in EEG
signals associated with PD [26].

Onay et al. used triaxial accelerometer signals
collected during a pedaling task in 13 HC, 13 PD
and 13 FoG symptomatic individuals, the
perceptual latency from the movement command
to the start of the movement was estimated for
each session. Features of the distributions of the
latencies of each participant were extracted and
69.2% success was achieved with SVM [27].
Orkan Olcay et al. used entropy and connectivity
properties of chemosensor-derived EEG signals
together to discriminate PD and HC with odor
stimuli with over 80% classification performance
[28].

Moreover, some deep learning studies in the
literature have achieved higher classification
results [29, 30]. The main drawback is that, they
require high processing time and large data. On
the other hand, a successful classification
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performance can be achieved by using classical
machine learning methods due to the limited data
size.

Most of the studies in the literature analyze EEG
data of whole channels. Fewer studies searched
for the regional and number of electrodes based
differences. In this study, the data of 63 channels
and 31 channels were analyzed by excluding Pz
as it is the reference channel. The 31 channels
analyzed in this study consist of Fpl, AF3, F7,
F3, FC1, FC5, T7, C3, CP1, 01, Oz, 02, CP5,
P3, P7, PO3, PO4, P4, P8, CP6, CP2, C4, T8,
FC6, FC2, F4, F8, AF4, Fp2, Fz, Cz.

This study proposes novel features to extract
prominent features of EEG signals that can be
used as biomarkers to identify Parkinson's
patients with the help of machine learning
algorithms. In this study, wSMI, KAC and SE
features were used for the first time in PD
classification in resting state EEG data. The
classical and new established ensemble learning
argorithms are used to diagnose PD. GB,
Gaussian Naive Bayes (GNB), KNN, SVM, LR,
Categorical Boosting Algorithm (CatBoost) and,
Extreme  Gradient  Boosting  Algorithm
(XGBoost) are used with different metrics.

In classification studies for PD diagnosis based
on EEG, generally the accuracy metric is
included. In these studies, 69.77% of the data
used consisted of balanced classes, and the
remaining percentage did not show a balanced
distribution. Training data with unbalanced
classes can lead to prediction errors and poor
generalizations. In studies with patients,
especially for the diagnosis of a disease,
sensitivity, specificity, and accuracy measures
are very useful in evaluating the results of the
model, as they provide a measure of true
positives. In this study, classification results were
evaluated according to Accuracy, Precision,
Recall, F1 score and AUC. The average number
of electrodes in studies in the literature is 43.34 +
62.18 [19, 31].

The next section of the study continues with the
"Material - Method" section, where data sets and
signal processing methods are introduced. In this
section, the features and classifiers are briefly
described. In the third section, the results

obtained using different classifiers are presented
comparatively  for  different  performance
measures. Related discussions are summarized
here. The last section summarizes the
conclusions of the study.

2. Materials and Methods
2.1. Methods

The open-source EEG dataset from the
Narayanan Laboratory at the University of lowa
is used [32]. The dataset contains resting state
EEG recordings of 14 PD and 14 HC groups. The
EEG recordings were done by using Brain Vision
64-channel electrodes system placed on the head
according to the international 10-20 system. The
HC group was recruited from physically and
mentally  healthy  subjects who  were
demographically matched with PD in terms of
gender and age and had no history of
neuropsychiatric  disorders. All  of the
participants signed the written informed consent
form. In Table 1, demographic information of the
dataset is given. EEG recordings contains 2
minutes eyes open data with 500 Hz sampling
frequency and a sampling rate of 0.1-100 Hz. The
64 channels 10-20 EEG electrode locations are
shown in Figure 1. The Pz channel was selected
as the reference channel.

Table 1. lowa dataset demographic information for
PD and HC groups

Status
PD HC
Number 14 14
Gender 8f/6m 8f/6m
(male/female)
Age (mean 70.5 £ 8.7 70.5 £ 8.7
years + SD)
NAART - -
MMSE - -
MOCA 259+2.7 272 +1.7
UPDRS 13.4+6.6 -
PD years of 56+3.2 -

The mean PSD changes of 28 subjects and 31
channels are given in Figure 2.

914



Sakarya University Journal of Science, 28(5) 2024, 912-923

[ L3 ®AF4

7
L 15 oF6

®F1 o1 ofz efz ®F4

*FT10

FT7  efcs

OFC3 gFC1 @FCz eFC2 @FCA @FCE

T el e el el

ecps o3 ®CF1 80Pz @CF2 grps gcpg

TP7

L s «TP10

, wps WP Pl 2 ePd gpg

®P0z

.l .l
.z

Figure 1. EEG 10-20 Electrode Placement System
for 64 channels
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Figure 2. PD and HC relative PSD of 28 contacts
and 31 channel frequency bands

In Figure 2, delta, theta, alpha, beta, and gamma
frequency bands are given per channel. There is
a clear difference both between PD and HC
groups, that is, they have different relative PSD
values. A reduction of beta rhythm in frontal and
central regions, and another reduction of gamma
rhythm in central, parietal, and temporal regions
was observed, rather than the Fp2, AF3 channels.

In Figures 3-4, EEG topographic maps of PD and
HC groups are given. Most of them are in gamma
and beta bands, and slightly in alpha, more
activation is observed in the HC group compared
to PD. These differences are in accordance with
the existing literature [1, 8-9].

0.0e+00
-2.5e-01

J: i%ﬂ g ﬂ < : VA |5.0e01
Figure 3. Topographic maps of band power in five
frequency bands of the HC group
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Figure 4. Topographic maps of band power in
five frequency bands of the PD group

2.2. Preprocessing

All stages of data analysis were performed with
Python using CPU in the Google Colab
environment. In order to process EEG data with
Python, many libraries such as mne, numpy,
pandas, matplotlip, etc. were installed and
configured in the Google Colab Python
environment.

Since EEG data was recorded in the Brain Vision
System, raw EEG files with vhdr extension were
transferred to the Google Colab environment by
converting them into raw objects with the mne
library so that they can be processed in Python
language. The data was transferred from other
libraries. The data was first bandpass filtered
between 0.5 Hz low and 45 Hz high frequencies
and notch filtered at 60 Hz and 100 Hz. After
filtering, these signals were divided into a non-
overlapping time window length of twenty
seconds. Then, MSF, PSD theta, wSMI theta,
wSMI beta features were extracted and binary
classification was performed using CatBoost,
XGBoost, GNB, KNN, SVM, GB and LR
algorithms. In Figure 5, data analysis steps are

depicted.
* MSF
* SE
* KAC
* PSDs
* wSMl's

Feature
Extraction

—

Preprocessing

* Filter (Band pass
filtering) and and
Notch Filtering

* EEG Segment

® Latsoost * PD
* XGBoost * HC
* GNB
* KNN
* SVM, GBand LR

+ lova EEG Data
Set (PD, HC)

—_—

Classification

Figure 5. EEG data analysis scheme
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2.3. Feature extraction

Feature extraction is the transformation of the
unprocessed data into digital values with a
reduced size of dimension to lessen the
complexity of processing information in which,
the original signal characteristics are correctly
decoded and evaluated with a well-performing
classifier [33]. There are various studies that used
PSD parameters from the subbands of
decomposed EEG signals which obtained
successful classification results [22]. In this
study, the PSD of the five bands of the EEG
signal, wSMI Delta, wSMI Theta, wSMI alpha,
wSMI Beta, wSMI Gama and MSF, SE, KAC,
are selected as the feature vector.

2.3.1. Power spectral density

PSD is the measure of the power content of a
signal with respect to frequency. It allows time-
varying signals to be transferred to the frequency
domain, resulting in power distributions of the
frequency ranges of the signal [34]. The power
distribution of a random signal at different
frequencies is calculated by Fourier transform.
The PSD equation is given in equation (1).

S(f) = [~ R(®e2™Ndt =F(R(t)) (1)

2.3.2. Calculation of weighted
mutual information

symbolic

The Weighted Symbolic Mutual Information
(wSMI) measure is increasingly applied to EEG
[35, 36]. It is based on the interactions between
two signals and the non-linear coupling between
them. In a selected tau time k samples of the
signal are selected. The magnitudes of the
samples are defined by a set of symbols based on
the order relation which represents the temporal
separation of the signals. In this data set, wSMI
is calculated for the joint probability of each pair
of symbols. In order to decrease the false
correlations between two signal groups, the joint
probability matrix P, is multiplied by binary
weights. The wSMI can be calculated with the
statement in equation (2), where X, and Y
represent two different signals.

wSMI(X,Y) =

IO;_k!ZXEX Zer w(x,y) p(x,y)log (

p(xy) ) (2)

p(X)p()

2.3.3. Median spectral frequency

The Median Spectral Frequency (MSF) is
commonly used to show spectral change. It
represents the midpoint of the power distribution
of the compressed EEG spectral array. It is a
measure of the frequency above and below 50%
of the total power in the EEG. MSF is also
defined as half of the total power [37]. The
definition of MSF is given in equation (3):

YO P =Eilupr P =1/25511 Py 3)
2.3.4. Spectral entropy

Spectral Entropy is the spectral power
distribution of a signal based on Shannon entropy
[38]. It indicates the flatness or complexity of the
signal spectrum [39]. In the following, SE is
calculated by equation (4).

H(x, fs) = — X1/% P(log, [P ()] 4)

Where P is the normalized PSD and fs is the
sampling frequency.

2.3.5. Kolmogorov algorithmic complexity

The Algorithmic Complexity or Kolmogorov
complexity (KAC) is related to the minimum
description length. The KAC of a sequence s is
the length of the shortest run that computes s. It
expresses the concepts of simplicity and
complexity. If the length d(s) of an array s with
the fewest bits is the minimum, this is the
minimum description of s. Here d(s) is the
Kolmogorov complexity of s and is represented
by K(s) [40]. It is represented by equation (5).

K(s) = [d(s)] ®)
2.4. Classification

The EEG dataset contains a total of 28 data sets
belonging to 14 PD and 14 HC groups. 10-fold
cross-validation is used for classification. With
this technique, the total data set is divided into k
approximately equal parts. Machine learning
structures are trained and tested k times. Each
time, the part of the data to be tested is taken from
the k chunks and all the remaining data is used
for training the machine learning structure. The
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PSD features of five frequency bands (MSF,
KAC, wSMI Delta, wSMI Theta and wSMI
Alpha) are selected and the performance of
different classifiers on PD and HC group data is
evaluated using Accuracy, Precision, F1 score,
Recall, ROC-AUC metrics. Binary classification
was performed with CatBoost, XGBoost, GNB,
KNN, SVM, LR and GB algorithms in Python
Google Colab environment.

2.4.1. Gradient boosting algorithm

GB algorithm is a method in which new models
are created that account for the error in the
previous model and then the residuals are added
to make the final prediction. It creates prediction
models similar to decision trees (Random
Forests) for regression and classification
problems. The GB algorithm does not create
nodes after each tree to make an improvement.
Instead, it starts with a leaf. This leaf represents
an initial estimate for all weights. The first
estimate here is the average value. Then Gradient
Boost creates a tree. Boosting differs from other
classification algorithms in that it often
compensates for the lack of weak learners [41].
GB algorithms can be customized according to
the needs of the application, such as learning
according to different loss functions. When used
for classification, Log-Loss is used as the cost
function.

2.4.2. K Nearest neighbor algorithm

KNN is a well-known supervised learning
algorithm commonly preferred in classification.
This algorithm searches for the closest points to
the new point. K is the number of nearest
neighbors of the unknown point which is usually
chosen as an odd number. In the K-NN method,
the output is the class membership. An object is
attained to the selected label by a majority vote
of its neighbors [42].

2.4.3. Gaussian naive bayes classifier

Naive Bayes Classification, is a simplified
version of Bayes' theorem with the independence
premise. Bayes' theorem is expressed in equation
(6); normal distribution of features

P(B|A)P(4)

PAIR) =152 ©)

P(A|B) denotes the probability of event A when
event B occurs, P(BJA) denotes the probability of
event B when event A occurs. P(A) and P(B)
show the a priori probabilities of events A and B,
adding subjectivity to Bayes' theorem [43].
Naive Bayes classifiers perform well especially
with a small set of training data to estimate the
necessary parameters.

2.4.4. Support vector machines

SVM is a supervised learning method with three
main components that are statistical learning
theory, optimization algorithm and kernel
functions [44]. In SVM, the most appropriate line
separation is the one with equal and maximum
distance to the data classes. While creating this
maximum distance, called the margin, the
samples that are closest to the separating line
among the samples belonging to the data classes
are used. These examples are called support
vectors. In multidimensional space, lines are
replaced by hyperplanes [45].

2.4.5. Logistic regression

LR, binary logistic model or logit model is a
statistical approach that models the probability of
a problem occurring between two alternatives by
taking the logarithm of the rates for a problem. In
this method, mathematical modeling is
performed in order to define the relationship
between independent variables and two or multi-
class categorical dependent variables [46]. When
all independent variables are continuous, the
logistic model is calculated with an expression
given in equation (7);

Pr (x1,...%p)

5= Bo + X5_1 By xij (7)

1-Pr (xl,...,xp
2.4.6. Categorical boosting algorithm

CatBoost is a new ensemble learning method
derived from the GB and Decision Tree
algorithms proposed by Yandex and shown to
have the ability to deal well with heterogeneous
data [47]. Moreover, CatBoost uses balanced
forgetful trees as base predictors. Thus, it
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overcomes the problems of overlearning. In
general, it exhibits superior classification
performance compared to other ensemble
learning algorithms.

2.4.7. Extreme gradient boost algorithm

XGBoost is a high performance version of the
GB algorithm that is optimized with various
adjustments. It is quick, has high predictive
power, can avoid overlearning, can manage
empty data. The first step in XGBoost, is to make
the first prediction. The prediction can be any
number as it will converge with the operations to
be performed in the next steps and the correct
result will be reached. The first tree is completed
by constructing the trees that predict the errors,
calculating the similarity and gain scores for the
trees, pruning and obtaining the model outputs
[48].

3. Results and Discussion

For all machine learning algorithms used in this
study, k-layer cross-validation was used to
evaluate the overall accuracy, as it provides
much better and more reliable results than
conventional training methods (e.g. 75% training
data, 25% test data) [49]. Based on the classical
and newly used features, PSD of five frequency
bands, SE, MSF, KAC, wSMI Delta, wSMI
Theta, wSMI Alpha, wSMI Beta, wSMI Gamma
the performance of different classifiers on the PD
and HC group data was evaluated using
Accuracy, Precision, F1 score, Recall, ROC-
AUC metrics. The classification results are
shown in Table 2 and Table 3 respectively,
analyzing 63 channels and 31 channels.

Table 2. 10-fold cross-validation results of 63

channels

Classifier ~ Accuracy  Precision Recall F1 Score

XGBoost 0.63 0.45 0.57 0.48
(+/-0.16)  (+/-0.25) (+/-0.19) (+/-0.21)

CatBoost 0.83 0.70 0.77 0.72
(+/-0.16)  (+/-0.31) (+/-0.23) (+/-0.28)

GNB 0.58 0.50 0.57 0.51
(+/-0.32) (+/-0.37) (+/-0.33) (+/-0.35)

KNN 0.51 0.36 0.52 0.40
(+/-0.21)  (+/-0.26)  (+/-0.20)  (+/-0.23)

GB 0.63 0.47 0.57 0.50
(#/-0.22)  (+/-0.29) (+/-0.25) (+/-0.27)

SVM 0.56 0.52 0.57 0.51
(+/-0.30) (+/-0.34) (+/-0.31) (+/-0.32)
LR 0.46 0.42 0.52 0.42 (+/-

(+/-0.26)  (+/-0.33)  (+/- 0.28) 0.28)

Table 3. 10-fold cross-validation results of 31

channels

Classifier ~ Accuracy  Precision Recall F1 Score

XGBoost 0.85 0.85 0.87 0.83
(+/-0.18)  (+/-0.22) (+/-0.16) (+/-0.24)

CatBoost 0.81 0.78 0.82 0.77
(+/-0.18)  (+/-0.26) (+/-0.19) (+/-0.22)

GNB 0.75 0.68 0.72 0.69
(+/-0.27)  (+/-0.34)  (+/-0.30) (+/-0.32)

KNN 0.58 0.48 0.57 0.49
(+/-0.29)  (+/-0.34) (+/-0.29) (+/-0.31)

GB 0.68 0.57 0.65 0.57
(+/-0.18)  (+/-0.28) (+/-0.22)  (+/-0.25)

SVM 0.66 0.58 0.65 0.58
(+/-0.25)  (+/-0.33) (+/-0.27)  (+/-0.30)

LR 0.46 0.41 0.55 0.42
(+/-0.26)  (+/-0.33)  (+/-0.26)  (+/-0.28)

The XGBoost algorithm achieved the highest
accuracy among the seven classifiers. The
confusion matrixes and ROC-AUC results of the
classifiers are shown in Figure 6 and Figure 7.
XGBoost correctly predicted 12 and incorrectly
predicted 2 of the 14 HC groups and correctly
predicted 12 and incorrectly predicted 2 of the 14
PD groups as given in Figure 6. The second best
performing classifier is the CatBoost classifier,
with 12 correct and 2 incorrect predictions of the
14 HC groups. Whereas, 11 correct and 3
incorrect predictions of the 14 PD groups. The
amount of True Positives and True Negatives is
decreasing with GNB, KNN, SVM, GB and LR
algorithms, respectively.

The ROC curves and AUC values are seen in
Figure 7. It is observed from the figure that, the
XGBoost has the best seperation capability for
the proposed features. However, SVM, LR and
GB have lower AUC values. Although they use
the same feature sets, the best seperation
methodologies of the Machine Learning
Algorithms bring this difference.

The present study has 13 features, belonging to
PSD of five frequency bands, and SE, MSF,
KAC, wSMI Delta, wSMI Theta, wSMI Alpha,
SMI Beta, wSMI Gamma. A successful
classification accuracy was achieved compared
to the machine learning results in the literature.

The wSMI feature, KAC and SE features in this
study were used for the first time in detecting PD
from the resting state EEG data. The study in
[50], is expanded with channel reduction and
cross-validation parameters.
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Figure 7. ROC curve and AUC values for classifiers

In the literature, accuracy metric is generally
used in PD detection studies from EEG [19, 31].
In this study, precision, sensitivity, F1 score,
AUC metrics were used. It is seen that the results
are supporting each other. Resting EEG or
magnetoencephalogram (MEG) activity in PD
patients undergoes a general loss of complexity
compared to controls [51, 52]. The KAC features

used in this paper are in accordance with that
result. Studies have shown that beta and gamma
band power is decreased in PD [53, 54].
Abnormalities in the beta band have been shown
to be associated with dyskinesia (involuntary
movements) in PD [55]. Therefore, the use of
band power features are consistent with this
view. New feature sets and channel-based studies
will be continued to examine degeneration in
different regions of the brain for future work.

4. Conclusion

In this study, new features wSMI, KAC, SE,
MSF and subband PSDs were extracted from 63
channels and 31 channels of EEG data. They
were analyzed by several machine learning
algorithms for two different set of channels.
According to the results, the 31 channel
accuracies and AUC performances are higher
than the 63 channels with all algortihms. The use
of fewer channels reduces the processing time for
online applicatications. A successful
classification accuracy (85.00%) and 0.86 AUC
value were obtained with XGB algortihm.
Compared to the literature, a successful
classification result was obtained. The use of
novel features yielded a successful classification
that can be a tool for PD diagnosis.
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In the last few decades, the increasing levels of environmental pollution have
prompted a shift towards alternative energy sources and biobased solutions, such as
lignocellulosic biomass. Lignocellulosic biomass (LB) is primarily derived from
plants and is composed mainly of polysaccharides, namely cellulose, hemicellulose,
and the aromatic polymer lignin. Hazelnut shells (HS), with a high lignin content of
43%, hemicellulose of 30%, and cellulose of 26%, hold promise as a valuable source
of LB. In order to process those LB, lignin and hemicellulose are separated using
various treatment methods. However, instead of being used solely for combustion,
lignin-containing materials can be valorized for a range of purposes, from biomedical
applications to the energy sector. In this study, the enzymatic hydrolysis of HS was
conducted over different time periods (24, 48, 72, and 96 hours), at different
temperature values with varying enzyme concentrations (0.05, 0.1, and 0.25 mL of
cellulase/xylanase enzyme cocktail). To enhance the enzymatic hydrolysis, an
alkaline pretreatment method using sodium hydroxide (NaOH) was employed. The
results demonstrate that the maximum sugar concentration was achieved at 50°C,
after 72 hours, and with a cellulase/xylanase cocktail concentration of 0.1 mL.

1. Introduction

plants, characterized by its polysaccharide and

Over the past few decades, researchers have
come to realize that the use of fossil fuel
resources is increasingly posing a threat to
Earth's ecosystems through the emission of CO2,
resulting in rising sea levels and the potential loss
of biodiversity. In the worst-case scenario, given
the non-renewable nature of fossil fuels, their
depletion could lead to a complete collapse of the
global energy security system. However, this
problem, along with even more dire scenarios,
can be avoided by strategically planning the
systematic replacement of fossil fuels with
renewable, sustainable, environmentally
friendly, and high-energy potential alternatives.

One key element in this transition is the
utilization of lignocellulosic biomass (LB), a
renewable and abundant resource derived from

aromatic polymer composition. LB mainly
consists of cellulose, hemicellulose, and lignin
[1]. To facilitate effective enzymatic hydrolysis
and achieve higher bioconversion of fermentable
monosaccharides, it has been reported that a
pretreatment step is necessary [2].

This pretreatment aims to weaken the naturally
heterogeneous and multi-scale structure of the
plant cell wall, which poses a challenge for
enzymatic hydrolysis of LB [2, 3]. The choice of
suitable reagents for pretreatment depends on
achieving higher enzymatic hydrolysis of
cellulose while maintaining a moderate cost in
comparison to potassium hydroxide (KOH) [4,
5]. Alkaline sodium hydroxide (NaOH)
pretreatment is a commonly used reagent that
effectively removes lignin, thereby eliminating a
major obstacle to the structure's recalcitrance and
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enabling better accessibility of enzymes to
cellulose and hemicellulose. Lignin is connected
to hemicellulose through lignin carbohydrate
complexes (LCC) [6, 7].

In herbaceous biomass, the LCC is composed of
arabinoxylan and ferulic acid. The location of
ferulic acid may vary depending on the specific
lignocellulosic sources, but generally, it forms an
ester linkage along the hemicellulose backbone.
NaOH pretreatment specifically targets the ether
and ester bonds within lignin-carbohydrate
complexes [5, 8-12]. Ester bond between ferulic
acid and the carbohydrate is highly susceptible to
alkaline degradation, as the hydroxide ion
(resulting from NaOH dissociation) enhances the
rate of hydrolysis compared to water [13-15].

There are studies on enzyme hydrolysis for LB,
however the values of temperature, enzyme
concentration and operation time have not
reached a common ground [16, 17]. Although
those parameters depend on the enzyme type,
enzyme source, enzyme structure along with the
LB structure, the optimization of the parameters
IS necessary to pave the way for further studies.
There are several studies that investigate the
effects of temperature, enzyme concentration and
operation time of enzymatic hydrolysis for
basket willow [18], corn starch [19], cotton stalk
[20], sugarcane bagasse [21] and crude cellulose
[22].

In this study, the optimization of three different
parameters to improve enzymatic hydrolysis was
investigated. Enzyme concentration (2, 10, and
20 FPU/g), temperature (30, 40, 50, and 60°C),
and operation time (24, 48, 72 and 96h) were
individually adjusted using the one-variable-at-a-
time (OVAT) approach, and the total sugar
analysis was considered as the output for
evaluation, corresponding to maximum enzyme
activity. This is the first paper that examine the
enzyme hydrolysis conditions for hazelnut shells.

2. Materials and Methods
2.1.Materials

HS were sourced from the local market in Turkey
and grinded (Lavion HC-100 Cereal Grinder).

Sodium hydroxide (NaOH) was purchased from
Sigma-Aldrich Supelco (CAS1310732), while
Trichoderma reesei cellulase and Trichoderma
viride xylanase were obtained from Sigma-
Aldrich with enzyme activities of 700 U/g
(CAS9012548) and xylanase activity ranging
from  100-300 units/mg (CAS9025574),
respectively.

2.2. Sample preparation and pre-treatment

For performing alkaline pretreatment, 2.5 g of
HS was weighed and dissolved in 2% NaOH-
water and NaOH-glycerol solutions.
Subsequently, a 0.05 M acetate buffer with a pH
of 4.8 was added to stabilize the pH. The mixture
was then transferred to falcon tubes and
incubated at 60°C for 2 hours. After the
incubation period, the samples were centrifuged
at 5000 rpm for 5 minutes, and the supernatant
was carefully transferred to new pre-weighed
falcon tubes. The solid residue obtained from the
centrifugation was used for enzymatic
hydrolysis.

2.3.Enzymatic hydrolysis

For the enzymatic hydrolysis process, 1g of pre-
treated HS was added to 50 mL falcon tubes
containing 10 mL of 0.05M acetate buffer at pH
4.8. The enzyme cocktail consisting of cellulase,
and xylanase was loaded at a volume of 0.1 mL,
which corresponds to approximately 20 FPU/g
cellulose and xylan. The enzymatic hydrolysis
was carried out under different parameters while
maintaining a constant stirring speed of 150 rpm.
Enzyme concentration (2, 10, and 20 FPU/qg),
temperature (30, 40, 50, and 60°C), and operation
time intervals (24, 48, 72 and 96h) were selected
based on a previous study by [1].

Different enzyme loads were tested, including
0.05, 0.1, and 0.25 mL (equivalent to 2, 10, and
20 FPU/qg) of the cellulase and xylanase cocktail.
Each sample was incubated for 72 hours at 50°C
with continuous stirring at 150 rpm. The
spectrophotometric analysis was performed at
490 nm to determine the total sugar
concentration.
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After determining the optimal enzyme
concentration, the study proceeded to investigate
the effect of different temperatures. The
temperatures considered were 30°C, 40°C, 50°C,
and 60°C. The parameters held constant during
these experiments were a shaking speed of 150
rpm, a hydrolysis time of 72 hours, and an
enzyme concentration of 0.1 mL. Furthermore,
the impact of different hydrolysis times was
examined. The durations tested were 24 hours, 48
hours, 72 hours, and 96 hours. The temperature,
enzyme concentration, and shaking speed
remained constant at 50°C, 0.1 mL, and 150 rpm,
respectively.

2.4.Total sugar analysis

To determine the total sugars, phenol-sulfuric
acid method was used [23] and a calibration
curve was created by measuring increasing
glucose concentrations. For each sample, 0.5 mL
of the supernatant was transferred to glass test
tubes, followed by the addition of 0.5 mL of 5%
phenol solution and 2.5 mL of concentrated
sulfuric acid (H2SOs4). The tubes were then
placed in a water bath for 15 minutes. After
cooling down, the samples were analyzed
spectrophotometrically at a wavelength of 490
nm. All results are the means of three samples
and error bars represent the variability of data.
Total sugar analysis was performed as an indirect
indicator for specific enzyme activities.

3. Results and Discussion
3.1. Effect of increasing enzyme concentration

In this study, samples were enzymatically
hydrolyzed at 150 rpm, 72 h, with varying
enzyme concentrations 0.05 mL, 0.1mL, 0.25 mL
and Figure 1 shows the effect of increasing
enzyme concentration.

7

6

Total sugar content
(mg/mL)

0 0.1 0.2 0.3
Enzyme (mL)

Figure 1. Effect of increasing enzyme concentration
on enzymatic hydrolysis

Enzyme concentrations between 0.05 and 0.10
mL, the increase of sugar content was very sharp
and at higher enzyme concentrations the total
sugar content tended to stay constant. Moreover,
the higher concentration of 0.25 mL increases the
total sugar content slightly. However, in the long
term this can be resulted as unnecessary enzyme
consumption. Similar results were shown with
different LB [24-26].

3.2. Effect of temperature

Temperature is an important factor for enzymatic
reactions. Generally, cellulase and xylanase
operate at different temperatures of 45-55 °C and
60°C, respectively [15]. However, cellulase and
xylanase optimum temperatures can vary
depending on the biomass structure and source
adaptations [25]. Beyond the optimum operation
temperatures, enzymes start to denaturate. As
shown in Figure 2, temperatures up to 50°C,
increasing temperature led to increased sugar
release and between 40-50°C, ability to release
saccharides of enzyme cocktail exponentially
increased. At higher temperatures than 50°C,
cellulase enzyme activity restricted due to the
denaturation, while xylanase activity relatively
increased and maximum concentration of total
sugar obtained at 50°C as 11.19 mg/mL.

Figure 2 indicates that a temperature of 50 °C has
a substantial impact, as the total sugar
concentration observed was approximately 50—
80% higher compared to temperatures of 40 °C
and 60 °C. Increasing the temperature beyond the
optimal range can lead to enzyme denaturation,
thereby halting sugar production. Conversely,
lowering the temperature below the optimal level
may reduce the enzyme's energy, hindering its
ability to interact with the substrate. Similar
sharp changes in enzyme activity with
temperature variations have been documented in
other studies [26, 27]. Moreover, in a previous
study where the effect of different parameters on
enzymatic hydrolysis of wheat straw was
reported, the optimum temperature was found to
be 55 °C and the higher and lower temperature
values was reported to decrease the enzymatic
hydrolysis by 1/3 fold [24].
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Figure 2. Effect of increasing temperature on
enzymatic hydrolysis

3.3. Effect of different operation times

After the optimum temperature and enzyme
concentrations were determined, the pre-treated
nutshells mixed with enzyme cocktail was
operated for 24 to 96 hours in order to examine
the effect of operation time. Results were
presented in Figure 3. It was shown that up to 48
h, total sugar concentration was increased two-
fold and slightly increased to 11.19 mg/mL at
72h. After the first 72h, total sugar content was
gradually decreased which can be explained by
the accumulation of hydrolysis products resulting
in enzymatic inhibition. Similar results were
obtained elsewhere [24] which investigate
alkaline pretreatment on wheat straw and
enzymatic hydrolysis.

Total sugar content

20 40 80 100

Tire (h)
Figure 3. Effect of different process time on
enzymatic hydrolysis

4. Conclusion

Efficient enzymatic hydrolysis achieved by
highly accessible substrates to enzymes cellulase
and xylanase. Main factor that affects hydrolysis
is the accessible surface area of substrates, lignin
content of LB and crystallinity. The main
purpose of pretreatment is removing lignin and
hemicellulose, while doing that, accessible

substrate surface of cellulose tremendously
increased, crystallinity of cellulose decreased,
porosity increased and as a result of this total
sugar content increased.

Our results showed that the optimum operation
conditions for the alkaline pretreatment
integrated  enzymatic  hydrolysis  were
0.10~10FPU/g for 72 h incubation at 50°C while
stirring at 150 rpm. This research will serve as a
reference guide for further studies on enzymatic
hydrolysis of hazelnut shells.
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dissolved ton Zn respectively.

1. Introduction

Zinc is a versatile non-ferrous metal that is
widely utilized in various industries including
galvanization, cosmetics, die casting, and battery
manufacturing. Oxidized zinc ores such as
smithsonite (ZnCO0g), zincite (Zn0),
hemimorphite (Zn4(SiO7)(OH)2H20), willemite
(Zn2Si04) and hydrozincite (ZnCO3.2Zn(0H)2)
are the most important sources of zinc metal
production after sulfides [1, 2]. Most of the zinc
in the world is produced from high grade zinc
sulfide ores. In recent years, the demand for zinc
and zinc compounds has increased, whereas the
number of high grade zinc ore stores has
decreased. As a result, new sources of zinc, such
as low grade ores, carbonate ores and silicate
ores, are being considered, leading to an
increasing focus on the processing of low grade
oxide ores.

The extraction of zinc from its oxide ores can be
performed using both pyrometallurgical and
hydrometallurgical methods. The three main
steps in the hydrometallurgical method are
leaching, purification and electrolysis. Leaching
processes constitute the first step of the
hydrometallurgical methods and plays an
important role in the extraction of metals and
compounds in an economical way. The most
commonly used hydrometallurgical methods for
zinc production are alkaline leaching, acid
leaching and ammonia leaching. Acid leaching is
considered the most effective method of zinc
extraction process because of its advantages,
including rapid process, easy leach solution
purification and high selectivity [3-5].

Leaching studies on zinc ore with sulfuric acid
have been carried out by many researchers.
Frenay [6] conducted leaching studies on
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oxidized zinc ores using different solutions,
including ammonium hydroxide, sulfuric acid,
sulfurous acid, and sodium hydroxide. Caustic
soda and sulfuric acid were identified as
providing the best leaching results. This study
highlighted that smithsonite can be completely
leached, whereas hemimorphite is relatively
refractory to leaching. He et al. [7] investigated
the pressure leaching of high silica Pb-Zn oxide
ore using air as a pressurized gas in a sulfuric acid
medium. The leaching time, leaching
temperature, sulfuric acid concentration, oxygen
partial pressure, and solid/liquid ratio were
among the parameters studied. Under optimum
conditions, the study found that zinc extraction
reached 96%. Moreover, the dissolution rates for
Si, Pb and Fe were as low as 1%, 2%, and 6%,
respectively. Pecina et al. [8] investigated the use
of hydrogen peroxide as an oxidant in sulfuric
acid solutions for the extraction of zinc from
sphalerite concentrate. Acid and peroxide
concentrations, particle size, reaction time and
temperature are among the parameters studied.
This study also investigated the use of
complexing agents (citric acid, phosphoric acid,
oxalic acid and phosphonic acid) to enhance zinc
recovery in an oxidative aqueous medium. Terry
and Monhemius [9] studied the acid dissolution
kinetics of natural and synthetic willemites and
natural hemimorphites. The parameters studied
included acid type, surface area, temperature and
pH. For willemite the dissolution was found to be
mixed chemical/diffusion controlled and for
hemimorphite the dissolution was found to be
diffusion controlled.

As noted in the literature, detailed studies on the
leaching of low grade zinc oxide ores are limited
and therefore require more comprehensive
investigations. In addition, each ore has its own
chemical and mineralogical properties; therefore,
the optimum leaching conditions will vary from
one ore type to another. The research was
specifically focused on investigating the
important factors affecting sulfuric acid leaching
of low grade zinc oxide ore from Nigde-Tiirkiye.

2. Materials and Methods
The zinc oxide ore used for the leaching

experiments was supplied by a local mining
company in Nigde-Tirkiye. The chemical

composition of the ore was characterized by X-
ray fluorescence (XRF) and is presented in Table
1.

Table 1. The chemical composition of zinc oxide
ore

Component Weight (%)
Zn 8.44
Fe 21.70
Pb 1.21
Cu 0.07
Mn 1.96
Ca 1.30
Cd 0.04
Ni 0.11
SiO2 28.62
S 0.08
As 1.01
K 0.29
Na <0.10
Moisture 2.02

The X-ray diffraction (XRD) pattern of zinc
oxide ore was obtained using a Rigaku DMAX
I1IC model X-ray diffractometer with CuKa
radiation at 35 kV and 15 mV (Figure 1). As
shown in Figure 1, smithsonite (ZnCO3) and
zincite (ZnO) are the main zinc oxide minerals in
the sample, whereas quartz (SiO2), goethite
(FeOOH) and pyrolusite (MnO.) are gangue
minerals.
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Figure 1. The XRD pattern of zinc oxide ore

Leaching tests were performed using sulfuric
acid from Merck with 95-98% analytical purity.
In the experiments, a 1000 mL glass beaker was
used. The beaker was covered by a cap with four
holes that were drilled for place the thermometer,
mechanical stirrer, pH meter or back cooler and
for taking samples. The experiments were
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performed with 50 g of sample in a beaker placed
in a thermostatically controlled water bath.
Figure 2 shows the experimental setup for
leaching.

pH meter E ’/

H,S0,

H Leach solution

Ore sample

Water bath

Figure 2. The experimental setup for leaching

While the method used in the leaching
experiments was the same, the experiments
investigated the effect of different parameters on
the sulfuric acid leaching of zinc oxide ore. After
the completion of each leaching experiment, the
leach solution was filtered, and the solid leach
residue was then washed with distilled water.
The washed solid residue was dried at 105 £ 5
°C. The total dissolved weight (%) was
calculated from the dried solid residue. To
determine the Zn extraction (%) and Fe
extraction (%), the leach solution was analyzed
using Atomic Adsorption Spectrometry (AAS).
The sulfuric acid consumption was determined
by alkalimetric titration with NaOH.

3. Results and Discussion
3.1. Effect of leaching time

Leaching experiments were carried out in the
range of 5-480 min. In the experiments, an
H>SO4 concentration of 75 g/L, leaching
temperature of 40 °C, particle size of -82 um and
solid/liquid ratio of 1/10 were kept constant.
Leaching experiments at different times are
presented in Figure 3.

—— Total dissolved weight
40 4 —— 7n extraction

—e— Fe extraction

30 4 —a— Acid consumption

F
Acid consumption (ton H,SO,/ dissolved ton Zn)

0 100 200 300 400 500
Lecaching time (min)

Figure 3. Effect of leaching time on the sulfuric acid
leaching

As shown in Figure 3, the Zn extraction (%)
increased to 81.45% with leaching times up to 60
min and remained almost constant with longer
leaching times. This suggests that the majority of
zinc dissolution occurs within the initial 60 min
of leaching. In contrast, Fe extraction (%)
increased from 0.49% after 30 min to 10.73%
after 480 min of leaching. The increase in iron
extraction over time indicates a progressive
dissolution of iron from the ore. The iron content
in the ore plays a significant role in determining
zinc extraction, with higher iron content leading
to lower zinc extraction.

According to Frenay [6], this is the result of
smithsonite particles covered with hydroxides of
iron. Simultaneously, the acid consumption (ton
H.SOs/dissolved ton Zn) increased with
increasing leaching time. While the acid
consumption at the end of 5 minutes leaching is
2.93 ton H2SO4/dissolved ton Zn, it increases to
5.53 ton H2SO4/dissolved ton Zn at the end of
480 minutes leaching. This indicates a
relationship between leaching time and acid
consumption.

From Figure 3 it can be seen that 81.45% Zn
extraction, 14.46% total dissolved weight, 1.89%
Fe extraction and 4.23 ton H,SO4/dissolved ton
Zn are achieved with the 60 min leaching time.
Considering the high values of Zn extraction (%),
total dissolved weight (%) and the low values of
Fe extraction (%), acid consumption (ton
H>SOa4/dissolved ton Zn), a leaching time of 60
min was considered optimal.
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3.2. Effect of sulfuric acid concentration

The effect of different concentrations of sulfuric
acid (25, 40, 55, 75, 100 and 125 g/L) on the
leaching was studied under the following
conditions: leaching time of 60 min, leaching
temperature of 40 °C, particle size of -82 um and
solid/liquid ratio of 1/10. Leaching experiments
with different concentrations of sulfuric acid are
shown in Figure 4.

100 r8
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80 4 —— g =8
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60 1 [
50 4 -4
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~—&— 7n extraction
—&— [c extraction )
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2 o f
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Sulfuric acid concentration (g/L)

%

30 4

Acid consumption (ton H,SO,/ dissolved ton Zn)

Figure 4. Effect of acid concentration on the sulfuric
acid leaching

The general dissolution reactions for the main
zinc oxide minerals, smithsonite (ZnCO3) and
zincite (ZnO), with sulphuric acid are given by
equations (1) and (2): [4, 10-11]

ZnCO3 + H2504 - ZnSO4 + Hzo + COZ (l)
Zn0 + HzSO4 - ZnSO4 + Hzo (2)

Figure 4 indicates that with an increase in the
sulfuric acid concentration from 25 g/L to 125
g/L, the Zn extraction (%) increased from
78.68% to 81.14%, the Fe extraction (%)
increased from 2.19% to 6.30% and the total
dissolved weight (%) increased from 10.04% to
13.49%. As the sulfuric acid concentration
increases, the chemical reactions between zinc
(Zn), iron (Fe) and sulfuric acid become more
complete, resulting in higher extraction of both
Zn and Fe into the leaching solution [7].

Figure 4 shows that there is a positive correlation
between the sulfuric acid concentration and both
the total dissolved weight (%) and Zn extraction
(%). This suggests that an increase in acid

concentration increases the leaching efficiency of
zinc oxide ores. The maximum values for the
total dissolved weight (%) and Zn extraction (%)
were obtained at a sulfuric acid concentration of
75 g/L. Above this concentration, both the values
remained constant. Similar trends have been
observed in previous studies by Espiari et al. [1]
and Bodas [12]. Espiari et al. [1] found that zinc
recovery increased up to 88% with sulfuric acid
concentration up to 2 M and remained almost
constant at higher acid concentrations. Bodas
[12] reported that zinc extraction increased with
sulfuric acid concentration up to 4.5 M and then
became constant.

The maximum Zn extraction (81.45%) and total
dissolved weight (14.46%) were obtained with
75 g/L of sulfuric acid. The lowest Fe extraction
of 1.89% at 75 g/L sulfuric acid is desirable, as it
minimizes the dissolution of iron during the
leaching. This is important for maintaining the
selectivity of the leaching process and avoiding
contamination of the leaching solution with
unwanted metals. Higher sulfuric acid
concentrations can result in increased zinc
extraction, but an optimum concentration needs
to be identified to balance extraction efficiency
and acid consumption. A sulfuric acid
concentration of 75 g/L was identified as the
optimum condition for achieving a balance
among high Zn extraction (%), total dissolved
weight (%) and low Fe extraction (%), acid
consumption (ton H2SO4/dissolved ton Zn).

3.3. Effect of leaching temperature

Leaching experiments were carried out over a
wide temperature range (25°C-90°C) to
understand the effect of temperature on the
leaching  process. Leaching temperature
experiments were performed with a leaching
time of 60 min, H2SO4 concentration of 75 g/L,
particle size of -82 um, solid/liquid ratio of 1/10.
Leaching experiments at different temperatures
are shown in Figure 5.

The results from Figure 5 show a positive
relationship between leaching temperature and
both total dissolved weight (%) and Zn extraction
(%). Increasing the leaching temperature from
25°C to 80°C resulted in a gradual increase in the
total dissolved weight (4.22% to 24.68%) and Zn
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extraction (76.85% to 87.95%). These results are
consistent with those of Santos et al. [13], who
observed a significant increase in zinc extraction
from 36% to 90% when the temperature was
increased from 70°C to 90°C during the leaching
of zinc silicate ores.

100 4 r 8

n/l)

—&— Total dissolved weight
30 1 —&— /n extraction
—&— ke extraction
—&— Acid consumption

d
(=]
S
Acid consumption (ton H,SO, / dissolved ton Zn)

0 20 40 60 80 100
Leaching temperature (°C)

Figure 5. Effect of leaching temperature on the
sulfuric acid leaching

As the leaching temperature increased from 25°C
to 80°C, an increase in acid consumption was
observed from 3.33 to 4.71 ton H2SO4/dissolved
ton Zn. This indicates that too much acid is being
used in the leaching process at higher
temperatures. It can be seen that the leaching
temperature was also effective for Fe extraction
(%). At a leaching temperature of 80°C, Fe
extraction reached 29.96%. Although it is known
that iron dissolution affects selectivity, an
optimum leaching temperature of 80 °C was
chosen to increase Zn extraction, while other
parameters were investigated. Figure 5 shows
that at a leaching temperature of 80 °C, 24.68%
total dissolved weight, 87.95% Zn extraction,
29.96% Fe extraction and 4.71 ton
H2SO.4/dissolved ton Zn acid consumption were
achieved. Thus, leaching temperature of 80 °C is
considered to be the optimum leaching
temperature.

3.4. Effect of particle size

Four different particle sizes (-104, -82, -60 and -
49 um) were used to determine the effect of
particle size on the leaching process. The
leaching experiments were conducted under the
conditions: leaching time of 60 min, H2SO4
concentration of 75 g/L, leaching temperature of

80 °C and solid/liquid ratio of 1/10. The leaching
experiments with different particle sizes are
shown in Figure 6.
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Figure 6. Effect of particle size on the sulfuric acid
leaching

Figure 6 shows that decreasing the particle size
had no noticeable effect on the total dissolved
weight (%), Zn extraction (%), Fe extraction (%)
and acid consumption (ton H>SO4/dissolved ton
Zn). Contrary to the expectation that decreasing
the particle size would positively influence the
leaching process, the experimental results show
that the highest total dissolved weight (26.50%)
and zinc extraction (88.68%) were observed at
the -60 um particle size. This can be explained
by the possibility that some other factors (surface
area, agglomeration effect, and mineralogical
properties) interact with the particle size to
influence the leaching efficiency. An acid
consumption of 5.47 ton H.SO4/dissolved ton Zn
was achieved at this particle size. Based on these
observations, a particle size of -60 pm was
selected as the optimum for zinc leaching under
the given conditions.

3.5. Effect of solid/liquid ratio

Four different solid/liquid ratios (1/10, 1/7.5, 1/5
and 1/4) were investigated for their effect on the
leaching process. Leaching experiments were
performed under conditions in which the
leaching time, H,SO4 concentration, leaching
temperature and particle size were kept constant
at 60 min, 75 g/L, 80 °C and -60 um respectively.
Leaching experiments with different solid/liquid
ratios are shown in Figure 7.
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Figure 7. Effect of solid/liquid ratio on the sulfuric
acid leaching

Figure 7 shows the inverse relationship between
the solid/liquid ratio and total dissolved weight
(%). As the solid/liquid ratio decreased from 1/4
to 1/10, the total dissolved weight (%) increased
from 12.75% to 26.50%. A decrease in the
solid/liquid ratio resulted in increased values of
Zn extraction (%), Fe extraction (%), and acid
consumption (ton H2SO4/ dissolved ton Zn). This
indicates that a lower solid/liquid ratio results in
a more efficient leaching process but requires
higher acid consumption.

The experiments showed that the highest values
for both the total dissolved weight (%) and Zn
extraction (%) were obtained with a solid/liquid
ratio of 1/10, giving 26.50% total dissolved
weight and 88.68% Zn extraction. Based on these
results, a solid/liquid ratio of 1/10 was chosen as
optimal for the studied conditions. These results
are consistent with the study by Espiari et al. [1],
who reported that the leaching rate increased as
the solid/liquid ratio decreased. They achieved a
maximum zinc recovery of 98% at a solid/liquid
ratio of 1/4.

4. Conclusion

This study investigated the extraction of zinc by
sulfuric acid leaching from low grade oxidized
zinc ore. Five main parameters including
leaching time and temperature, acid
concentration, particle size and solid/liquid ratio
were optimized. The following conclusions were
drawn:

(1) Smithsonite (ZnCOs) and zincite (ZnO) were
identified as the major zinc oxide minerals in the
studied ore. The solubility of zinc in sulfuric acid
was confirmed from these minerals.

(2) Zn and Fe extraction increased with an
increase in leaching time, sulfuric acid
concentration, and leaching temperature. This
indicated a positive correlation between these
factors and the efficiency of Zn and Fe
extraction.

(3) Decreasing both the particle size and
solid/liquid ratio contributed to an increase in Zn
extraction (%). This suggests that finer particle
sizes and lower solid/liquid ratios improve
leaching efficiency.

(4) The following optimum conditions for
maximum zinc extraction:

Leaching time: 60 minutes

Sulfuric acid concentration: 75 g/L

Leaching temperature: 80°C

Particle size: -60 pm

Solid/liquid ratio: 1/10

(5) Under the optimized conditions, the study
achieved maximum Zn extraction of 88.68%,
with a minimum Fe extraction of 25.83% and
acid consumption of 5.47 ton H>SOa/dissolved
ton Zn. The highest total dissolved weight was
obtained as 26.50%.
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Some Bacteria are important microorganisms that threaten human health. Especially
Escherichia coli and Staphylococcus aureus can cause serious diseases in humans.
Antibiotics are used to stop these infections and prevent bacteria from multiplying.
However, it has been observed that these antibiotics have side effects as well as their
benefits. Therefore, the resistance of these bacteria can be reduced with rays of
different wavelengths. In our study, the effects of three types of light with
wavelengths of 254 nm, 365 nm and 460 nm on Escherichia coli and Staphylococcus
aureus bacteria were investigated. The reason we chose these rays is that two of them
have short wavelengths and are harmful rays, while the other one is in the visible
region and is harmless. While a significant decrease in the number of colonies was
observed under the operating conditions of 254 nm and 365 nm wavelength lights
falling in the UV region, no colonies were observed in the 460 nm wavelength light.
In the second trial results, 44% growth was achieved at 365 nm and 56% growth was
inhibited. S. aureus growth stopped completely at 460 nm. At 254 nm, 14% growth
was achieved and 86% growth was inhibited. It was observed that there was 3%
growth and 97% growth inhibition at 365 nm. As can be clearly seen from the results,
no significant bacterial growth was observed at 460 nm. In our literature studies, it

Online Available: 14.10.2024

can be seen that no study has been done on this wavelength before.

1. Introduction

Many bacteria that can adapt to adverse
conditions in nature can cause diseases in living
things. Because most of the boundaries within
which pathogens can multiply are in harmony
with the boundaries of the living things on or
within them. When maximum or minimum
temperature limits are approached or exceeded,
death or weakening of the effectiveness of some
factors occurs, even if microorganisms grow.
Virus, bacteria and fungal spores are highly
resistant to environmental conditions and can
survive for long periods (years) and retain their
infectious abilities. With this contagious feature,
they spread among living things and cause
diseases. People have been searching for cures
and treatments for disease-causing bacteria for

years. Many studies have been done on this
subject [1-3]. The most important of these
treatment methods is antibiotic treatments.
However, antibiotics also have negative side
effects. For this reason, different methods have
been put forward to break antibiotic resistance.
Some wavelengths of light can prevent bacteria
from growing and multiplying. In this way,
reproduction is prevented from reaching a level
that could stop and cause infection.

1.1. The effects of light on bacteria

Lights of different wavelengths have long been
used in microbial control because they do not
require heat to kill the microorganism. The main
areas of use of these microbial control lights are
disinfection of air and surfaces of operating
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rooms, laboratories and biological safety
cabinets. In addition, they can be used in closed
places such as cafeterias and hospital rooms
where people are crowded together, to prevent
the spread of airborne diseases by reducing the
number of pathogenic microorganisms in the air

[4]

This microbial property of light disrupts the
structure of the bacteria and causes some changes
in the bacteria. These changes can be explained
as follows.

Looking at the bacterial structure, monomers
(simple molecular compounds with unsaturated
or double bonds) are linked to each other by
phosphodiester bonds formed between 5'-
phosphate groups and 3'-hydroxyl groups,
forming long polymers consisting of units up to
several hundred million in number. These are the
bonds made by the phosphates in DNA and RNA
with deoxyribose and ribose. The double bond on
thymine and cytosine bases in DNA absorbs
ultraviolet light. This opens the added energy
bond and allows it to react with the neighbouring
base.

Reactive oxygen species (ROS) include oxygen
radicals (free radicals released due to single-
electron reduction from oxygen), single oxygen
and peroxidases. These are usually tiny
molecules and highly reactive due to the presence
of unpaired valence shell electrons. High
amounts of ROS are known to have a lethal effect
on the cell. In some diseases, tissue destruction
occurs as a result of the formation of free
radicals. ROS in bacteria means light induced by
sensitivity to endogenous light [5].

1.2. Phototoxic effects in microorganisms are
as follows:

According to the wavelength used, the light
causes the ROS to be induced when it is high,
while it encourages the increase of ROS in a low
amount. Intense blue light (preferably around
415 nm) is better than red light to Kill
bacteria. High-intensity  visible light  Kills
bacteria, while light in the visible and near-
infrared region enhances bacterial growth.

In a 2013 article, blue light was used for CA-
MRSA (methicillin-resistant S.aureus) infections
from mouse skin abrasions. The wavelength has
been tested in the range of 405-425 nm. Trials
were performed on S.aureus and HaCat (human
keratinocytes). When 170 J/cm? blue light was
given, 4,75-logl0 bacterial inactivation was
observed in CA-MRSA and 0,29-1og10 bacterial
inactivation was observed in HaCaT. The given
light was observed in two ways, for 30 minutes
and for 24 hours. Bacterial proliferation was
again observed in mouse wounds receiving
daylight 24 hours after blue light therapy [5].

A study on bacteria with a light source in
the visible region, it was observed that blue light
was more effective on bacteria than red light [6].

One study mentioned that ultraviolet rays have
lethal effects on bacteria, fungi, viruses, spores
and cells. It has been emphasized that UV-rays,
other than lethal effects, also mutagenically acted
on microbes while proteins, especially nucleic
acids, easily absorbed these rays and as a result,
created the formation phenomenon of bonds
between thymines located side by side in DNA
strands. It is stated that this situation causes
protein synthesis and other mechanisms in the
bacteria to be disrupted by the structure of DNA
and deaths [7].

In another study, eleven types of herbal bacteria,
bacterial spores and mold spores were observed
to be irradiated with different UV radiation doses
of a 222 nm crypton-chloride excimer lamp and
a 254 nm mercury lamp under laboratory
conditions. Especially, it has been determined
that microbes with high UV resistance and those
with more effective repair mechanisms are more
ineffective with 222 nm excimer lamp. The
reason for this may be that low UV fluency
mainly affects radiation-sensitive
microorganisms with DNA damage; however, it
has been stated that protein damage mechanisms
at high UV fluency (various) can be held
responsible for inactivation [8]. Another study
investigated the wavelength and methicillin
resistance effect of Staphylococcus aureus
(MRSA) intensity on the bactericidal effect of
405 and 470 nm light. Irradiation at both
wavelengths has been reported to reduce
bacterial colonies at any intensity [9].
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The reason why we chose Escherichia coli and
Staphylococcus aureus microorganisms in our
study is that they cause many respiratory,
intestinal and abdominal diseases and can be
found in many environments [10-15].

The most important species in the genus
Escherichia is Escherichia coli. The width of
E.coli in the form of bacillus is higher than its
length. E. coli was first discovered in 1885 by
The odor Escherich. Previously, these
microorganisms were known as the Bacterium
coli commune then Escherichia coli was named.
These bacteria are the most common species that
cause disease inhumansand cause serious
intestinal infections in humans. E. coli is an
opportunistic pathogen for humans. E. coli has
become the most studied model organism for
understanding bacterial biology in general. E.
coli is the most common species found in the
large intestinal flora. It is also responsible for
many bacterial infections. It forms urinary tract
infections, intestinal infections and parenteral
infections (pneumonia, meningitis, bacteremia)
[16-19].

Staphylococcus aureus, one of the subjects of the
study, is a bacterium that causes many infections,
especially in humans. They are very common in
nature because they are resistant to
environmental conditions. The source of
pathogenic staphylococci that infect humans is
humans. These bacteria are mostly found in the
nasal and throat cavities, human and animal
feces, abscessed wounds and acne on the skin.
They are also commonly found in food for
hospital personnel and hospital settings, and in
food facilities. Nasal staphylococci become
dangerous by spreading around with carriers.
Especially those who are carriers in the food
industry and prepare food with their own hands
are important sources of staphylococcal food
poisoning [20, 21].

The way to destroy such bacteria is light sources.
254 nm and 365 nm light sources are light
sources close to the UV region. When you look
at it with the naked eye, especially when you look
at 254 nm light, it may pose a health risk.
However, the 460 nm visible light source does
not pose a health risk. In this case, by applying it
to local infection areas in the human body, the

reproductive or colony-forming effects of
bacteria can be reduced.

This study aims to prevent the growth and
proliferation of two different bacterial species
(Escherichia coli and Staphylococcus aureus) by
weakening their resistance with rays of different
wavelengths. Therefore, it is thought that by
reducing the risk of infection with these two
bacteria that cause respiratory tract infections,
people’s use of medication will be minimized and
the treatment process will be shortened.

2. Material and Method
2.1. Material

In this study, microorganisms of Staphylococcus
aureus and Escherichia coli were used. Nutrient
Broth was used as the liquid medium (growth
medium). TSA (Tripton Soy Agar) was used as a
solid medium. FTS (physiological saline, 0.9 g
NaCl) was used for dilutions. The light was given
separately at wavelengths of 254-365-460 nm.
Growth and results of microorganisms exposed
to the light of different wavelengths were
examined. The microorganisms we used in our
project and 254-365 nm wavelength light sources
were obtained from the Ege University
biochemistry department and the 460 nm light
source was obtained from the Nuclear Sciences
Institute Thermoluminescence Laboratory at the
same university. All experiments were done and
evaluated in Biochemistry laboratories.

2.2.Method (preliminary trial)

S. aureus and E. coli strains were each
inoculated into 25 mL of Nutrient Medium in 100
mL volume bottles and incubated for 24 hours at
37°C with a stirring speed of 150 rpm. After the
incubation, 1000 pL of the cells produced was
taken for the control group and inoculated into
the empty petri dish. Then, TSA was poured on
it (pour plate method) and left to freeze, stirring
gently for homogeneous distribution. Frozen
agar petri dishes were allowed to incubate at
room temperature (25°C) for 24 h. For the sample
group, 500 puL of cells were inoculated separately
from each of the growth media into the tube
containing 4.5 mL of FTS (physiological saline).
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They formed a vortex and became homogeneous.
The resulting cells were considered diluted to 10°
! Then, 500 pL of these cells was taken and
inoculated into the tube again with 4.5 mL of
FTS. Vortex was performed. 500 pL of the
resulting 107 diluted cells was taken and re-
inoculated into the tube containing 4.5 mL FTS.
Vortex was performed. This procedure was
repeated until a 10 dilution was obtained. Then,
the cast plate method was applied 3 times for 3
types of wavelengths from cells diluted 10 and
10°. As applied to the control group, 1000 uL of
diluted cells were inoculated into empty petri
dishes, TSA was poured on them, and the petri
dishes were shaken gently to ensure
homogeneous distribution of the cells in the agar.
The planted agars were stored for freezing. The
petri dishes were then left closed for 24 hours
under light set at the specified wavelengths
(Figure 1 and Figure 2).

Figure 1. Taking bacteria into petri dishes

Figure 2. Blue light source with 460 nm wavelength
used in experiments (pedri and light distance:20cm)

S. aureus and E. coli strains were inoculated in
25 mL Nutrient Broth in 100 mL volumes of
flasks and incubated for 24 hours at 37°C 150
rpm mixing speed. After incubation, 500 uL of

cells were inoculated into each tube containing
4.5 mL FTS (physiological saline), separately
from each of the reproductive environments. By
making a vortex, they became
homogeneous. The diluted cells obtained
continued to be diluted until their optical density
(cell density-OD) was 0.5. Cells with an OD of
0.5 were considered the original cell. Then, 500
uL of these cells were taken and again inoculated
into the tube with 45 mL FTS. Vortex was
performed. The cells obtained were considered
as 101, 500 pL was taken from these cells again
and again inoculated into a tube containing 4.5
mL of FTS. Vortex was performed. The cells
obtained were considered as 1072, This procedure
was repeated in the same manner until 10
dilution was achieved. Then, spread plate
method was applied 3 times for 3 kinds of
wavelengths from 10# 10° and 10° diluted
cells. 100 pL of diluted cells were previously
inoculated into frozen petri dishes by pouring
TSA and the cells were spread on the surface
with a drigalski spatula. Petri dishes with cell
transplantation were left open for 24 hours under
the light set at the specified
wavelengths. Without any dilution (104, 10, 10°
®) for the control group, sowing was done by
spread plate method and left for 24 hours
incubation at room temperature (25°C).

3. Results

When the microorganisms were exposed UV and
blue lights for 24 hours, the number of colonies
decreased. However, the number of colonies was
never seen in both microorganisms exposed to
460 nm light in the visible region.

3.1. Result (preliminary trial)

Decrease in the number of colonies was observed
as also seen in Table 1. Colony numbers were
calculated and evaluated from the number of
white dots in Petri dishes (Figure3). But the
effect of 460 nm wavelength blue light gave very
good results in both bacteria. It completely
prevented the formation of colonies and was
observed to disappear.
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Table 1. Colony numbers of microorganisms
exposed to different wavelengths of light for 24
hours

Colony Number

Microorganism 254 nm 365nm 460 nm

S.aureus (10®) 13 3 0

S.aureus (10) 0 0 0
E.coli (10°%) ~210 ~2560 0
E.coli (10%) ~1840 ~432 0

Figure 3. Bacterial colonies (a,b,c: E.coli; d,e,f:
S.Aureus) seen under the influence of three different
wavelengths

3.2. Results (2nd trial)

Reproduction of E. coli stopped completely at
254 nm (Table 2). E. coli generation time is 20
minutes.

Table 2. E. coli colonies exposed to three different
wavelengths of light for 24 hours

Wavelength  10* 10° 10
(E.coli)

254 nm None None  None
365 nm pireferasyon 60 6
460 nm pireferasyon 117 12
Control pireferasyon 136 14

If there were 60 growths for 136 control at 365
nm, according to the results, the number of
bacteria growing was found to be 44%. The same
calculation was done for 460 nm. There was

86% growth, 14% growth was prevented.
Calculations were made for S. aureus based on
the results of the first trial. S. aureus generation
time is 30 minutes.

Table 3. S. aureus colonies exposed to three
different wavelengths of light for 24 hours

Wavelength (S. aureus)  10° 10
254 13 None
365 3 None
460 None None

S. aureus reproduction completely stopped at 460
nm. At 254 nm, there was a 14% growth, 86%
growth was prevented. There was 3% growth in
365nm, 97% growth was prevented (Table 3).

4. Conclusion and Discussion

When we look at the first trial results of the study
in general, light sources with 3 different
wavelengths (254 nm, 365 nm and 460 nm) were
used. While a significant decrease in colony
numbers was observed under the operating
condition of 254 nm and 365 nm wavelength
lights falling in the UV region, no colonies were
observed in the 460 nm wavelength light (Table
1 and Figure 3). In the second trial results, 44%
growth was achieved at 365 nm and 56% growth
was inhibited. S. aureus growth stopped
completely at 460 nm. At 254 nm, 14% growth
was achieved, 86% growth was inhibited. At 365
nm there was 3% growth, 97% growth was
inhibited.

As seen from the results, no significant bacterial
growth was observed at 460 nm. In our literature
studies, it can be seen that no study has been done
at this wavelength before. In other studies, some
results were obtained with visible light sources,
but a decrease in colony reproduction was
observed without destruction. A study stated that
the effect of blue light is better than other lights

[5].

Another study observed that wavelength of
Staphylococcus aureus (MRSA) intensity and
methicillin resistance irradiation at 405 and 470
nm reduced bacterial colonies at any intensity

[9].
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In one study, it was stated that a pressurized
mercury vapor lamp was used in the treatment of
the disease by destroying the DNA component of
bacteria and viruses at a wavelength of 254 nm
[22].

In our study, the effect of 460 nm light source on
these bacteria is relatively high. In addition, the
light source in the visible region does not cause
much damage to normal human cells. In some
cases, high-intensity visible light kills bacteria,
while visible and near-infrared light increases
bacterial growth.

As a result, it is important to evaluate the use of
the 460 nm light source in visible areas where
this type of bacteria is found, both in sterilization
and in the treatment of local infections, and also
in the examination and treatment of the new type
of coronavirus. and the precautions to be taken.

4.1. Suggestions

For the purpose of our study, the effects of visible
wavelength light on bacteria, especially E. coli
and S. aureus, were examined and compared with
other light sources close to UV regions. The 460
nm wavelength light source has been shown to be
more effective on two types of bacteria. These
two types of bacteria are extremely risky bacteria
that threaten human health. Antibiotic treatment
against them also negatively affects other
beneficial bacteria in the body. It especially
causes local throat infection. Therefore, it
increases the possibility of using blue light with
a wavelength of 460 nm against S. aureus. In the
first stage of the treatment, thanks to the blue
light source (460 nm) device, the reproduction of
this bacterium, which first settles in the throat
and mixes with the blood and causes infection,
can be stopped. If the initial infection that occurs
at the beginning of the human upper respiratory
tract is eliminated, the treatment process will be
shorter and the patient will recover more quickly.
Additionally, such bacteria can cause skin
infection. Especially the 460 nm wavelength
light source we apply to these places can help us
minimize infection. Infections in the body can
then be eliminated by using low doses of
antibiotics. In addition, the environments in the
hospital environment can be purified from these
bacteria and viruses by creating a sterile
environment by using lights at these
wavelengths. It is important to clean

environments where the risk of infection may
occur and to prevent the spread. Evaluating and
applying such alternative methods in the fight
against viruses in future studies will benefit new
treatment methods.
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1. Introduction address disasters, the concept of living in tiny
houses is becoming more attractive under present
conditions [3]. Small houses garnered substantial

attention in the aftermath of Hurricane Katrina in

Throughout the course of history, individuals
have utilized various forms of dwellings for

habitation. The Tiny House Movement has
emerged as a lifestyle option for individuals that
favor  minimalism,  cost-efficiency, and
environmental sustainability when it comes to
their housing preferences. The movement
originated with the establishment of the
Tumbleweed Tiny House company in the United
States in 2002 [1], and subsequently spread to
Europe and Australia in response to the economic
crisis in 2008. The transmission originated in our
nation subsequent to the 2019 Covid outbreak
[2]. The tiny house movement is a housing trend
that is popular among those who want to shift
from living in metropolitan apartments. Given
their affordable availability, adaptability for
temporary housing requirements, and capacity to

the United States [4]. After the earthquake on
February 6, 2023, a housing community called
'Ornek Evler' was established in Hatay to
accommodate survivors. This initiative was
announced through social media [5].

Despite the rise in popularity of tiny houses,
scientific research on the topic has not seen a
corresponding growth. In the United States and
Australia, the tiny house movement lacks
scholarly research [4, 6-8]. Mutter (2013)
observed a scarcity of scholarly studies on tiny
houses. In his study, he conducted interviews
with participants to inquire about their
motivations, problems, and growth potential [1].
Furthermore, it is suggested that a bigger sample
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size should be used when examining the
motivations for choosing to live in tiny houses
[7]. Wilson and Wadham's study revealed that
the growing popularity of tiny houses is a
multifaceted reaction to current economic
challenges faced by individuals and society as a
whole, serving as both a lifestyle choice and a
practical solution. The tiny house movement
symbolizes a community uniting on a small scale
in opposition to the larger real estate industry [9].

The majority of research on tiny dwellings
pertains to legal regulations [2]. Some of the
research has focused on areas such as the
potential of tiny houses to meet the housing
needs of the homeless, the evaluation of their
environmental impact, their integration into
variable contexts in terms of urban planning, and
the main motivations for living in tiny houses
[10, 11]. Mangold and Zschau (2019) conducted
study on the factors influencing the adoption of
the tiny house lifestyle. The research contends
that living in a compact house is a positive
lifestyle based on user interviews [8]. A different
study on tiny houses focuses on those opting for
a minimalist lifestyle [12].

In a study conducted by Cizmecioglu and
Tanriverdi Kaya (2022), it was concluded that
the main theme of international publications on
tiny houses is the main motivations of the users
[2]. People living in tiny houses have motivations
such as living a simpler life [8], being financially
secure [13], and having better sharing with close
people such as family and friends [14]. There is
a limited number of academic publications on
tiny dwellings in our country, and scientific study
on living in tiny houses is scarce. Conversely,
there has been a rise in the number of enterprises
specializing in designing and manufacturing tiny
dwellings in recent years.

Architects and engineers specializing in tiny
house design and construction assert that tiny
houses are ideal for individuals seeking to
circumvent financial obligations including
construction expenses, building permits, land
assessments, taxes, and administrative charges.
Tiny dwellings are also created with customized
designs simultaneously [15, 16]. In order to
understand which design factors are effective in

the widespread use of tiny houses, research needs
to be concentrated in this field.

This research aims to investigate the increasing
demand for tiny houses and the associated
lifestyle in recent years. It will focus on
identifying the specific user demographics,
geographic locations, factors influencing their
preferences, and their levels of satisfaction. The
study aims to explore the motivations behind
individuals who choose to live in tiny houses and
their level of contentment with this lifestyle. To
achieve this goal, in-depth interviews will be
conducted with consumers to gain insight into
their impressions of the tiny house, variables
influencing their preferences, and satisfaction
levels.

2. The Emergence and Development of the
Concept of the Tiny House

Providing shelter, which is a basic biological
need, resulted in the development of secure
enclosed spaces in a straightforward manner
many years ago. The original structures
constructed to offer shelter might be regarded as
the fundamental basis of the tiny house concept.
This section explores the notion of tiny houses,
which originated in the USA as part of the "Tiny
House Movement." It delves into textual sources
by architects and designers considered
foundational to the movement and the evolution
of tiny house designs.

2.1. The tiny house movement and the global
development of tiny houses

The Tiny House Movement is a developing
culture embraced by individuals who choose to
simplify their living, prioritize personal freedom,
and make their lives easier [17]. The origins of
the concept of 'Tiny House', which has become
increasingly recognized by the public in recent
years, date back to the 19th century romanticism
of Thoreau and Emerson [18]. In the book
"Walden" written by Henry David Thoreau in the
1850s, the concept of a tiny house is expressed as
a self-sufficient life that makes it easier to own a
house by building a tiny house [19]. Frank Lloyd
Wright's book "The Natural House," published in
1950, was influential in shaping the notion and
lifestyle of living in tiny houses. Frank Lloyd
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Wright outlines an ideal scenario of small, one-
story, cost-effective homes constructed from
natural materials in what he terms the "Usonian
Dream," aligning with the concept of tiny houses.
Following that, the houses designed by Wright
were built and gained popularity among middle-
class inhabitants [20].

Le Corbusier was an architect renowned for his
designs of compact dwellings. Corbusier's
encounters with restricted spaces throughout his
travels motivated him to integrate these small
living arrangements into his architectural
designs. The architect built a little house called
Le Cabanon, with dimensions of 3.66 m x 3.66
m, using architectural principles derived from
careful observation and experimentation [21].
Lloyd Kahn, a writer, photographer, and
architect, published the book "Shelter" in 1973,
followed by "Home Work: Handbuilt Shelter” in
2004, which, along with his other works, played
a vital role in popularizing the tiny house
movement [22].

The widespread prominence of the tiny house
concept has been impacted by the 1987 book
"Tiny Houses" authored by renowned architect
Lester Walker. [23]. Sarah Susanka, an American
individual whose spouse is also an architect, is a
key figure in popularizing the modern version of
the tiny house movement. Furthermore, they
have resided in a compact yet highly functional
dwelling that they built themselves. In 1998,
Susanka wrote a book called "The Not So Big
House, A Blueprint for the Way We Really
Live," which specifically Explorer the concept of
tiny houses [22].

In 1999, Jay Shafer, a well-known advocate of
the Tiny House Movement, published his first
book on the subject, titled "The Small House
Book™. In 2000, he established the
"TumbleweedTiny House Company"” to create
and produce "tiny houses" [22]. The notion of
tiny houses has garnered worldwide acclaim
through television programs, social media
videos, documentaries, and several other media
outlets [3, 4].

2.2. The beginning and development of tiny
houses in Tiirkiye

Architects and designers enthusiastically adopted
the Tiny House Movement and attempted to
promote it widely through the release of
publications, as shown in its historical record.
While Turkey has a plethora of information
available on social media on tiny houses, there is
a scarcity of published scholarly papers on the
subject in the country.

The emergence of tiny houses in Turkey began in
2020, coinciding with the outbreak of the Covid-
19 pandemic [2, 24]. However, the widespread
adoption of tiny houses in Turkey did not start
with architects or designers embracing this idea.
Instead, it spread by the increasing number of
tiny house manufacturers and the recognition of
tiny houses as an alternative for individuals who
were unable to relocate from their homes during
the pandemic.

3. Materials and Methods

A tiny house is typically defined as a residential
unit that is smaller than 37 m?, although there is
no universally accepted standard definition. Tiny
dwellings range in size from 6 to 37 square
meters [1].Typically, these houses consist of a
kitchen, living space, sleeping area, and
bathroom [25]. According to Jay Shafer, a tiny
house is characterized by the adequate utilization
of its available space rather than its size [26].

The growing popularity of tiny houses in our
country has prompted the evaluation of whether
customer expectations are being satisfied by
using the obtained experiences. There is a
scarcity of research studies, such as surveys and
interviews, on tiny houses in the literature. The
purpose of this study is to cast light on the
preferences and levels of satisfaction of
individuals who have previously adopted this
way of life. The methodology employed in this
study involves conducting interviews with
individuals living in tiny houses. The initial
phase of the research entailed conducting a
literature review pertaining to the notion of a tiny
house.
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The city of Bursa was selected for the case sudy
because of the recent rise in immigration rates,
challenges in locating housing due to increased
population density, and the subsequent
preference for tiny residences. Interviews were
conducted in the Alaaddinbey Neighborhood of
Niliifer District in Bursa Province because of its
close proximity to the city center and the
existence of densely populated residential areas.
A series of interviews were conducted with 20
individuals who own tiny houses in the area. The
purpose was to assess their levels of satisfaction
and determine the factors influencing their desire
for these dwellings. This analysis was based on
the data acquired from their responses. Based on
the research results, assessments were conducted
about housing preferences and utilization. The
insights will also be beneficial for designers and
novice users.

3.1. Reasons why people living in tiny houses
in Bursa prefer this lifestyle and their
satisfaction levels

A set of interview questions were formulated in
response to the literature review that was
essential for measuring the level of satisfaction
among individuals who have lived in tiny houses.
Various sources on the development of tiny
houses were used to explore factors affecting
satisfaction and preferences due to the limited
regional research on tiny house satisfaction and
the need to compare with international sources
[1, 8, 11]. The survey questions in master theses
and papers analyzing user satisfaction in housing
were taken as references [7, 27-29]. Interview
questions were prepared together with the
questions that examined area-specific dynamics
in the context of the analyzed researches.

The questions were formulated in a manner that
allowed individuals to assess their experiences
pertaining to this particular way of living. Some
of the questions were closed-ended, and although
options were given in these questions, the
opportunity to answer freely was also provided.
In the preparation of the interview form, it is
aimed to reveal the profile of tiny house users and
to determine some criteria that feed this profile.
In this context, the questions were prepared in a
way to examine the reason for the users'
preference for this lifestyle, the way of use,

physical, environmental and social dimensions as
well as their experiences. In some questions,
more than one option could be selected. As a
result of the interviews with the manufacturer
companies that sell tiny houses, it was concluded
that these houses are more concentrated in
Niliifer district compared to other districts. The
Alaaddinbey Neighborhood in Niliifer District
was chosen as the study area because it is a
neighborhood with a high density of tiny houses.
The findings obtained as a result of the
interviews are presented in the next section.

4. Findings and Discussion

Following a predetermined set of interview
questions, we conducted interviews with
residents of the Alaaddinbey Neighborhood in
the Niliifer District of Bursa Province who chose
to live in tiny houses. Table 1 presents the
demographic characteristics of the participants.

The findings of the study indicate that 9 of the 20
participants fall within the age range of 35 to 44
years, 5 of them are 55 years or older, and 4 of
them are 45 to 54 years of age. The age group
with the fewest participants is 25-34, consisting
of only 2 individuals. There were 11 male
participants and 9 female ones. In relation to the
participants' educational attainment, it is as
follows: 8 hold a bachelor's degree, 6 have
completed primary school, 4 have completed
secondary school, and 2 have completed
postgraduate studies. 2 of the participants are
unmarried, while 18 are married. Out of the
participants, 10 are self-employed, 6 are retired,
and 4 are employed full-time. Out of the
participants, 8 individuals have a monthly
household income ranging from 30,000 TL to
40,000 TL, whilst 6 participants have a monthly
income below 10,000 TL. Two participants have
incomes ranging from 10,000TL to 20,000TL,
two participants have from 20,000TL to
30,000TL, and two participants have incomes
ranging from 40,000TL to 50,000TL. As
indicated in Table 1, users with diverse
demographic profiles demonstrate a preference
for tiny houses [4].
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Table 1. Demographic information of participants

Table 2. Preference reason and usage duration of

Variable  Group n % tiny house
Gender Female 9 45 Variable Group n %
Male 11 55 Close to the city 16 80
A 18< center
ge 8 Near the mountain
18-24 Location Close to the Sea
25-34 2 10 -
3544 9 45 z!::age Center 2 18
45-54 4 20 o - 100
pending time in
55> 5 25
nature
Education  Primary 6 30 A more minimalist 2 10
education life
High School 4 20 Reasons for  No zoning permit 2 10
University 8 40 ﬁt‘;"isr‘:';g to._required
Postgraduate 2 10 tiny house ECOI’].C;I'T]IC?L 2 10
. . roviding the
Marital Single 2 10 possibility to move
Status _ the dwelling
M_arrled 18 90 A healthy life 2 10
Divorced Grandchildren 1 5
W'dOW Frequency  Continuous 2 10
Job Status  Full time 4 20 of use of Weekends 12 60
Part-time the Y periodic 6 30
;Jer}(famployed 10 50 Distance to work
employment Not comfortable
- enough
Housewife Reason for  Having another house 18 90
Student not living that is lived in
Retired 6 30 permanently  permanently, using
Household  10.000TL< 6 30 this house as a
Income secondalr/y holL(Jse clj‘or
seasonal/weeken
10.000TL- 2 10 vacations
20.000TL Lack of electricity 2 10
20.000TL- 2 10
1year < 9 45
30.000TL Time to 1_); car 5 25
30.000TL- 8 40 experience Y
40.000TL the tiny 35 year
: h
40.000TL- 2 10 ouse 5 year > 6 30
50.000TL _Time spent  1-2 hour 15 75
50.000TL> :jndf_’orsth 2-5 hour 3 15
uring the
o ) day outside 5 hour > 2 10
Based on the statistics, it can be concluded that _sleep time  Full day
the preference for tiny dwellings and this lifestyle ~ Timespent 2 hour< 3 15
‘ i : . inthe patio 2.5 hour 11 55
is primarily observed among middle-aged and  or garden = hour > 5 30
older individuals who have greater levels of  of the tiny
house

education, are either employed or retired, and are
married. The presence of low-income customers
who are able to obtain tiny houses supports the
finding that tiny houses can serve as an appealing
and affordable dwelling option [28, 29]. Thus, it
may be asserted that couples with demanding
work schedules prefer for this lifestyle for the
purpose of getting away their professional
commitments.

Table 2 presents the reasons for preferring a
compact dwelling and the length of time it is
used. Based on the data presented in the table, 16
participants indicated that their tiny houses were
located near the city center, whereas 4
participants mentioned that their houses were
located in the village. When queried about their
motivations for choosing to reside in a tiny
house, all respondents unanimously cited their
desire to spend time in and engage with nature.

949



Sakarya University Journal of Science, 28(5) 2024, 945-958

This situation supports prior research [1, 11, 14].
A more minimalist life, not requiring a zoning
permit, being economical, spending time with
grandchildren, and maintaining a healthy life
each have a share of 2 people. Twelve of the
participants stated that they live in this house on
weekends, 2 live here permanently and 6 live
here periodically. When those who do not live in
this house permanently were asked why, 18 of
the participants stated that they have another
house where they live permanently and 2 of them
stated that they could not stay in this house due
to lack of electricity.

All the data shows that the middle and older age
group prefer these houses and lifestyle for
physical and mental rest. The fact that 90% of the
users prefer tiny houses on weekends or
periodically in the summer months supports the
fact that these houses are preferred for spending
time with the family in nature and resting. The
fact that the tiny houses of the participants are
located close to the city center plays an
advantageous role in terms of transportation so
that they can be used on weekends or only during
certain weeks. When asked about the duration of
their residence in a tiny house, 9 respondents
indicated a period of less than 1 year, 5
respondents indicated a period of 1-3 years, and
6 respondents indicated a period exceeding 5
years. This scenario demonstrates the prevalence
of this way of life, particularly following the
outbreak of the Covid-19 pandemic and the
occurrence of the earthquake tragedy in February
2023 [30].

When the time spent of the participants indoors
during the day was analyzed, 15 of them stated
that they spent 1-2 hours outside of sleep time. 3
of them stated between 2-5 hours and 2 of them
stated more than 5 hours. As for the time spent in
the patio or garden of the tiny house, 11 of the
participants spent between 2-5 hours, 3 of them
spent less than 2 hours and 6 of them spent more
than 5 hours. The fact that the users
predominantly spend time outdoors supports the
reasons for tiny house preferences such as
spending time in nature, experiencing the
outdoors, and living a minimalist life [11].

Table 3 presents the physical characteristics of
the tiny houses as reported by the participants.
The number of participants who did not
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participate to the design process of their tiny
house is 4. Due to the vast range of difficulties
such as structure material selection and furniture
design in mobile houses, the production methods
have also become more varied. Although there
are legal restrictions on production, there are
many  specialized industrial  production
companies [31]. Several tiny house production
companies in Bursa were also surveyed, and it
was determined that tiny houses are often
manufactured with a standardized structure.
However, modifications can be made to
accommodate customer preferences.

Table 3. User opinions regarding tiny house design

Variable Group n %
No participation 4 20
Changes made 8 40

regarding windows

Changes have been 12 60
made regarding

furniture

Changes have been 8 40

Participation to
the design of the

made to the
dimensions

tiny house Changes made 8 40
regarding materials
Changes made 8 40
regarding colors
Amendment on 6 30
spatial layout
Changes made
regarding flexible
use
Amendment on the
flexibility of
furniture
Whether the tiny  Yes, it has 11 55
house has the
interior
organization
meeting spatial . ,
needs compared to No, it doesn’t have 9 45
apartments with
conventional plan
typology
Whether the Yes, it is 10
interior of the tiny ~ Ng it isn’t 10 50
house) is large
enough to meet
your needs
Satisfaction with Yes, | am satisfied 12 60
the plan of the tiny No, I'm not 8 40
house, the layout satisfied
of the spaces, and
the internal
volume
Single storey 13 65
Number of floors Two storeys 3 15
of the tiny house Mezzanine 4 20
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8 of the participants made changes in furniture in
line with their needs. The number of participants
who made changes related to windows,
dimensions of the house, materials used and
colors is 8 with a rate of 40%. Another question
refers to whether tiny dwellings include interior
furnishings that satisfy the spatial (functional)
criteria in comparison to apartments with a
standard floor plan typology. Upon evaluating
user opinions regarding this issue, 11 users
expressed that it is sufficient, while 9 users
expressed that it is not sufficient. Nevertheless, a
notable circumstance is that this dwelling
category is unsuitable for a permanent residence
for a family of four.

Regarding the interior space of the tiny house,
some users have expressed concerns about its
adequacy in meeting their needs. Specifically,
they have mentioned that due to having a
significant number of belongings, primarily due
to having small children, the tiny house does not
provide sufficient storage capacity.
Consequently, they find it difficult to constantly
carry their belongings. Previous comments
indicated that the dwelling should be larger to
accommodate a large number of household
members. However, it was deemed sufficient for
a temporary period based on the specific
characteristics of the area and time. When asked
about their satisfaction regarding the design,
layout, and internal space of the tiny house, the
feedback indicated that it was satisfactory. This
was because it was not used continuously, it met
the required width standards, it created a feeling
of being spacious and it effectively fulfilled its
intended purpose. When the cross-sectional
relationship of the tiny houses is analyzed, it is
evident that 13 participants reside in single-
storey houses, while 3 live in two-storey houses,
and 4 participants have a mezzanine level in their
dwellings asserted that waste disposal services
are not provided (Table 3).

Table 4 displays the social and environmental
statistics related to the participants' tiny
dwellings. Upon analyzing the capacity of
participants to fulfill their daily requirements
while residing in tiny houses, it was found that
11 of them were able to effortlessly meet their
daily needs. Eight of them have sufficient storage
capacity to last them for the duration of their stay

at home, eliminating the need for additional
supplies for an extended period of time. One of
them experiences challenges in fulfilling their
everyday need (Figures 1,2). Two participants
reported that they cultivate and harvest 90% of
their vegetables in their garden (Figure 3).

igure 3. An imgeof a tiny house garden

Tiny houses are typically situated in rural
locations, which are further distant from urban
areas, and characterized by a prevailing natural
environment. This could potentially result in
security vulnerabilities, particularly during
nighttime hours. Upon analyzing the participants'
attitudes of security and their need for security
measures, it was found that 6 of them reported
having fences surrounding their houses. Four
individuals reported having security cameras,
whereas seven individuals reported not
experiencing any security issues. Two
participants reported instances of theft during
their absence from the residence, but felt secure
due to the presence of their dog. The users were
observed to propose their own solutions to the
security concern. Additionally, these individuals
asserted that waste disposal services are not
provided.
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Table 4. User opinions r_egarding socio-physical This assumption was challenged based on the
qualities idea that the simultaneous existence of

Variable Group n._ % households in tiny houses designed in a single
Eas"ﬁwe'zom?d . 11 55 unit with a minimal area and living space would
Opportunity to  Stored so et fwll = lead to privacy issues. Upon examining the issue
meet daily needs . T of visual and aural privacy in a tiny dwelling, it
while living in a 9 ..
tiny house Changes have been becomes apparent that the participants do not
ace Fegarding 12 ¢ have any privacy concerns. When questioned
Perception of No security issues 7 35 about the appropriateness of residing in a tiny
safety of tiny Surrounded by 6 20 house for families with children, individuals who
house fence work a 5-day schedule, individuals with
nerelsasecunity 4 g9 disabilities, and the elderly, 12 participants
Not safe enough 3 15 affirmed its acceptability. Upon analyzing the
Visual and There is communication infrastructure in the region,
auditory privacy None 20 100 including electricity, GSM, internet connection,
problem __ : and base stations, it was found that these services
Living in a tiny Suitable 12 60 ) . . . .
house is suitable were available in the area where 14 individuals
for families with resided.
children, 5-day .
; Not suitable 8 40
routine workers,
disabled people Out of the respondents, 12 expressed pleasure
and the elderly with the quality of materials used in tiny houses,
Er'ggtg'fcttx] ;/” the  Thereis 14 70 while 10 expressed satisfaction with the level of
house, GSM, workmanship. Out of the total, 8 individuals
internet None 6 30 express dissatisfaction with the caliber of the
g:’a“t?:r‘:“"”' base workforce, while 2 individuals express
There are no dissatisfaction with the caliber of the supplies.
neighbors around The level of satisfaction with these parameters is
There are neighbors dependent on the firm that developed the
nearby, but not 4 20 ..
Social negotiated program. User pleasure is influenced by the type
relationships &  There are neighbors and quality of materials employed by
neighborhood gfearby and under 14 70 manufacturers. 6% of respondents indicated that
It',sscsscsgﬁzction of certain areas of the house necessitate regular
tiny houses living in 2 10 upkeep due to the natural deterioration of the
a settlement wooden materials used in construction. Two
dG:;f'igﬂte“"“gh 18 90 users specifically mentioned that the kitchen
Goog termal requires maintenance.
comfort level 13 65
C°’3.f:’.” - Oedn‘iﬂ‘;‘?itgn 18 9 When assessing neighborly interactions and
naition . .. .
tiny house . No problem in hot frequency, 14 individuals reported having
water supply 8 40 neighbors in close proximity and regularly
Adequate lighting 20 100 interacting with them. Four of the participants
Soonﬂfoffd'tory 14 70 reported that there are homes in close proximity
Solar panels 5 30 that they may potentlally_ have as nelgh_bors, but
Compost toilet they hav_e not ha_d any interactions Wlt_h th_em.
system Two individuals indicated that they reside in a
Contribution of f:fi'”z;’vﬂztﬁr usage for community comprised of and enjoy highly
implementation e amicable relationships with their neighbors. An
Energy with lithium
to sustainability . 2 10 . . .. ..
batteries storage influential component in tiny houses determining
Natural materials in the level satisfaction with tiny houses is its pre-
the construction of 15 75

the house

use design [32].
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When questioned about the satisfaction of the
participants regarding the comfort conditions of
their tiny houses, all of them expressed
contentment with the degree of illumination.
Additionally, 18 participants confirmed that they
received an adequate amount of daylight and that
the ventilation was satisfactory. 13% reported
that the thermal comfort and auditory comfort
levels were satisfactory. Out of all the
participants, only 8 reported having no problems
with the hot water supply. Regarding the extent
to which the tiny house contributes to
sustainability, 15 participants indicated that the
house was constructed using natural materials
(Figure 4). Out of the total, six individuals have
the capability to get hot water through the
utilization of solar panels, while two individuals
possess the ability to store energy using lithium
batteries. Regarding the adequacy of the storage
space in the tiny house, two individuals

expressed that it is insufficient, while two others
indicated that it is small.

o e

age of a wooden tiny house
bedroom

ifigure 4, n im .Ej

Table 5 presents the participants’ satisfaction
levels with their experiences of living in a tiny
house. Eleven individuals reported that they
embraced this lifestyle. Out of the 5 individuals,
it was reported that they were unable to adapt to
the lifestyle provided by the little house.
Additionally, 2 individuals expressed their
inability to reside in the tiny house on a long-term
basis, while another 2 individuals mentioned
their reluctance to stay during the winter
season.Living permanently in a tiny house
presents challenges in terms of adapting routines
acquired from larger houses. Living in a compact
house during winter is less desirable compared to
summer since the usage of the garden is limited.

Table 5. Participants’ satisfaction levels with their
experiences of living in a tiny house.

Variable Group n %
I’'m embraced it very 11 55
much

Belonging to I couldn’t quite used to 5 25

tiny house life  [’m having difficulty 2 10
]Icc?rlé\elsesrl can't stay 2 10
Intertwined with 16 80
nature
Ecological life 2 10

Positive Calm ! 3

aspects of ;;?gqu'“ty 4 20

living ina €INg away from the 5 25

tiny house city -

Healthy lifestyle 2 10

Away from noise 3 15

Everything is easy to 2 10

access

Small 2 10
. Security problem 2 10

Negative Energy shortage 5 25

a}spect:s of Transportation

living in difficSIty 6 30

tiny house
Pest problem 3 15
None 2 10

Parts of the None 15 75

tiny house The solar energy 3 15

that you system must be large

regret and The terrace can be 1 c

want to covered

change as you

use them Can be fireplace 1 5

When asked about the three favorable

characteristics of residing in a tiny house, the
predominant user replies were as follows:
Embracing a symbiotic relationship with nature,
leading an ecologically conscious lifestyle,
enjoying peace and serenity, reducing stress
levels, engaging in gardening and cultivating a
connection with the earth, seeking solace away
from urban environment [33], good health,
cultivating fruits and vegetables through
gardening, a peaceful setting away from noise, a
natural surrounding, convenient access to
amenities, and a spacious garden area.
Additionally, it should be noted that tiny houses
offer a financially efficient housing option [25].

The primary concerns expressed by users
regarding the drawbacks of residing in a tiny
house include limited space, absence of a
security system, energy issues, water supply
interruptions, pump malfunctions, electricity

953



Sakarya University Journal of Science, 28(5) 2024, 945-958

shortages, transportation challenges, waste
management, commuting difficulties, presence
of insects and snakes, and limited access to
public transportation.

When asked about the aspects of the tiny house
that they feel regretful about and wish to modify
when they utilize it, the user's responses are
notable: A solar energy system with increased
capacity, elevated floor height, a sheltered
terrace, and a fireplace. The predominant user
comments, when queried about additional
suggestions, included the need for an expanded
garden space to accommodate dense populations
and the desire for a more secure atmosphere.

5. Conclusion

This study involved conducting interviews with
20 residents of tiny houses in the Alaaddinbey
Neighborhood of Niliifer District, Bursa
Province. The data acquired from the interviews
were analyzed to determine the level of user
satisfaction. The study took into account the
demographic characteristics of tiny home users,
as well as the physical and environmental
features of the houses. Additionally, user
satisfaction was evaluated. Within the realm of
literature studies, interviews were performed
with individuals who reside in tiny dwellings in
order to ascertain their aspirations. The lack of a
satisfaction survey that examines both the factors
influencing desire and the extent to which
expectations are met following the experience
has highlighted the need for performing such a
study. The main aim of this study is to help
architects, interior designers, and other
professional groups engaged in the design of tiny
houses to consider the expectations of tiny house
users in their upcoming projects.

A significant number of individuals who prefer
to live in tiny houses do not do so for an extended
period, often due to their ownership of another
dwelling. Generally, the selected location is
situated in close proximity to the city center,
ensuring convenient transportation access for the
majority of participants. The majority of
residents are those who feel overwhelmed by
urban living but desire to spend time immersed
in the natural environment. While the limited
space in tiny houses presents challenges for

users, such as the inability to store all their
belongings in the accustomed order and the need
to adapt to a narrower living area, it is worth
noting that users consciously choose these tiny
houses.

This aligns with previous research and helps to
mitigate any potential dissatisfaction. The
primary objective of the users is to engage in
outdoor activities, particularly in the gardens of
their residences, as opposed to spending their
time indoors. Since tiny home owners usually
place their homes in large gardens, they are all
capable of achieving their goal of completely
immersing themselves in nature. From this
context, it can be concluded that a tiny house
lacking a garden is undesirable since it prevents
one from enjoying the natural environment
beyond the boundaries of the dwelling. The
majority of individuals residing in tiny dwellings
do not encounter any substantial issues regarding
security.

Typically, residences are enclosed by a fence to
ensure security. However, it has been found that
certain residents have encountered security risks,
such as theft and the presence of unfamiliar
individuals in the vicinity. The residences of
individuals experiencing security issues are
located in suburban areas, surrounded by other
residential properties. Furthermore, it has been
noted that those who have robust connections
with their neighbors do not encounter any
security issues. When designing tiny houses to
meet security issues, various solutions can be
proposed using technical methods such as
security cameras, alarm systems, motion sensors,
and timed lighting.

Based on the observations, the overall
satisfaction of young individuals with their lives
vary depending on their relationship with the
environment. This pertains to how individuals
engage with the environmental characteristics of
the region and whether they have social
connections within the nearby community.
Regarding the satisfaction evaluation of the
younger age cohorts, there was no explicit
correlation observed between the design of the
tiny houses. Considering that younger age
cohorts generally exhibit a proclivity for
socializing with their peers, it is recommended to
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build communal areas that facilitate their
connection with others.

Several users claim to utilize solar panels to
generate electricity for their tiny houses. Some
users intend to enhance energy efficiency by
gradually increasing the quantity of panels. The
inference is that certain comfort circumstances
are contingent upon the state of the economy.
Regrettably, individuals lacking sufficient
financial means are unable to afford or access
solar panels at the appropriate frequency or
possess them altogether. If the cost of deploying
technology such as solar panels cannot be met,
alternative  options  including  electrical
installations on land can be considered. In the
absence of power for heating, stoves constructed
with appropriate materials and insulation can
function as ann effective alternative.

The majority of users modified the structural
characteristics or interior decorations of a
prefabricated tiny house. This demonstrates the
benefits of constructing tiny houses that
accommodate specific and distinct needs. It is
important to acknowledge that participatory
design approaches can be employed in this
context. Nevertheless, it appears advantageous to
provide adaptable solutions that are appropriate
for various user categories and varying sizes of
families.

As a result, most users expect that residing in a
tiny house will enable them to avoid city life and
fully engage in a natural way of living.
According to feedback from residents, it can be
confidently stated that these expectations are not
only met, but exceeded. Users face several
obstacles due to factors such as limited utilization
and storage capacity, constrained interior space,
and security concerns. These challenges are
influenced by the number of residents and the
dimensions of the residences. In this minimalist
lifestyle, it is clear that people who are aware of
the benefits of the settlement structure are drawn
to this way of living. Individuals that adopt a
minimalist lifestyle, emphasize spending time in
nature, demonstrate resilience in the face of
moderate problems, and want to live in
environmentally-friendly ~ and sustainable
environments are likely to have much higher
levels of enjoyment. It is important to note that

the ideal tiny house includes a garden that is
suited for leisure activities.

The design of tiny houses is a crucial component
that has a favorable impact on the degree of
satisfaction. The spatial layout and furniture
design optimize user satisfaction by enabling
diverse utilization without compromising
available space. It can be argued that individuals
who have a limited desire to explore outside of
their comfort zone, who do not derive pleasure
from being in natural environments, who feel
uncomfortable in small, enclosed spaces with
low ceilings, who often host guests for extended
periods of time, and who have hobbies that are
not suitable for a tiny house, are unlikely to find
satisfaction in this lifestyle.

This research provides recommendations for
addressing user satisfaction in the design phase
of tiny houses by determining user preferences,
developing innovative spatial solutions that meet
the requirements, producing neighborhood units
for security, and utilizing suitable sustainable
energy alternatives. These guidelines can
function as a definitive reference. Due to the
limited number of participants in this study, it is
essential to conduct further satisfaction surveys
on residing in tiny houses in the future,
particularly in areas with varied geographical and
socioeconomic characteristics. Potential areas
for future investigation encompass examining the
satisfaction of diverse social groups residing in
regions with varying attributes, as well as
proposing design implications to improve
residential satisfaction in tiny houses.
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closely by the phenomenon called project crashing. This study introduces traditional
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of the genetic algorithm approach over the traditional approach. It is observed that
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are appropriately selected. This study presents the contribution of operational
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following the indicated procedures to incorporate genetic algorithm into optimization
issues in different fields.
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1. Introduction cost overruns implies that these two phenomena

should be studied together [6]. Poor scheduling,

The subject of project management has attracted
the attention of practitioners and researchers
from different disciplines such as management
science, organization theory, operations
management, and social psychology [1]. Even
though many factors have been defined for the
successful delivery of projects [2], it is an
undeniable fact that many projects fail to perform
as intended and experience delays and cost
overruns [3, 4], which may put project viability
at risk [5]. The integrated nature of delays and

therefore, has been frequently specified as the
main reason behind the project management
failures [7].

Management of large-scale projects necessitates
coordination of many activities with different
costs and durations [8]. Achievement of project
success requires organizations to efficiently
assign resources to these activities. The project
scheduling optimization has a wide range of
applications in the fields of construction,
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production planning, and manufacturing [9]. The
issue lies at the heart of project management and
has attracted great attention in academia [10].
Many researchers have attempted to find
solutions to the issue since 1960s. The solutions
have focused on creating a project schedule to
minimize the project cost and duration [11].

Project crashing is a schedule compression
technique that aims to minimize the total cost of
the project. The technique is based on analyzing
the cost and duration trade-offs to obtain the
greatest compression in project schedule for the
least incremental cost. The project duration is
reduced by shortening the critical path, which
corresponds to the longest sequence of activities.
Even though shortening the critical path requires
greater resource allocation to certain activities on
the critical path (implying an increase in activity
costs), reduction in the project duration can
provide savings in penalty associated with the
project delay. As long as the savings obtained
outweigh the increase in activity costs, such an
attempt helps the project managers decrease the
total cost of the project.

Project crashing has been traditionally carried
out with a multi-phase schedule compression
method. In recent vyears, development of
metaheuristic  algorithms like the genetic
algorithm has enabled researchers to identify the
optimized solutions for such complicated issues.
Several researchers have utilized metaheuristic
algorithms to overcome the challenges
encountered in such events [12]. This study
makes a comparison between the traditional
solution and genetic algorithm approach for the
project crashing events. In this regard, the project
crashing event is visualized; the project crashing
concept is introduced; and a typical problem is
represented in a table format. The steps followed
by the traditional approach are presented and the
procedures necessary to adopt the genetic
algorithm approach are clarified. Implementation
of these alternative approaches on a typical
problem is illustrated with a case study. The
advantages and disadvantages of genetic
algorithm adoption over the traditional solution
are observed.

The paper is organized as follows: Section 2
describes the genetic algorithm concept and

summarizes the fields genetic algorithm have
been used for. Section 3 explains the
methodology; visualization of the project
crashing event, description of the alternative
approaches, and illustration with a case study.
The steps followed by the traditional solution and
genetic algorithm approach are explained, and
advantages/disadvantages are discussed in
Section 4. Finally, Section 5 presents the
conclusion; summary of the results, contribution
to the body of knowledge, and limitations of the
study.

2. Research Background
2.1. The genetic algorithm concepts

Genetic algorithm is a well-known population-
based metaheuristic algorithm inspired from the
biological evolution process [13]. The algorithm
was proposed by John Holland in 1970s and is
based on the Darwinian theory of the survival of
the fittest [14]. The optimization process of
genetic algorithm is illustrated in Figure 1. The
process starts with randomly generating an initial
population. A certain number of individuals are
created, where each individual represents a
solution the problem [15]. A fitness function is
used to evaluate the fitness of each individual
[16]. The fitness value indicates the likelihood of
each individual to survive and reproduce in the
new population [17].

Generation of the initial population is followed
by evolution toward better solutions by means of
genetic operators: selection, cross-over, and
mutation [18]. The selection operator chooses the
fitter individuals in the current population as
parents to give birth to individuals in the new
population [19]. The cross-over operator takes
the chosen individuals and generates the new
individuals by crossing the genes between pairs
of parents [20]. The mutation operator changes
the genes in the new population to increase the
diversity [21]. It helps the algorithm exploit all
the search space [22]. In short, the cross-over
operator provides better future generations, while
the mutation operator prevents the algorithm
from getting stuck at local optima [23].

Generation of the new population by subjecting
the current population to the genetic operators is
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an iterative process. The iteration is repeated
until the number of iterations equals to a
predefined value for maximum generations,
which implies that the termination criterion is
met [24]. Satisfaction of the criterion results in

An initial population is
randomly generated

termination of the algorithm [25]. The best-so-far
solution, the individual with the most satisfactory
fitness value, is regarded as the optimal solution.
The results obtained for the optimal solution are
displayed.

\:

The fithess function is
calculated

Is the termination
criterion met?

A new population is
generated

Iteration

Yes

No { Selection ]—{Cr‘oss-over H Mutation \

The algor‘l‘rhm is
ferminated

L

C

The results are
displayed

—
D

Genetic Operators

Figure 1. Genetic algorithm optimization process

2.2. Utilization of genetic algorithms for
optimization

The metaheuristic algorithms, especially the
genetic algorithms, have been utilized for various
optimization purposes such as construction
material design, energy efficiency in buildings,
project layout planning, and project scheduling.
A group of studies have attempted to optimize
the design of construction elements. Genetic
algorithms have been developed to optimize the
design of multi-story composite steel frames
[26], to minimize the construction cost of mass
concrete [27], to produce asphalt mixtures
complying with  applicable  specification
requirements [28], to predict the adhesion
strength [29], to mitigate the risk of early-age
thermal cracking and delayed ettringite
formation in mass concrete [30], to identify
optimum parameter settings for aluminum-based
hybrid metal matrix composite material [31].
Other metaheuristics-based algorithms have also
been proposed for the design of cantilever
retaining walls [32] and cantilever beams [33].

Another group of studies have used genetic
algorithm to improve the energy efficiency in
buildings. Several researchers have aimed at
improving the energy efficiency through
developing building retrofitting strategies [34].
Retrofitting has been done for school buildings
[35], green building compliance [36], and
residential buildings within a budget constraint
[37]. Energy efficiency has been enhanced in
another group of study with a focus on the
heating energy consumption. The researchers
have either developed algorithms to forecast the
heating loads [38] or determined the optimum
thermal design [39].

Several researchers have conducted studies for
the optimization of project layout planning and
logistics network design with the use of
metaheuristic algorithms. Elements of the
industrial production systems have been arranged
in a number of studies as a part of the business
operation strategy [40]. Multi-objective particle
swarm optimization algorithm was proposed to
minimize the construction safety risks of cranes
and the total travelling distance of resources [41].
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Non-dominated sorting genetic algorithm
(NSGA) Il was adapted to find the optimum
location of facilities and transport network
design to obtain sustainable supply-chain-
network [42]. The link capacities and
environmental protection were expressed as the
problem constraints. A genetic algorithm-based
model was proposed to solve the bus terminal
location problem through finding efficient
allocation patterns for assigning stations
terminals [43]. The path planning in an unknown
or partially known environment was resolved
with artificial bee colony algorithm and
evolutionary programming [44].

Project/program scheduling has been another
application field of genetic algorithms.
Algorithms have been wused by several
researchers for resource constraint optimization
problems in construction [45, 46]. A genetic
algorithm using a two-point crossover operator
was proposed to a resource-constrained project
scheduling problem with sequence dependent
transfer times and the proposed algorithm could
efficiently solve these problems [47]. A novel
genetic algorithm incorporating complicated
activity-dependencies for the resource leveling
problem was developed by Li et al. [48]. The
model could achieve near optimal solutions in
fractions of a second. A NSGA-III-based
algorithm was produced for a bi-objective
hierarchical ~ resource-constrained  program
scheduling problem [49]. The computational
simulations  confirmed  the  satisfactory
performance of the model. In another study, a
construction  schedule was automatically
generated by extracting data from a building
information modeling product [50]. Behera and
Sobhanayak [51] utilized genetic algorithm to
optimize task scheduling in heterogeneous cloud
computing environments.

Previous studies using the genetic algorithm
concept for addressing certain optimization
issues have mainly attempted to come up with
solutions to these specific issues and have not
clarified the steps that should be followed for
repetition of the study in different fields. The
literature obviously lacks an informative and

explanatory study that visualizes a typical
mathematical  optimization  problem and
expresses the philosophy of utilizing the genetic
algorithm to solve it. The procedures necessary
for genetic algorithm adaptation need to be
described so that the approach can also be
adjusted for optimization issues in other fields
and the use of genetic algorithm can be
popularized.

This study aims to fill the gap in the literature by
providing a detailed description for the use of
genetic algorithm in project crashing events and
demonstrating its advantages and disadvantages
over the traditional solution through an
illustrative case study. This study goes beyond
optimization of a specific project scheduling
issue and explains the philosophy behind
integration of genetic algorithms into the project
crashing events for the purpose of cost
minimization. It clarifies the steps to be followed
for proper integration of genetic algorithms into
optimization problems.

3. Research Methodology

The flowchart of methodology is presented in
Figure 2. It is composed of three main phases,
namely (i) visualization of project crashing, (ii)
description of alternative approaches, and (iii)
case study illustration.

In the first phase, the project crashing event is
introduced and visually represented.
Categorization of the project cost is clarified, the
project crashing concept is explained, and a
typical problem is represented. The second phase
presents the philosophy behind the traditional
and proposed genetic algorithm approaches. It
elaborates on the steps followed by the traditional
and proposed genetic algorithm approaches to
optimize resource allocation with the project
crashing. The iterative process of the traditional
approach is introduced and the requirements for
adopting the genetic algorithm are expressed.
The third phase involves implementation of the
steps followed by these approaches on a case
study.
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Visualization of project crashing

Project cost categorization

* Direct costs
*Indirect costs
Project crashing concept

Problem representation

Description of alternative approaches

Description of the steps
followed by the traditional
approach

Description of the steps
required for the genetic
algorithm adoption

Case study illustration

Traditional solution
*Calculating uncrashed cost
+Identifying critical path(s)
- Determining cheapest

combination
Genetic algorithm adoption

*Problem transformation

+ Defining decision variables

+ Formulating durations/costs
* Stating constraints

- Setting objective function

Figure 2. Flowchart of the methodology

3.1. Visualizing the project crashing events

The project cost is categorized into two different
costs, namely the direct and indirect costs. The
direct costs represent the costs directly
attributable to the product. These may include the
cost of raw materials, labor, and equipment costs.
In project crashing events, the individual cost of
each activity is evaluated under this category. In
other words, the sum of the activity costs equals
the direct costs. The indirect costs extend beyond
the expenses realized in creating the product.
General administration, supplies, and building
rental costs can be given as the examples of
indirect costs. Indirect costs are assumed to be
linearly related to the project duration in the
project crashing events.

Project crashing is a technique used to speed up
the timeline of a project by providing more
resources to certain activities in the critical path.
More resources can be provided to the activities
by assigning additional personnel or paying a
premium. Shortening the project duration
through allocating greater resources increases the
direct cost. However, the indirect cost is
decreased as it is directly associated with the
duration of the project. Project crashing aims to
shorten the project while keeping the project cost
at a minimum. Determining the minimum project
cost via the project crashing technique can be
achieved through the traditional approach or the
proposed genetic algorithm approach. These
approaches follow different steps to calculate the
optimum duration and cost of the project.

A typical project crashing problem is represented
in Table 1. The first two columns show the list of
activities and the relations between them. The
third column indicates the normal duration (the
duration when no crashing occurs) of each
activity. The crushed duration stands for the
duration of each activity after all the possible
crashes are applied. Thus, the difference between
the normal and crashed duration implies the
number of crashes applicable to the
corresponding activity.

To illustrate, if the difference is equal to two, the
activity cannot be crashed more than two times
(the duration cannot be decreased by more than
two days). The remaining columns are the
normal costs and the cost of each crash. The
direct cost of the project is equal to the sum of
the normal costs and costs of the crashes realized.
The indirect cost is obtained by multiplying the
overhead cost by the project duration determined
by the critical path method (CPM).

3.2. Alternative approaches for project
crashing

The steps followed by the two alternative
approaches to minimize cost with project
crashing are presented in Figure 3. In the
traditional approach, it is firstly assumed that all
the activities are realized in their normal
durations/costs and the project duration/cost is
calculated accordingly. CPM is used to calculate
the project duration and identify the critical
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Table 1. Representation of a typical project crashing problem

Normal Crashed Normal Cost of Crashes ($)
Activity Predecessor Duration Duration Cost « H y o By ]
(days) (days) $) 1%t Cras 2" Cras 3" Cras
A
B
C
D

*Overhead cost: ... $/day

path(s). Acquisition of saving in indirect costs
requires the project duration to be decreased by
one unit. Therefore, the cheapest combination of
activities is determined such that crushing these
activities can satisfy the specified condition.

Shortening the project duration by one unit
requires crashing all the critical paths. It is also
necessary to explain the difference between
crashing an activity and crashing a critical path.
While the former implies decreasing the duration
of the activity by one unit, the latter means
crashing at least one of the activities in the
corresponding path. The cost of crashing the
selected activities is compared with the saving
obtained from indirect costs. If the saving
exceeds the cost of crashing; the selected
activities are crashed, the new project duration
and cost are calculated, and the process is
repeated. Otherwise, the current project duration
and cost are regarded as the optimum.

The proposed genetic algorithm approach
follows totally different steps. Implementation of
the proposed genetic algorithm approach requires
transformation of the problem (Table 2). The
duration/cost alternatives are presented for each
activity rather than expressing the costs of
crashes. Such a transformation is required for the
formulations to be described in the following
steps. A decision variable is defined for each
activity as the number of times the corresponding
activity is crashed. Afterwards, the duration and
cost of each activity is expressed as a function of
the decision variable. The number of times each
activity can be crashed becomes the constraints

for the decision variables. The objective function
is defined as the minimization of the project cost.
The project cost is formulated such that it
becomes a function of the decision variables.

3.3. Case study illustration

The steps followed by two different approaches
for the project crashing events are illustrated in a
case study. A typical project crashing problem is
presented in Table 3. The problem includes a
total of 12 activities. The relations between the
activities are given in the second column. A
finish-to-start relationship exists between them.
The normal and crashed duration of each activity
are shown in the third and fourth columns.

For activity 1, the normal and crashed durations
are 8 and 5 days, respectively. It is implied that
the activity has the potential to be crashed for
three days (8 days — 5 days). The fifth column
shows the cost of the activity when it is
completed in its normal duration. The last three
columns show the cost of crashes. It is realized
that the cost of crashing increases in each
additional crash.

3.3.1. The traditional approach

The first step in the traditional approach is to
calculate the project cost based on the normal
durations and costs of activities. As already
mentioned, the project cost is composed of the
direct and indirect costs. The direct cost is
calculated by summing up the costs stated in the
fifth column of Table 3, which is determined as
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Traditional Approach

Proposed Approach

Calculate the project cost based on normal
durations/costs

[

]

[ Generate a transformed version of the activity ]
costs/durations

. J

e ~
Identify the critical path(s) with CPM ] State the decision variables as the number of
l times the activities are crahed
.

Determine the cheapest combination of
activities that would crash all the critical paths

[

]

Is the decrease in indirect
cost greater than the cost
of crashing?

—’I Crash the selected activities

I

The optimum project cost and
duration is obtained

|

Express the durations/costs of activities in
terms of the decision variables

|

[ Set the extents of crashing as the constraints ]

| ' |

(. A

Define the objective function as the project
cost and express it in terms of the decision
variables

Run the code and obtain the
optimum results

-

Figure 3. Steps followed by alternative approaches for project crashing events

Table 2. Representation of the transformed version of the problem

Normal 1% crash 2" crash 3 crash
Activity Predecessor Duration / Cost Duration / Cost Duration / Cost Duration / Cost
(days/$) (days/$) (days/$) (days/$9)
A o o s s
B ] ] ] ]
C s s ] ]
D s s s s

*Qverhead cost: ... $/day

$23750. The indirect cost is calculated by
multiplying the overhead cost by the project
duration determined according to the CPM
(Figure 4). The project duration and cost are
identified as 21 days and $25850 (direct and
indirect costs), respectively. The critical path is
Activity 3 - Activity 6 - Activity 9 - Activity 10.
The situation before crashing is summarized as:
e Duration: 21 days
Cost: 23750 + 21 * 100 = $25850
Critical path(s):
o Act. 3—Act. 6—Act. 9-Act. 10

Completing the project one day earlier provides
a $100 saving in indirect cost. Reducing the
project duration by one day requires all the
critical paths to be crashed. Therefore, the
cheapest combination of activities crashing all
the critical paths is determined and compared
with the saving in indirect cost. It is noticed that

crashing Activity 9 by 1 day is cheapest way to
crash the identified critical path and it is less than
the saving realized ($20 vs $100).

The activity is crashed, the resultant project
duration and cost are calculated, and the new
critical paths are determined (Figure 5). The
situation after the first crash is summarized as:

1% crash: Crash Activity 9 by 1 day
Resultant duration: 20 days
Resultant cost: 2585 + 20 — 100 = $25770
Resultant critical path(s):
o Act.3—Act. 6 —Act. 9 Act. 10
o Act.1—Act.4—Act. 8

Two critical paths are identified at the end of the
first crash. The cheapest combination of the
activities that can crash these critical paths are
determined as Activity 1 and Activity 3.
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Table 3. Information about the activity costs/durations

Normal Crashed Normal Cost of Crashes (3)
Activity Predecessor Dzjdr;;;())n DEJdr;;;c))n (Egt 15t Crash ond Crash 31 Crash
1 8 5 2500 20 25 35
2 6 4 1200 30 45
3 - 7 5 1450 30 35
4 1,2,3 6 4 1350 30 30
5 1,2,3 4 2 1250 20 30
6 2,3 5 3 2300 40 55
7 3 4 2 2000 40 45
8 4,5 6 5 2750 40 - -
9 6,7 5 2 1800 20 35 50
10 4,59 4 2 850 45 55 -
11 7 8 5 3800 50 50 50
12 3 10 7 2500 15 20 25

*Qverhead cost: ... $/day

Crashing these activities costs $50 ($20+$30),
which is less than the additional saving to be
realized. These activities are crashed and project
duration is decreased by one day (Figure 6). The
situation after the second crash is summarized as:

e 2" crash: Crash Activity 1 and Activity 3
by 1 day
e Resultant duration: 19 days
e Resultant cost: 25770 + 20 + 30 — 100 =
$25720
e Resultant critical path(s):
o Act.3—-Act. 6 —Act. 9—Act. 10
o Act.1-Act.4—-Act.8
o Act.2—-Act. 6 - Act. 9—Act. 10

Realization of the second crash leads to an
additional critical path. The number of critical
paths is increased to three. The cheapest
combination to crash these paths is determined as
Activity 1 and Activity 9. It should be noted that
Activity 1 and Activity 9 are already crashed for
one day in the second and first crashes,
respectively. Thus, the cost of crashing becomes
$25 for Activity 1 and $35 for Activity 9. It is
realized that these three critical paths can be
crashed simultaneously by crashing two
activities because Activity 9 is the mutual
activity in the first and third critical paths. As the
cost of crashing ($25+$35) is less than the
additional saving, the activities are crashed
(Figure 7). The situation after the third crash is:

e 3crash: crash Activity 1 and Activity 9
by 1 day
e Resultant duration: 18 days
e Resultant cost: 25720 + 25 + 35 - 100 =
$25680
e Resultant critical path(s):
o Act.3—Act. 6 —Act. 9 Act. 10
Act.1—Act. 4 —-Act. 8
Act. 2— Act. 6 — Act. 9 — Act. 10
Act. 3—Act. 4 —Act. 8
Act. 3—Act. 7—Act. 11

O O O O

Two additional critical paths occur after the third
crash, resulting in a total of five critical paths.
The cheapest way to crash these critical paths is
to crash Activity 2, Activity 3, and Activity 4.
Activity 3 is already crashed for one day in the
second crash, so the crashing cost becomes $35
for Activity 3. The «cost of crashing
($30+$35+$30) is still less than the potential
saving in indirect costs. Thus, the fourth crash is
also realized (Figure 8). The situation after the
fourth crash is summarized as:

e 4™ crash: crash Activity 2, Activity 3, and
Activity 4 by 1 day
e Resultant duration: 17 days
e Resultant cost: 25680 + 30 + 35 + 30 —
100 = $25675
e Resultant critical path(s):
o Act.3—Act. 6 —Act. 9 - Act. 10
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Figure 4. CPM analysis before crashing
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Figure 5. CPM analysis after 1% crash
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Figure 6. CPM analysis after 2" crash
o Act.1-Act.4—-Act.8 Four critical paths are identified after the fourth
o Act.2—-Act. 6 —Act. 9—Act. 10 crash. The cheapest way to decrease project
o Act.3—Act. 7—Act. 11 duration by one day is to crash Activity 4,

Activity 6, and Activity 7. The cost of crashing

967



Sakarya University Journal of Science, 28(5) 2024, 959-977

($30+3$40+$40) exceeds the potential saving in
indirect costs. It implies that crashing these
activities results in an increase in total project
cost. Therefore, the process is terminated and the
current situation is described as the optimum.
The optimum project duration and project cost
are obtained as 17 days and $25675. The
optimum situation is achieved by crashing
Activity 1 by 2 days, Activity 2 by 1 day, Activity
3 by 2 days, Activity 4 by 1 day, and Activity 9
by 2 days. The other activities are realized in their
normal durations and costs.

3.3.2. The genetic algorithm approach

The proposed genetic algorithm approach
follows entirely different steps to optimize
project crashing events. Adaptation of the genetic
algorithm  approach  principally  requires
transformation of the problem. After the original
problem is transformed, necessary coding is done
in a programming platform that supports the
genetic algorithm optimization. MATLAB has
been preferred as a commercial programming
platform. Definition of the decision variables,
formulation of the durations/costs, statement of
the constraints, and the expression of the
objective function are explained to demonstrate
the use of the genetic algorithm concept for the
optimization of project crashing events.

Transforming the problem

A typical project crashing problem is most of the
time presented as shown in Table 3. The normal
duration/cost of each activity is given and costs
of the crashes are indicated if available. The
genetic algorithm approach requires a clear
presentation of the alternatives for each activity.
The cost and duration of an activity after each
crash should be presented as a package. In this
context, the presentation of the problem is
transformed (Table 4). The alternatives for each
activity are clearly observed in the transformed
version. The number of alternatives for the
activities ranges between two and four.
Multiplication of the number of alternatives
results in more than one million solutions. To be
more precise, the genetic algorithm is expected
to find the optimal solution among 1,119,744
solutions.

Defining the decision variables

The way the decision variables are defined is one
of the most critical part of the genetic algorithm
approach. The decision variable should be
defined such that all the other variables and the
objective function can be expressed as a function
of the decision variable. For this purpose, the
decision variable is defined as:

x; = Number of times Activity i is crashed
x; € L™

The decision variable is an integer that shows the
number of times the corresponding activity is
crashed. Thus, with this approach, the project
crashing problem is transformed into a selection
of how many times each activity should be
crashed. The other variables that are to be
expressed as a function of the decision variables
are defined as follows:

d; = Duration of Activity i

c; = Costof Activity i

ES; = Early start time of Activity i
EF; = Early finish time of Activity i

Formulating the durations/costs

It is already mentioned that the other variables
and the objective function must be expressed as
a function of the decision variables. The duration
and cost of each activity are formulated as
follows:

d, and c,

d, = 8days and c¢; = $2500, forx; =0
_)dy = 7days and ¢; = $2520, forx; =1
" |d, = 6days and c; = $2545,  for x; = 2

d, = 5days and ¢, = $2580, forx; =3
d, and c,

d, = 6 days and c, = $1200, forx, =0
= {dz = 5days and c, = $1230, forx, =1

d, = 4 days and c, = $1275, forx, =2
d; and cg

d; = 7 days and c; = $1450, forx; =0
= {d3 = 6 days and c; = $1480, forx; =1

d; = 5 days and c; = $1515, forx; =2
d, and c,

d, = 6 days and c, = $1350, forx, =0
= {d4 = 5days and c, = $1380, forx, =1

d, = 4 days and c, = $1410, forx, =2
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ds and cg

dg and cq

ds = 4 days and cs = $1250, forxs=0 dy = 5days and ¢ = $1800,
={ds =3 days and c5 = $1270, forxs =1 dy = 4 days and cy = $1820,
ds = 2 days and cs = $1300, forxs =2 dy = 3 days and cq = $1855,
dy = 2 days and cy = $1905,
de and cg
de = 5 days and c, = $2300, forxs=0 dyo and ¢y
={ds = 4days and cs = $2340,  forxs =1 dio = 4 days and c,, = $850,
dg = 3days and cg = $2395,  forxs =2 =110 = 3 days and ¢;, = $895,
dyo = 2 days and ¢, = $950,
d, and c,
d, = 4days and ¢, = $2000,  forx; =0 d1y anEHS p de. = $3800
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Figure 7. CPM analysis after 3" crash
Stating the constraints 0<x <3
0< X <2
Another significant part of the optimization 0=<x3=<2
problems is the statement of the constraints. The 0<x,<2
constraints are the limitations the variables are 0 i Xs i 2
subjected to. The constraints in project crashing 8 - Xe - ;
events are about the number of times an activity 0< §7 <1
can be crashed. An activity can be subjected to 0< x8 ~3
crashing for a minimum of zero times 0 <_x190_< 2
(correspopdmg to norm_al duration and cost) and 0<x,<3
for a maximum of 1-3 times as follows: 0<x.,<3
= X =
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Figure 8. CPM analysis after 4™ crash
Table 4. Transformed version of the activity costs/durations
Normal 1%t crash 2" crash 3 ¢crash
Activity Predecessor Duration / Cost Duration / Cost Duration / Cost Duration / Cost
(days/$) (days/$) (days / $) (days/$)
1 - 8 /2500 712520 6 / 2545 5172580
2 - 6/1200 5/1230 411275 -
3 - 711450 6 /1480 5/1515 -
4 1,2,3 6 /1350 571380 471410 -
5 1,2,3 4 /1250 3/1270 2 /1300 -
6 2,3 5/2300 4 /2340 3 /2395 -
7 3 4 /2000 3/2040 2 /2085 -
8 4,5 6/2750 5/2790 - -
9 6,7 5/1800 471820 3 /1855 2 /1905
10 4,5,9 4/850 3/895 2 /950 -
11 7 8/3800 7 /3850 6 /3900 5/3950
12 3 10/ 2500 9 /2515 8 /2535 7/ 2560

*Qverhead cost: 100 $/day

Setting the objective function

The final step of the genetic algorithm approach
is to define and express the objective function.
The aim of the project crashing event is to
minimize the project cost (cpojecc)- AS already
mentioned, the project cost is equal to the sum of
the direct and indirect costs. The direct costs are
calculated by summing the individual cost of
each activity (c; +c, +c5...+¢,). The indirect
costs are calculated by multiplying the overhead
cost (100 $/day) by the project duration (dp,ject)-
The objective function is formulated as follows:

CProject :C1+C2+C3+C4+C5+C6+C7+C8
+ Co + C10 + C11 + C12 + 100
* dProject

In this equation, the individual cost of each
activity is a function of the decision variables and

the overhead cost is 100 $/day. The project
duration should also be expressed as a function
of the decision variables. The project duration is
calculated according to CPM as in the traditional
approach. However, rather than calculating the
project duration after each crash, the relations
between the activities are formulated for once.
The early start (ES) and early finish (EF) times
of each activity are expressed as a function of the
activity durations (d;), which are already stated
as a function of the decision variables (x;). The
project duration is equal to the EF of the last
activity (Finish). The late start (LS) and late
finish (LF) times of the activities are not
formulated because there is no need to identify
the total float (TF) times and the critical path(s)
in the genetic algorithm approach. In other
words, calculation of the project duration is
sufficient. The project duration is formulated as
follows:
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ESstart =0
EFstare =0
EF;, = ES; + d;, fori=1,2,3,..,12

ESy = EFstare

ES; = EFstart

ES3 = EFstart

ES, = max (EF,,EF,,EF5)
ESs = max (EF,, EF,,EF3)
ESs = max (EF,, EF3)

ES, = EF;

ESg = max (EF,, EFs)

ESq = max (EFg, EF;)

ES,y = max (EF,, EFs, EFy)
ES;1 = EF,

ES,, = EF;

ESpinisn = max (EFg, EFyo, EF11, EFy5)
EFrinish = ESFinisn
dproject = EFpinisn

4. Research Results and Discussion

The steps indicated for adopting the genetic
algorithm approach is coded in MATLAB and
the results are obtained. The genetic algorithm
toolbox options, which are essential for the
optimization process are presented in Table 5. It
should be noted that the options are highly
dependent on experience and trial and error [52].
Arbitrarily estimated options may lead to
convergence to a local optimum [53]. If the
population size and maximum generations are
insufficiently estimated, the algorithm may end
up with a misleading solution. However,
overestimation of these toolbox options can lead
to an inefficient and time-consuming algorithm.

Table 5. Genetic algorithm options

Option Description Value
Population size  Number of individuals in the population 150
Selection Selection of individuals for the next generation Stochastic uniform
MaX|mL_1m Maximum number of iterations 100
generations
Elitism Hovv_ many individuals in the current generation are guaranteed to 0.12 * 100

survive

Tolerance Whether the average relative change in the best fitness function value 10
function is less than or equal to Funtool

Cross_-over The function that the algorithm uses to create cross-over members Constraint
function dependent
]E:r;?jisc-)ﬁver The fraction of the population created by the cross-over function 0.8
Mutajuon The function that produces mutation children Constraint
function dependent

The genetic algorithm iterations are shown in
Figure 9. It is noticed that the best members of
the population do not show noticeable
improvement after the 40™ generation. It can be
explained by the fact that the algorithm
developed for the project crashing problem
reaches nearly optimum values in 40 generations
and stays there. Nevertheless, in an attempt to
make sure that the optimum solution is obtained,
the maximum number of iterations is selected as
100 (much greater than 40) as shown in Table 5.
As the average change in the penalty fitness is
lower than the tolerance function (107%), the
process stops nearly at the 80" generation.

The values of the decision variables for the
optimum solution are shown in Table 6. The
optimum solution requires that Activity 1,
Activity 2, Activity 3, Activity 4, and Activity 9
are crashed for 2, 1, 2, 1, and 2 times,

respectively. Such a situation implies that greater
resources are assigned to these activities. The
other activities are realized in their normal
durations and costs. The optimum cost of the
project is determined as $25675. The solution is
exactly the same as the solution in the traditional
approach.

The solution of the project crashing problem is
presented with two different approaches, namely
the traditional approach and the proposed genetic
algorithm approach. These two approaches arrive
at the same solution by following entirely
different steps. The traditional approach follows
an iterative process that requires drawing the
network diagram, identifying the critical path(s),
and detecting the cheapest combination of
activities to reduce the project duration by one
day. These operations need to be realized before
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each crash, which results in a multi-phase
process.

The most challenging part of the traditional
approach is the selection of cheapest
combination of activities to crash. This part
might be relatively easy in the first crashes as the
network diagram results in a reasonable number
of critical paths. However, as the process
continues, the number of critical paths is

summarized in Table 7. It is seen that the number
of critical paths is less than three before the first
and second crashes. However, it is increased up
to five in the following crashes. The activities in
the critical paths are the candidates for selection.
Each activity can either be “crashed” or “not
crashed”. Thus, there are 24, 27, 28, 210, and 210
options before the first, second, third, fourth, and
fifth crashes, respectively. It is necessary to
select the cheapest option (among more than a

increased and the selection becomes thousand options before the fourth and fifth
complicated. The critical paths and the number of  crashes) that can crash all the critical paths.
crashing options before each crash are
- «10% Best: 25675 Mean: 25695.9
s * Best penalty value
2.595 Mean penalty value
o 259F
=
2
3‘2'585
e
S 258"
o 00.
2575 ® e
2.57+F Ce0osseens
0 20 40 60 80 100
Generation
Figure 9. Genetic algorithm iterations
Table 6. The values of the decision variables at optimality
# X1 X2 X3 X4 X5 X6 X7 Xg X9 X10 X11 X12
Result 2 1 2 1 0 0 0 0 2 0 0 0
Table 7. Number of crashing options in the traditional approach
Crash No Critical Path(s) Activities Concerned # of Options
1 3-6-9-10 3,6,9,10 16
3-6-9-10
2 1 48 1,3,4,6,8,9, 10 128
3-6-9-10
3 1-4-8 1,2,3,4,6,8,9,10 256
2-6-9-10
3-6-9-10
1-4-8
4 2-6-9-10 1,2,3,4,6,7,8,9, 10,11 1024
3-4-8
3-7-11
3-6-9-10
1-4-8
5 5 6-9-10 1,2,3,4,6,7,8,9,10,11 1024
3-7-11
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5. Conclusion

Project managers quite often suffer from delays
and cost overruns in consequence of poor project
scheduling. An efficient resource allocation
process is essential for achieving the project
success. It is a complicated process valid for
many industries including construction and
manufacturing. Numerous studies have been
conducted in an attempt to create schedules
minimizing the cost and duration. This study has
proposed a genetic algorithm approach to
achieve the most efficient resource allocation and
minimize the total cost of the project with project
crashing. The project crashing event has been
visualized, alternative approaches have been
described, and their implementations have been
illustrated with a case study.

The results show that the same solution can be
obtained with both approaches that follow
entirely different steps. The main advantage of
the genetic algorithm approach is that the
solution is obtained in a single phase. Once the
problem is appropriately transformed, decision
variables are defined, and objective function is
expressed in terms of the decision variables; the
optimum solution can be easily obtained. The
traditional approach is a multi-phase crashing
process where a number of operations should be
realized at each phase. On the other hand, it
should be noted that the genetic algorithm
approach may not reach optimum solution if the
toolbox options are not appropriately selected.
Selection of inappropriate toolbox options may
lead to identification of the local optimum rather
than the global optimum.

This study contributes to the body of knowledge
by describing the philosophy behind the use of a
genetic algorithm for cost minimization,
demonstrating its applicability to the project
crashing events, expressing the procedures
required for its adaptation, and indicating the
advantages and disadvantages compared to the
traditional approach. It goes beyond optimizing a
single phenomenon in the field of project
management and enters into the spirit of
integrating a genetic algorithm into any
optimization event. It expresses how the problem
should be handled, and data should be
transformed to enable proper execution of the

optimization process with genetic algorithm. The
proposed approach is intended to encourage
project managers to create effective schedules
and allocate resources efficiently in their projects
by means of such contemporary algorithms. The
genetic algorithm adaptation procedures are
expected to promote research focusing on the
integration of metaheuristic approaches into
optimization events in various fields.

The main limitation of the study is that both the
traditional and proposed genetic algorithm
approaches assume deterministic  activity
durations and costs. In practice, projects may
involve uncertainty in these parameters [54]. The
results at optimality might be subjected to
variations as these parameters are subjected to
changes. Nevertheless, it must be noted that the
project crashing events are most of the time
expressed in this format in the project
management literature and potential solutions are
developed accordingly. In addition, the steps
followed in these approaches have been
illustrated with a theoretical case rather than a
real case. Illustration with a real case can be more
influential and preferred in further studies.
Further studies may also concentrate on the
integration of the other metaheuristic algorithms
(ant colony optimization, simulated annealing,
particle swarm optimization, etc.) into various
optimization events in different fields through
following the steps expressed for the adaptation.

Article Information Form

Funding

The author(s) have not received any financial
support for the research, authorship, or
publication of this study.

Authors' Contribution

The authors contributed equally to the study.
The Declaration of Conflict of Interest/
Common Interest

No conflict of interest or common interest has
been declared by the authors.

The Declaration of Ethics Committee Approval
This study does not require ethics committee
permission or any special permission.

973



Sakarya University Journal of Science, 28(5) 2024, 959-977

The Declaration of Research and Publication
Ethics

The authors of the paper declare that they comply
with the scientific, ethical and quotation rules of
SAUJS in all processes of the paper and that they
do not make any falsification on the data
collected. In addition, they declare that Sakarya
University Journal of Science and its editorial
board have no responsibility for any ethical
violations that may be encountered, and that this
study has not been evaluated in any academic
publication environment other than Sakarya
University Journal of Science.

Copyright Statement

Authors own the copyright of their work
published in the journal and their work is
published under the CC BY-NC 4.0 license.

References
[1] H. L. Chen, “Performance measurement
and the prediction of capital project
failure,” International Journal of Project
Management, vol. 33, no. 6, pp. 1393-
1404, 2015.

[2] E. Durna, B. Ozorhon, S. Caglayan,
“Identifying critical success factors of
public private partnership projects in
Tiirkiye,” Sakarya University Journal of
Science, vol. 28, no. 1, pp. 30-50, 2024.
[3] T.Huo, H.Ren, W. Cali, G. Q. Shen, B. Liu,
M. Zhu, H. Wu, “Measurement and
dependence analysis of cost overruns in
megatransport infrastructure projects: Case
study in Hong Kong,” Journal of
Construction Engineering and
Management, vol. 144, no. 3, pp.
05018001, 2018.

P. Ballesteros-Perez, E. Sanz-Ablanedo, R.
Soetanto, M. C. Gonzalez-Cruz, G. D.
Larsen, A. Cerezo-Narvaez, “Duration and
cost variability of construction activities:

[4]

An empirical  study,” Journal of
Construction Engineering and
Management, vol. 146, no. 1, pp.

04019093, 2020.

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

974

C. Callegari, A. Szklo, R. Schaeffer, “Cost
overruns and delays in  energy
megaprojects: How big is big enough?”
Energy Policy, vol. 114, pp. 211-220,
2018.

G. Heravi, M. Mohammadian,
“Investigating cost overruns and delay in
urban construction projects in lIran,”
International Journal of Construction
Management, vol. 21, no. 9, pp. 958-968,
2021.

S. Durdyev, “Review of construction
journals on causes of project cost
overruns,” Engineering, Construction and
Architectural Management, vol. 28, no. 4,
pp. 1241-1260, 2020.

S. Zareei, “Project scheduling for
constructing biogas plant using critical
path method,” Renewable and Sustainable
Energy Reviews, vol. 81, pp. 756-759,
2018.

H. F. Rahman, R. K. Chakrabortty, M. J.
Ryan, “Memetic algorithm for solving
resource constrained project scheduling
problems,” Automation in Construction,
vol. 111, pp. 103052, 2020.

R. Pellerin, N. Perrier, F. Berthaut, “A
survey of hybrid metaheuristics for the
resource-constrained project scheduling
problem,” European Journal of Operational
Research, vol. 280, no. 2, pp. 395-416,
2020.

M. A. Vega-Velazquez, A. Garcia-Nijera,
H. Cervantes, “A survey on the software
project scheduling problem,” International
Journal of Production Economics, vol. 202,
pp. 145-161, 2018.

E. Osaba, E. Villar-Rodriguez, J. Del Ser,
A. J. Nebro, D. Molina, A. LaTorre, P. N.
Suganthan, C. A. C. Coello, F. Herrera, “A
tutorial on the design, experimentation and
application of metaheuristic algorithms to
real-world optimization problems,” Swarm
and Evolutionary Computation, vol. 64, pp.
100888, 2021.



Semih Caglayan, Sadik Yigit

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

S. Katoch, S. S. Chauhan, V. Kumar, “A
review on genetic algorithm: past, present,
and future,” Multimedia Tools and
Applications, vol. 80, no. 5, pp. 8091-8126,
2021.

Y. Fang, S. T. Ng, “Genetic algorithm for
determining the construction logistics of
precast ~ components,” Engineering,
Construction and Architectural
Management, vol. 26, no. 10, pp. 2289-
2306, 2019.

K. Kim, J. Walewski, Y. K. Cho,
“Multiobjective  construction  schedule
optimization using modified niched pareto
genetic algorithm,” Journal of
Management in Engineering, vol. 32, no. 2,
pp. 04015038, 2016.

S. Mirjalili, J. S. Dong, A. S. Sadig, H.
Faris, “Genetic algorithm:  Theory,
literature review, and application in image
reconstruction,” Nature-Inspired
Optimizers, pp. 69-85, 2020.

M. S. El-Abbasy, A. Elazouni, T. Zayed,
“MOSCOPEA: Multi-objective
construction scheduling optimization using
elitist non-dominated sorting genetic
algorithm,” Automation in Construction,
vol. 71, pp. 153-170, 2016.

S. Sabharwal, P. Bansal, N. Mittal, S.
Malik, “Construction of mixed covering
arrays for pair-wise testing using
probabilistic ~ approach  in  genetic
algorithm,” Arabian Journal for Science
and Engineering, vol. 41, no. 8, pp. 2821-
2835, 2016.

A. Elkelesh, M. Ebada, S. Cammerer, S.
ten Brink, “Decoder-tailored polar code
design using the genetic algorithm,” IEEE
Transactions on Communications, vol. 67,
no. 7, pp. 4521-4534, 2019.

Z. Tong, “A genetic algorithm approach to
optimizing the distribution of buildings in
urban green space,” Automation in
Construction, vol. 72, pp. 46-51, 2016.

975

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

S. M. Lim, A. B. M. Sultan, M. N.
Sulaiman, A. Mustapha, K. Y. Leong,
“Crossover and mutation operators of
genetic algorithms,” International Journal
of Machine Learning and Computing, vol.
7,no. 1, pp. 9-12, 2017.

Z. Shen, A. Hassani, Q. Shi, “Multi-
objective time-cost optimization using
Cobb-Douglas production function and
hybrid genetic algorithm,” Journal of Civil
Engineering and Management, vol. 22, no.
2, pp. 187-198, 2016.

M. Mangal, J. C. Cheng, “Automated
optimization of steel reinforcement in RC
building frames using building information
modeling and hybrid genetic algorithm,”
Automation in Construction, vol. 90, pp.
39-57, 2018.

S. RazaviAlavi, S. AbouRizk, “Genetic
algorithm-simulation ~ framework  for
decision making in construction site layout
planning,” Journal of Construction
Engineering and Management, vol. 143,
no. 1, pp. 04016084, 2017.

L. Zhang, T. N. Wong, “An object-coding
genetic algorithm for integrated process
planning and scheduling,” European
Journal of Operational Research, vol. 244,
no. 2, pp. 434-444, 2015.

M. Artar, A. Daloglu, “The optimization of
multi-storey composite steel frames with
genetic algorithm including dynamic
constraints,” Technical Journal, vol. 26, no.
2, pp. 7077-7098, 2015.

M. Rita, E. Fairbairn, F. Ribeiro, H.
Andrade, H. Barbosa, “Optimization of
mass concrete construction using a twofold
parallel genetic algorithm,” Applied
Sciences, vol. 8, no. 3, pp. 399, 2018.

H. Sebaaly, S. Varma, J. W. Maina,
“Optimizing asphalt mix design process
using artificial neural network and genetic
algorithm,” Construction and Building
Materials, vol. 168, pp. 660-670, 2018.



Sakarya University Journal of Science, 28(5) 2024, 959-977

[29]

[30]

[31]

[32]

[33]

[34]

[35]

E. Hazir, T. Ozcan, K. H. Kog, “Prediction

of adhesion strength using extreme
learning machine and support vector
regression  optimized with  genetic

algorithm,” Arabian Journal for Science
and Engineering, vol. 45, pp. 6985-7004,
2020.

A. A. Chiniforush, M. Gharehchaei, A. A.
Nezhad, A. Castel, F. Moghaddam, L.
Keyte, D. Hocking, S. Foster, “Minimising
risk of early-age thermal cracking and
delayed ettringite formation in concrete—A
hybrid numerical simulation and genetic
algorithm mix optimisation approach,”
Construction and Building Materials, vol.
299, pp. 124280, 2021.

A. Kumar, N. Grover, A. Manna, R.
Kumar, J. S. Chohan, S. Singh, S. Singh, C.
I. Pruncu, “Multi-objective optimization of
WEDM of aluminum hybrid composites
using AHP and genetic algorithm,”
Arabian  Journal for Science and
Engineering, vol. 47, no. 7, pp. 8031-8043,
2022.

E. Uray, O. Tan, S. Carbas, I. H. Erkan,
“Metaheuristics-based pre-design guide for
cantilever retaining walls,” Technical
Journal, vol. 32, no. 4, pp. 10967-10993,
2021.

A. M. Rayeni, H. G. Arab, M. R. Ghasemi,
“An effective improved multi-objective
evolutionary algorithm (IMOEA) for
solving constraint  civil engineering
optimization problems,” Technical
Journal, vol. 32, no. 2, pp. 10645-10674,
2021.

I. Costa-Carrapico, R. Raslan, J. N.
Gonzalez, “A systematic review of genetic
algorithm-based multi-objective
optimisation for building retrofitting
strategies towards energy efficiency,”
Energy and Buildings, vol. 210, pp.
109690, 2020.

Q. Li, L. Zhang, L. Zhang, X. Wu,
“Optimizing energy efficiency and thermal

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

976

comfort in building green retrofit,” Energy,
vol. 237, pp. 121509, 2021.

Y. Fan, X. Xia, “Energy-efficiency
building retrofit planning for green
building compliance,” Building and

Environment, vol. 136, pp. 312-321, 2018.

Y. He, N. Liao, J. Bi, L. Guo, “Investment
decision-making optimization of energy
efficiency retrofit measures in multiple
buildings under financing budgetary
restraint,” Journal of Cleaner Production,
vol. 215, pp. 1078-1094, 2019.

L. T. Le, H. Nguyen, J. Dou, J. Zhou, “A
comparative study of PSO-ANN, GA-
ANN, ICA-ANN, and ABC-ANN in
estimating the heating load of buildings’
energy efficiency for smart city planning,”
Applied Sciences, vol. 9, no. 13, pp. 2630,
2019.

S. N. Al-Saadi, K. S. Al-Jabri,
“Optimization of envelope design for
housing in hot climates using a genetic
algorithm (GA) computational approach,”
Journal of Building Engineering, vol. 32,
pp. 101712, 2020.

P. Pérez-Gosende, J. Mula, M. Diaz-
Madrofiero, “Facility layout planning. An
extended literature review,” International
Journal of Production Research, vol. 59,
no. 12, pp. 3777-3816, 2021.

M. Oral, S. Bazaati, S. Aydinli, E. Oral,
“Construction site layout planning:
Application of multi-objective particle
swarm optimization,” Technical Journal,
vol. 29, no. 6, pp. 8691-8713, 2018.

M. A. Brahami, M. Dahane, M. Souier,
“Sustainable capacitated facility
location/network design problem: a Non-
dominated Sorting Genetic Algorithm
based multiobjective approach,” Annals of
Operations Research, vol. 311, pp. 821-
852, 2020.

A. Taghavi, R. Ghanbari, K. Ghorbani-
Moghadam, A. Davoodi, A. Emrouznejad,



Semih Caglayan, Sadik Yigit

[44]

[45]

[46]

[47]

[48]

[49]

[50]

“A genetic algorithm for solving bus
terminal location problem using data
envelopment analysis with multi-objective
programming,” Annals of Operations
Research, vol. 309, pp. 259-276, 2022.

S. Kumar, A. Sikander, “Optimum mobile
robot path planning using improved
artificial bee colony algorithm and
evolutionary  programming,”  Arabian
Journal for Science and Engineering, vol.
47, no. 3, pp. 3519-3539, 2022.

A. Mahdavian, A. Shojaei, “Hybrid genetic
algorithm and constraint-based simulation
framework for building construction
project planning and control,” Journal of
Construction Engineering and
Management, vol. 146, no. 12, pp.
04020140, 2020.

J. Liu, Y. Liu, Y. Shi, J. Li, “Solving
resource-constrained project scheduling
problem via genetic algorithm,” Journal of
Computing in Civil Engineering, vol. 34,
no. 2, pp. 04019055, 2020.

R. L. Kadri, F. F. Boctor, “An efficient
genetic algorithm to solve the resource-
constrained project scheduling problem
with transfer times: The single mode case,”
European Journal of Operational Research,
vol. 265, no. 2, pp. 454-462, 2018.

H. Li, L. Xiong, Y. Liu, H. Li, “An
effective genetic algorithm for the resource
levelling problem with generalised
precedence relations,” International
Journal of Production Research, vol. 56,
no. 5, pp. 2054-2075, 2018.

W. Peng, J. Zhang, L. Chen, “A bi-
objective hierarchical program scheduling
problem and its solution based on NSGA-
I11,> Annals of Operations Research, vol.
308, no. 1, pp. 389-414, 2022.

Z. Wu, G. Ma, “Automatic generation of
BIM-based construction schedule:
Combining an ontology constraint rule and
a genetic algorithm,” Engineering,
Construction and Architectural

[51]

[52]

[53]

[54]

977

Management, vol. 30, no. 10, pp. 5253-
5279, 2023.

I. Behera, S. Sobhanayak, “Task
scheduling optimization in heterogeneous
cloud computing environments: A hybrid
GA-GWO approach,” Journal of Parallel
and Distributed Computing, vol. 183, pp.
104766, 2024.

S. Caglayan, S. Yigit, B. Ozorhon, G.
Ozcan-Deniz, “A genetic algorithm-based
envelope  design  optimisation  for
residential buildings,” Proceedings of the
Institution of Civil Engineers - Engineering
Sustainability, vol. 173, no. 6, pp. 280-290,
2020.

H. G. Lee, C. Y. Yi, D. E. Lee, D. Arditi,
“An advanced stochastic time-cost tradeoff
analysis based on a CPM-guided genetic
algorithm,” Computer-Aided Civil and
Infrastructure Engineering, vol. 30, no. 10,
pp. 824-842, 2015.

S. Tao, C. Wu, Z. Sheng, X. Wang,

“Stochastic  project scheduling with
hierarchical alternatives,” Applied
Mathematical Modelling,” vol. 58, pp.

181-202, 2018.



Sakarya University Journal of Science

FEN BILIMLERI ENSTITOSO

ISSN : 2147-835X
Publisher : Sakarya University

. Vol. 28, No. 5, 978-983, 2024
“; = DOI: https://doi.org/10.16984/saufenbilder.1468192
;o
b

@

Research Article

Additions to the Knowledge of the Flat Wasps Fauna of Tiirkiye (Hymenoptera, Bethylidae)

Ilyas Cant™"*, Serdar Tezcan?"", Jeroen de Rond®

! Tokat Gaziosmanpasa University, Faculty of Arts and Science, Department of Biology, Tokat, Tiirkiye,
ilyascan41@gmail.com .

2Ege University, Faculty of Agriculture, Department of Plant Protection, Izmir, Tiirkiye, serdar.tezcan@gmail.com
SWederiklaan 10, 8245 JB, Lelystad, Netherlands, jeroen@naturalmedia.nl

*Corresponding Author

ARTICLE INFO ABSTRACT

Keywords: To detect the natural enemies of Scolytus rugulosus (Muller, 1818) (Coleoptera:
Tiirkiye Curculionidae: Scolytinae), which is harmful to cherry trees, parasitoid wasp
Bethylus specimens were collected during field studies in the Kemalpasa district of Izmir,
Cephalonomia Tiirkiye, between 1993 and 1995. This study evaluated 89 bethylid specimens
Goniozus collected in field studies. The wasps were collected by beating branches of cherry
New record trees and reared on S. rugulosus larvae. All collected specimens were identified, and

as a result, two previously unreported Bethylidae species, Bethylus mandibularis
(Kieffer, 1904) and Goniozus claripennis (Forster, 1851) (Hymenoptera:
Bethylidae), were recorded from Tiirkiye. The newly recorded species are briefly
described and illustrated. Additional records are provided for Cephalonomia
hypobori Kieffer, 1919, already reported from Tiirkiye. The number of species now
known from the country has increased from 14 to 16, belonging to 14 genera and
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1. Introduction

The family Bethylidae (flat wasps) is a
moderately large group of about 3000 known
species [1, 2]. Members of this family are
recognized mainly as gregarious ectoparasitoids
developing on larvae of Coleoptera and
Lepidoptera. Some members of the family
Bethylidae are of interest as potential biological
pest control agents [3].

Published records of Bethylidae from Tiirkiye
are relatively scarce and only limited faunistic
studies have been conducted on this group of
insects by local and foreign researchers in this
country [4-12]. Most recently, Cephalonomia
hypobori Kieffer, 1919 was reported for the first
time from Tirkiye by Tezcan et al. [2]. The
updated list of species of the flat wasp fauna,
which reaches 14 species, was also presented in
that study.

This study aims to identify the Bethylidae species
collected during the research to determine the
natural enemies of Scolytus rugulosus in the
sweet cherry orchards of Izmir (Kemalpasa
district). As a result, two additional species,
Bethylus mandibularis (Kieffer, 1904) and
Goniozus claripennis (Foerster, 1851), were
reported for the first time from Tiirkiye. The
newly recorded species are briefly described and
illustrated. In addition, new data about the
previously known Cephalonomia hypobori was
also shared.

2. Materials and Methods

The material was obtained from sweet cherry
orchards in izmir (Kemalpasa), Western Tiirkiye,
by beating and rearing in 1992-1995. Branches of
trees infested by S. rugulosus were cut off, the
tips were painted with paraffin wax to reduce
drying, and the parasitoids were reared in cages
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under lab conditions. At the same time, they were
also reared under natural conditions in cages on
the branches of the trees [13-15]. The material
was preserved and stored in the Entomology
Research Laboratory, Department of Biology,
Tokat Gaziosmanpasa University (Tokat,
Turkey). While the second author carried out
field studies and specimen collection, species
identifications were made by the other two
authors. The photographs of the specimens were
taken using a Leica M205C stereomicroscope
controlled by the Leica Application Suite 3
software.

3. Results

Bethylus mandibularis (Kieffer, 1904), Goniozus
claripennis (Forster, 1851), and Cephalonomia
hypobori Kieffer, 1919 were identified in this
study, and the first two species were new records
for the Turkish Bethylidae fauna. All newly
recorded species belonged to the subfamily
Bethylinae.

Subfamily Bethylinae
Genus Bethylus Latreille, 1802

Bethylus mandibularis (Kieffer, 1904) (Figures
la-e)

Material examined (1 Q): Izmir (Kemalpasa),
Central province, 02.VI11.1995, beating from
branches of Prunus avium, 1 9, leg. S. Tezcan,
det. I. Can and J. de Rond, 2024.

Global distribution: Iran, Italy, Spain, Scotland
(doubtful record) [6, 16, 17].

Remarks: This species is reported from Tiirkiye
for the first time in this article.

Brief description: Female. Body length 3.6 mm
(Fig. 1a). Body mostly black, metasoma reddish
brown. Antenna yellow to brown (Fig. 1c). Legs
castaneous, tarsi reddish. Forewing hyaline
tinged with yellow (Fig. 1e); veins and
pterostigma castaneous. Head coriaceous with
sparse punctures (Fig. 1d). The dorsal part of
pronotal area and mesoscutum coriaceous with
shallow punctures (Fig. 1b). Metapostnotal disc
rugulose, median ridge elevated and shiny;
lateral marginal carina incomplete, absent near

transverse anterior carina of metapectal-
propodeal disc. Metasomal terga shiny with
shallow tiny punctures.

Figure 1. Bethylus mandibularis 9; a) lateral
habitus; b) mesosoma, dorsal view; ¢) antenna; d)
head, dorsal view; e) forewing.

Genus Goniozus Forster, 1856

Goniozus claripennis (Forster, 1851) (Figures
2a-d)

Material examined (1 9): izmir (Kemalpasa),
Central province, 23.VI111.1993, beating from
branches of Prunus avium, 1 @, leg. S. Tezcan,
det. I. Can and J. de Rond, 2024.

Global distribution: Belgium, Czech Republic,
Germany, France, Hungary, Iran, Italy, Norway,
Russia, Slovakia, United Kingdom [18].
Remark: The species is reported from Tiirkiye
for the first time in this article.

Brief description: Female. Body length: 3.9 mm
(Fig. 2a). Body black; legs with coxa and femur
testaceous, other segments yellow; antenna
uniformly yellow except for the brownish scape;
mandible brownish yellow, basal, dorsal, and
ventral margins brownish; wings hyaline,
pterostigma and prostigma testaceous, costa and
subcosta light brown, other veins unpigmented.
Basal part of metasoma testaceous. Head longer
than wide; frons and vertex coriaceous with
scattered shallow punctures (Fig. 2b). Clypeal
carina strong and arcuate in profile. The dorsal
part of the pronotum coriaceous with scattered
shallow punctures, as in the head. Mesoscutum
and scutellum shiny with sparse punctures. The
median basal triangle of the metapectal
propodeal disc smooth and polished, extended to
the centre of the disc, connected to the posterior
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transverse carina by a longitudinal carina; other
parts of the disc and posterior declivity
microreticulate (Fig. 2c). Forewing without
areolet; Rs+M slightly curved at the apex (Fig.
2d).

Figure 2. Goniozus clarpnnis SBTa) lateral habitus;
b) head, dorsal view; c) mesosoma, dorsal view; d)
forewing.

Subfamily Scleroderminae
Genus Cephalonomia Westwood, 1833

Cephalonomia hypobori Kieffer, 1919 (Figures
3a-3b)

Material examined (83 2%, 4 4&): izmir
(Kemalpasa), Central province, October 1992 /
November 1992 reared from larvae of Scolytus
rugulosus, 22 29, 2 &4; 18.01.1993, reared
from larvae of S. rugulosus, 1 @; 21.01.1993,
reared from larvae of S. rugulosus in branches of
Prunus avium, 1 9; 03.06.1993, reared from
larvae of S. rugulosus in branches of P. avium, 23
QQ; 08.06.1993, beating from branches of P.
avium, infested with S. rugulosus, 2 99;
02.07.1995, beating from branches of P. avium,1
Q; 27.07.1995, beating from branches of P.
avium, 3 99, 3 d&; Oren, 15.01.1993, reared
from larvae of S. rugulosus, 1 9; 03.05.1993,

beating from branches of P. avium, infested with
S. rugulosus, 1 ¢; 28.05.1993, reared from larvae
of S. rugulosus, 1 9; 08.11.1993, reared from
larvae of S. rugulosus, 3 9 9; 02.09.1994, reared
from larvae of S. rugulosus, 1 9; Siitciiler,
11.03.1993, reared from larvae of S. rugulosus, 2
QQ; 14.06.1993, beating, from branches of P.
avium, infested with S. rugulosus, 1 @;
08.11.1993, reared from larvae of S. rugulosus, 1
Q; Kuyucak, 06.05.1993, reared from larvae of
S. rugulosus in cages on the branches of P. avium
under natural conditions, 1 9; 13.05.1993, reared
from larvae of S. rugulosus, 2 99; 17.05.1993,
reared from larvae of S. rugulosus in branches of
P. avium, 1 9; 14.06.1993, beating, from
branches of P. avium, infested with S. rugulosus,
3 99; 08.11.1993, reared from larvae of S.
rugulosus in branches of P. avium, 1 9;
25.07.1994, beating, from branches of P. avium,
infested with S. rugulosus, 1 @; 21.10.1994,
beating, from branches of P. avium, infested with
S. rugulosus, 2 99; Bagyurdu, 22.01.1993,
reared from larvae of S. rugulosus, 4 99;
23.01.1993, reared from larvae of S. rugulosus in
branches of P. avium, 2 29Q; Ornekkoy,
09.09.1994, beating, from branches of P. avium,
infested with S. rugulosus, 1 9 leg. S. Tezcan,
det. J. de Rond, 2024.

Global distribution: Czech Republic, France,

Iran, Israel, Italy, Morocco, Tunisia, Tiirkiye [2,
18].

4. Discussion

In the study carried out to determine the
parasitoids that are the natural enemies of
Scolytus rugulosus, which damages the cherry
orchards in Izmir, three species belonging to the
Bethylidae family were identified: Bethylus
mandibularis, Cephalonomia hypobori and
Goniozus claripennis. B. mandibularis and G.
claripennis are new records for the Turkish
fauna.

It is known that species of Bethylus and Goniozus
prefer various lepidopteran larvae as hosts [1].
Therefore, they are unrelated to Scolytus
rugulosus and were caught incidentally in this
study. These two species are probably parasitoids
of the lepidopteran larvae found in the cherry
orchards in Kemalpasa. As a result of the studies
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carried out in cherry orchards in Tiirkiye, it has
been reported that there are 140 species
/subspecies belonging to 21 families of
Lepidoptera [19]. In previous studies conducted
in cherry orchards in Manisa (Sultanyayla), a
Goniozus species was reared from the larvae of
Archips rosana (Linnaeus, 1758). However, the
author was not able to identify it at the species
level [f20].

Figure 3. Cephalonomia hypobori a) female, lateral
habitus; b) male, lateral habitus.

C. hypobori is a parasitoid of many larvae of
Scolytinae species that manifest themselves as
agricultural pests. The presence of this bethylid
species in Tiirkiye has only recently been
detected [2]. In this study, many specimens of
this species were obtained by beating from
branches and reared from larvae. Considering the
large number of specimens of C. hypobori, it can
be said that this species is a control agent that has
significant potential to affect the population
development of S. rugulosus in the study area.
Nearly 30 years have passed since the field
studies were carried out in this research. So,
future studies should evaluate the extent to which
this flat wasp is effective against S. rugulosus in
the area.

Most Bethylidae species in Tiirkiye are often
challenging to collect in the field because their
habits are poorly known. It is evaluated that
many potential discoveries regarding this poorly
studied family can be made in Tirkiye. In
conclusion, we hope that future studies will
provide more biological information, such as the
species’ host, distribution, and occurrence, and

use it as a reference in understanding the habits
of these species.
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The environmentally friendly plant-based green synthesis approach provides a
fabulous opportunity to produce versatile zinc oxide powders with multifarious
morphology and/or size. In this study, it was mainly aimed at using Polygonum
cognatum Meisn. extract to synthesize zinc oxide powder via a simple green
synthesis route. For this purpose, zinc nitrate solution was mixed with an aqueous
extract of fresh Polygonum cognatum Meisn. plant leaves to obtain a zinc-based
precursor, and then zinc oxide powder was synthesized by means of calcination
conducted at 400°C for 2 hours in air. Phase, spectroscopic, and microstructural
analysis techniques, as well as Rietveld refinement method and Williamson-Hall
analysis, were performed to investigate the powder characteristics. It was found that
the synthesized high-purity zinc oxide powder had a hexagonal wurtzite crystal
structure. Zinc oxide powder was observed to have a particularly large amount of
nano-sized equiaxed particles (~25 nm in average diameter) together with micron-
sized hourglass-like particles consisting of two hexagonal prisms (each <1 pm in
height). All in all, the main implication of our research is that the Polygonum
cognatum Meisn. plant can be potentially used as a biomass source for the green
synthesis of zinc oxide nano/microparticles.

1. Introduction

Green synthesis routes, one of the most creative

Zinc oxide (ZnQO) is an important inorganic
material with multifunctional characteristics due
to its unusual physical, chemical, or biological
properties [1-3]. Therefore, it is unsurprising that
ZnO attracts great attention in technological
areas and scientific studies. In the global market,
ZnO-based products are mainly demanded by
various industries, ranging from rubber, ceramic,
and paint manufacturing to agricultural, food,
pharmaceutical, electronics [4-6]. It stands out
that the scientific community has made
tremendous efforts to improve the properties and
performance of zinc oxide-based compounds,
particularly in powdery forms. Nano- and
micrometer-sized zinc oxide particles have been
synthesized through chemical, physical, and
biological processing approaches [4, 6-8].

bottom-up  synthesis methods, distinguish
themselves from the others due to their
straightforward implementation, cost-
effectiveness, eco-friendliness, and safety
characteristics. The green synthesis procedure is
considered a cleaner, more reliable, and more
sustainable technique since it mainly requires
biomass resources, non-toxic solvents and results
in negligible waste and pollutant formation [2, 6,
9-11].

Biogenic compounds are usually derived from
the most abundant life forms, i.e., plants,
bacteria, algae, fungi, etc., by simple extraction
methods. Especially, plant-based
phytochemicals with chemical functional groups
are widely used for reducing, stabilizing, and/or
capping agents for metallic ions in the solvents.
There are innumerable scientific studies in the

Cite as: E. Akga (2024). Eco-Friendly Green Synthesis of Zinc Oxide Nano/Microparticles using Aqueous Leaf Extract of Polygonum cognatum Meisn. Plant, Sakarya
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literature related to laboratory-scale processing,
characterizations, and applications of the green
synthesis of zinc oxide particles [11-27].

Polygonum cognatum Meisn., colloquially
known as "Madimak", belongs to the
Polygonaceae family, which is a perennial plant
that grows naturally in various regions of
Anatolia in Tiirkiye at altitudes ranging from 720
to 3000 meters. The shoots and leaves of this
plant are usually consumed as meals in Central
Anatolian cuisine, as well as used for some

traditional medicinal  purposes  [28-37].
Polygonum  cognatum  Meisn.  contains
phytochemical compounds, i.e., phenolics,

vitamins, flavonoids, and carotenoids together
with some macro- and micro-nutrients [28, 29,
31-38]. Moreover, previous studies have shown
the presence of antioxidant, antimicrobial,
cytotoxic, or antiproliferative activities in
extracts derived from this plant [28, 31, 35, 36,
38-40]. Recently, many scientists have shown
great interest in the Polygonum cognatum spices
for research and development activities in the
fields of medicine, pharmacy, agriculture,
biology, chemistry, biochemistry, etc.

Polygonum cognatum plant extract possesses
potential phytochemicals that can be used for
green synthesis; however, there are few papers
related to the biosynthesis of nano-sized particles
using Polygonum cognatum plant extract in the
literature. It was reported that metallic
nanoparticles of copper, iron, or silver (ranging
from 20 to 100 nm) were synthesized through
extracts derived from Polygonum cognatum plant
[41-43]. In addition, magnetite-reduced
graphene oxide particles prepared using the
aqueous extract of Polygonum cognatum as a
stabilizing and reducing agent [44]. To the best
of our knowledge, there is a gap in the literature
about the green synthesis of metal oxide particles
by using Polygonum cognatum spices. We
believe that the Polygonum cognatum Meisn.
plant could be a promising natural resource for
green chemistry processing of metal oxide
particles due to its bioactive components.

The main motivation of this study is to
demonstrate the green synthesis of ZnO particles

by using the Polygonum cognatum Meisn. plant.
For this purpose, the aqueous extract was first
obtained from the fresh leaves of the Polygonum
cognatum Meisn. plant collected in Sivas
Province, Tiirkiye. Next, the reaction between
zinc nitrate hexahydrate and plant extract
solutions yielded the precursor. Finally, zinc
oxide was synthesized via solid-state calcination
of the precursor, and XRD, SEM/EDS, STEM
analyses, as  well as  spectroscopic
characterizations (FT-IR, UV-Vis, and Raman
spectroscopy) were carried out.

2. Materials and Methods

Zinc nitrate hexahydrate (Zn(NOs3)2-6H20)
(>98%, Tekkim) was the sole chemical raw
material as a zinc source used as received without
further purification in this study. Figure 1 shows
the steps of the green synthesis for zinc oxide in
detail.

In the first step, fresh Polygonum cognatum
Meisn. plant collected in rural areas of Sivas
Province (Tiirkiye) was purchased from the
domestic market hall located in the downtown.
The plant was kept in tap water in the deep,
transparent container for a while. Thereby, it was
easy to remove dirt and unwanted foreign
substances since those had sunk to the bottom.
Following that, we repeatedly washed the plant
leaves, which had separated from the stem, in
distilled water.

In the second step, 40 grams of fresh leaves were
soaked in 400 ml of distilled water in a 600 ml
beaker and mixed for 2 hours on a hot plate at
75°C with continuous stirring. The beaker was
covered by PVC cling film to minimize
evaporation during the process. Also, the
constant temperature was maintained by using an
external thermocouple attached to the magnetic
stirrer. The mixture, which turned into a
brownish-green color, was left for a while in the
laboratory to cool down naturally to room
temperature. The extract solution was filtered
through Whatman filter paper (No. 1) and
centrifuged at 15,000 rpm for 3 min.
Subsequently, it was stored in the refrigerator
until the next use.
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Step 1

Step 2

Step 3

Zn0

Figure 1. Detailed processing steps for the green synthesis of zinc oxide particles

In the third step, 50 ml of the extract solution
poured into a 250 ml beaker on a hot plate was
heated up with continuous stirring at 400 rpm
until temperature reached 60°C. Then, 50 ml of 1
M zinc nitrate hexahydrate solution was
gradually dripped into the heated -extract
solution. During this process, the formation of
suspended gel-like small particles in the mixture,
which was probably due to the reaction between
zinc ions and bioactive compounds, could be
immediately observed. The mixture with 50:50
(% v/v) in a covered beaker was stirred at 300
rpm at 60°C for 3 h.

Subsequently, the temperature of the hot plate
was increased above 100°C to evaporate the
excess water in the heated mixture. Also, a fan
was placed on the beaker after removing the PVC
cling film. Meanwhile, the mixture turned into a
viscous fluid with a brownish-orange color
during the 7-hour heating procedure. 75 ml of
distilled water was poured into the viscous fluid
and then sonicated for 15 min. It was transferred
into the polypropylene measuring cylinder to
ensure the spontaneous sinking of the precipitate
to the bottom. The supernatant was removed for
each step before refreshing the water. Thereby,
the precipitate was rinsed with distilled water
several times to remove any unwanted excess.
Eventually, dried participate was put in the
porcelain crucible and calcined at 400°C for 2 h
with 5°C/min heating and cooling rates in air.

The phase formation of the powder was checked
by an X-ray diffractometer (XRD) (Rigaku
Miniflex600, Japan) using CuKa radiation.
Rietveld refinement for the XRD data of ZnO
powder was carried out using MAUD software
(Materials Analysis Using Diffraction, Version
2.9993) [45]. Microstrain (g) and crystallite size
(D) were determined by using Williamson-Hall
analysis [46]. The microstructure and elemental
analysis of powder were examined by a field
emission scanning electron microscopy (SEM)
equipped with an energy dispersive spectroscopy
(EDS) detector and a STEM detector (TESCAN
MIRA3 XMU). Attenuated total reflection
Fourier-transform infrared (ATR-FTIR)
spectrum was recorded in the range of 4000400
cm?® (Bruker, Tensor Il). A UV-Vis diffuse
reflectance spectroscopy (Thermo Scientific
Evolution 201) was used to determine the band
gap of ZnO in the wavelength range of 200-800
nm. The Raman spectrum of calcined powder
was measured directly by using Raman
spectroscopy with a 532 nm laser (Jasco
NRS4500 confocal Raman microspectroscopy)
performed between 95 and 875 cm™'.

3. Results and Discussion

Figure 2 shows the X-ray diffraction patterns of
green synthesized powder zinc oxide calcined at
400°C for 2 h. The peaks observed at 26 =31.76°
(100), 34.42° (002), 36.26° (101), 47.54° (102),
56.58° (110), 62.84° (103), 66.36° (200), 67.97°
(112), 69.08° (201), 72.58° (004), and 76.92°
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(202) nicely correspond to the characteristic
peaks of zincite crystal (JCPDS card # 36-1451).
In addition, Rietveld analysis was performed to
determine the crystal structure of synthesized
ZnO particles based on the Crystallographic
Information File (CIF) of the zincite mineral
(card  no.  2300450)  obtained  from
Crystallography Open Database [47]. During the
refinement process, all indexed peaks were used,
excluding the Kp peak (at 20~28°) arose from the
instrumental setup. The experimental diffraction
data (Yons), the calculated diffraction data (Yecal),
and  their difference  (Yobs-Yca)  Were
demonstrated in Figure 2, as well as the peak
positions of zincite (vertical blue lines).

35k

The Rietveld refinement output of Ry (%) = 6.83,
Rwp (%) = 7.65, Rexp (%) = 3.41, and Xz =224
obviously indicated that the calculated data was
in good agreement with the observed ones. In
other words, the XRD pattern revealed that the
peaks match well with the zincite ZnO. Besides,
the lattice parameters such as unit cell lengths,
angles, and volume for synthesized particles
were computed as a=b= 3.2508 A +7.59E-5, c=
5.2074 A £1.37E-4 (c/a= 1.60188), a=p=90°, y=
120°, and V= 47.656 A3, It means that the green
synthesized zinc oxide particles clearly possess a
hexagonal wurtzite-type crystalline structure.

30k
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Figure 2. X-ray diffraction patterns of green synthesized calcined zinc oxide powder and Rietveld
refinement result

Meanwhile, bond length (L) between Zn and O
was calculated as 1.9783 A by using lattice
parameters based on the equation (1) [48].

_|fa? ,(1—2u 2
L= (? e ( 2 ) )
where both a and c are unit cell lengths, u is the
positional parameter (u = [1/4 + 1/3 (a/c)?)).
On the other hand, Williamson-Hall analysis was
carried out based on the equation (2) to determine

the lattice strain and crystallite size of green
synthesized zinc oxide powder [46].

1)

()

KA .
Briicosl = 53 + 4¢sinf

where S is the peak broadening, K is the shape
factor (0.94), A is the wavelength of CuKa
radiation (1.5406 A), D is crystallite size, and €
is the lattice microstrain. S Vvalues were

obtained from the full width of half maximum
(FWHM) of each XRD peak estimated by using
the Voigt model.  Figure 3 depicts the
Williamson-Hall plot together with linear
regression results for green synthesized zinc
oxide powder. The crystallite size (D) and
microstrain (¢) values, which are obtained by the
intercept on the y-axis and the slope of linear fit
line, respectively, are 48 nm and 0.00133 for
calcined zinc oxide powder.

Powder characteristics could differ based on the
processing conditions, raw materials,
ingredients, etc. For example, the crystallite size
and microstrain values for ZnO powders
synthesized via similar green routes by using
various plant-based extracts and calcined at
400°C were reported to be D = 4.5-17.8 nm and
¢ = 0.0065-0.0078 in a previous work [49],
whereas another study reported D = 35 nm and ¢
= 0.000346 [50].
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Figure 3. Williamson-Hall plot of green synthesized zinc oxide powder

FTIR spectroscopy is a practical tool for
analyzing the functional groups of materials.
Figure 4 depicts the room-temperature ATR-
FTIR spectrum of the green synthesized ZnO
particles taken in the range between 400 and
4000 cm™*. All prominent absorption peaks at

479,552, 705, 1055, 1396, 1624, 2097, 2343, and
3382 cm™ were marked in the FTIR spectrum.
The absorption peaks observed at 479, 552, and
705 cm™t highly likely belong to zinc oxide with
a hexagonal wurtzite structure. The absorption
bands around 400-700 cm™ were reported to be

Transmittance (%)

7
it
o

Zn-0

1055

T T T
4000 3500 3000 2500

T T T T
2000 1500 1000 500

Wavenumber (cm™)
Figure 4. ATR-FTIR spectrum of green synthesized zinc oxide particles

associated with the Zn—O stretching in the zinc
oxide lattice in pervious works [20, 22, 49-55].
Especially, the strong peak at 479 cm? that
appeared in the FTIR spectrum was very close to
the ones stated as the characteristic absorption
peak for ZnO. On the other hand, the explicit
peaks at ~2343 and 3382 cm™! were undoubtedly
corresponding to the characteristic O-H
stretching and O=C=0 stretching arising from
atmospheric moisture and carbon dioxide,
respectively [14, 20, 55]. In addition, there were
some divergent evaluations about the other
absorption bands between ~1000 and 3000 cm'*
could belong to various functional groups of
organic compounds with stretching or bending

vibrations, i.e. C=C, C=0, C—N, C—H, etc [14,
20, 49, 51, 53]. Meanwhile, it was also possible
that some residual matters, resulting from
organic extracts used for the green synthesis of
zinc oxide, remained in the structure due to the
low heat treatment procedure [20, 22, 50, 55].

Raman spectroscopy is one of the most useful
characterization techniques that provides insight
into the chemical fingerprints of various
materials. Figure 5 shows the room-temperature
Raman spectrum of the green synthesized ZnO
particles taken in the spectral range between 95
and 875 cm™. All distinguishable peaks at 100,
118, 165, 263, 334, 380, 410, 438, 579, 685, and
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812 cm™ were marked in the Raman spectrum.
The optical phonons (/opt) at the center of the
Brillouin zone can be described as 7opt = A1 + E1
+ 2E; + 2B for the crystalline zinc oxide with a

hexagonal wurtzite structure, which is a member
of the P6smc space group. The Raman active
polar modes of Az and E; split into the vibration
modes of transvere optical (TO) and longitudinal

1750
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/118

1500
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1000
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Figure 5. Room-temperature Raman spectrum of green synthesized zinc oxide particles

optical (LO), whereas E> modes (E2'" and E2"9")
are Raman active but exhibiting a non-polar
nature. On the other hand, the B: modes are
silent, in other words, Raman inactive [56]. The
peaks at 100 cm? and 438 cm? are the
characteristic phonon modes belonging to ZnO,
designated as E»'° and E,"9", respectively [56,
57]. The vibration of zinc atoms results in low-
frequency phonon mode (E2'°"), whereas high-
frequency phonon mode (E2"9") is associated
with the vibration of oxygen atoms. On the other
hand, the sharp intense peak observed at 438 cm’
1'is an obvious indication of the hexagonal
wurtzite structure of zinc oxide [58-60].

Meanwhile, the peaks at 118 cm™ and 165 cm™
could arise from E;'°% asymmetric tail (E2'°" @'
modes [57]. The peaks located at 334 cm™ and
410 cm™ are related to the E2""-E,'" and
E1(TO), respectively [56]. As for the Raman
active polar of Ay, the peaks at 380 cm™ and 579
cm™ highly likely correspond to A1 (TO) and A;
(LO) modes, respectively [56, 57]. The peaks at
263 and 812 cm™ could be associated with the B,
silent modes. Those modes were reported as By
at 261 cm™ and B4'°“+B;"9" at 810 cm™ [61],
which were predicted by the calculations for
wurtzite-type zinc oxide in earlier works. The
silent peaks seen in the Raman spectrum of zinc
oxide could be activated due to the lattice
disorder or defects triggered by impurities,

dopants, secondary phases,
conditions [56, 58, 61].

or processing

The activation of the Raman inactive B; silent
modes was believed to be linked to probable
minor amounts of elements resulting from raw
materials and/or plant extract used for green
synthesized zinc oxide. On the one hand, we
assumed that the peak at 685 cm™ was a
combination of several peaks nearby. According
to peak-fit analysis (not shown here), there were
highly likely two separated multiphonon peaks at
674 and 700 cm™, which was in good agreement
with the literature results [56, 57].

Figure 6 shows the UV-Vis spectrum of
synthesized zinc oxide powder in the range
between 200 and 800 nm, together with the Tauc
plot. There is an obvious absorption peak
appeared at 375 nm, which is within the UVA
region, in the UV-Vis spectrum of the powder.
The absorption peak values were reported to be
typically between 367 and 393 nm for various
zinc oxide powders synthesized by means of the
plant-based green chemistry route [14, 27, 49, 50,
53].

The absorption peak at 375 nm was close to the
characteristic peak for ZnO with a hexagonal
wurtzite crystal structure. In some cases, a red-
shift or blue-shift of the absorption peak for ZnO
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in the UV-Vis spectrum could be observed due to
the processing parameters (i.e., impurities,
doping, concentration, calcination temperature,
etc.) [14, 49, 50]. The Tauc plot (see inset in
Figure 6.) was used to ascertain the optical band
gap energy (Eg) of synthesized zinc oxide

powder. The plot of energy vs (ahv)?, in other
words, the Tauc plot, was obtained based on the
equation (3) [62].

(ah)VY = A(hv — E) (3)
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Figure 6. UV-Vis spectrum of the zinc oxide powder and the Tauc plot

where o is the energy-dependent absorption
coefficient, h is the Planck’s constant, v is the
photon’s frequency, A is energy-independent
constant, Eq is the optical band gap energy, and y
is the coefficient related to the nature of the
electron transition and corresponds to 1/2 or 2 for
direct and indirect allowed transition band gaps,
respectively. The direct Eq was represented by
the intersection of the x-axis of the Tauc plot,
which was determined with the help of the
extrapolation of linear fitting, where an abrupt
increase in the values of (ahv)?. The direct Eq of
synthesized zinc oxide powder was estimated at
3.19 eV. It is known that the direct Eq is
approximately 3.37 eV for zincite mineral with a
hexagonal wurtzite crystal structure [4, 21]. In
addition, it is seen that direct bandgap values
between 3 and 3.37 eV to have been reported for
pure zinc oxide powder produced by various
green synthesis methods in the literature [14, 20,
49, 63].

Figure 7 demonstrates the SEM micrographs and
EDS analyses of calcined powder. The low-
magnification image in Figure 7a represents the
general view of agglomerated calcined powder.
There are three distinct types of particle shapes,
such as nano-sized round-like, micron-sized
hourglass-like, and sub-micron plate-like shown
in Figure 7b-d. Plenty of nano-sized round-like

particles stand out as well as a considerable
amount of micron-sized hourglass-like particles
and few amounts of sub-micron plate-like
particles. It is highly likely that several bioactive
phytochemical compounds, especially phenolics,
vitamins, flavonoids, or carotenoids in the
Polygonum cognatum Meisn. extract, act as
reducing, stabilizing, and/or capping agents for
Zn?" metallic ions in the solution. During the
green synthesis procedure, disassociated Zn?*
ions from zinc nitrate solution were probably
attached to functional groups of biogenic
compounds in the extract due to interaction
between them; therefore, the nucleation arose in
the early stages of the process. Then, particle
growth occurred as a result of the Ostwald
ripening mechanism, and thereby a zinc-based
intermediate complex precipitated [2, 9, 10, 12,
13, 21].

Besides, a calcination procedure (200-900°C,
most preferably about 400°C) is usually required
to transform an intermediate compound
consisting of the coalescence of very small
precursors into crystalline pure zinc oxide nano-
or micro-particles [2, 16, 20, 50]. During the
solid-state calcination step, smaller particles are
basically consumed by bigger ones thanks to the
Ostwald ripening mechanism. Particularly, the
agglomeration tendency of nano-sized particles
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with higher surface energy is supposed to have
been responsible for the formation of bigger,
micron-sized hexagonal columnar particles via
the heat treatment process.

The exiting of small precipitates on the

hexagonal columnar particles seen in Figure 7c
was considered as the evidence of the aforesaid
hexagonal

growth mechanism. Meanwhile,

prism-shaped zinc oxide particles essentially
resembled hourglass-like morphology (max. ~2
um in height). Similar micron-sized zinc oxide
particles were reported to be synthesized by
various methods [64-68], i.e. chemical bath
deposition, hydrothermal, sol-gel, combined
ultrasonic/microwave irradiation, etc. Indeed, the
hourglass-like morphology consisted of two

Figure 7. SEM micrographs and EDS analyses of green synthesized ZnO particles. General view of
agglomerated calcined powder (a), nano-sized round-like particles (b), micron-sized hourglass-like particles
(c), sub- micron plate-like particles (d), EDS spectrum of hourglass-like particle (e), and EDS spectrum of
synthesized zinc oxide powder (f)

identical dimer

structure.

hexagonal prisms, that is,

Each ZnO microcrystal with a hexagonal prism
shape typically possesses two polar planes:
(0001) at the top and (0001) at the down of the
wurtzite unit cell. Previous studies highlighted
the effects of the Ostwald ripening phenomenon,
van der Waals interaction, and/or electrostatic
interactions on the nucleation, the aggregation of
small particles, and the formation of hexagonal
dimer structures of ZnO [65, 66, 68]. It was
believed similar mechanism(s) resulted in the
formation of small-sized truncated hexagonal
prisms with approximately 800 +100 nm in

height and 500 +50 nm in side-length of base in
the first stages of the process. It was highly likely
that the final hourglass-like dimer structure
emerged when two hexagonal prisms joined each
other by virtue of the coupling of their (0001)
planes [65, 66, 68].

EDS analysis clearly indicated that the presence
of zinc and oxygen atoms for the individual
hourglass-like particle shown in Figure 7e.
According to the ESD analysis taken from the
larger area of the suppressed powder shown in
Figure 7f, atomic ratios were found to be 44.59%
of Zn, 54.50% of O, 0.53% of P, 0.22% of S, and
0.13% of CI, except for C from conductive

991



Sakarya University Journal of Science, 28(5) 2024, 984-999

carbon tape. Note that characteristic peaks of
negligible amounts of minor elements cannot be
well distinguishable compared to the main
elements (Zn and O) in the EDS spectrum in
Figure 7f. Some residual elements were known
to remain in the green synthesized zinc oxide by
using the plant extract after even high-
temperature calcination (> 400°C) [14, 50].

For instance, Polygonum cognatum Meisn. plant
extract was reported to involve some elements
such as P, S, CI, N, etc. in previous works [31,
69]. Also, residual elements could be attributed
to the used zinc nitrate hexahydrate raw material
with >98% purity, which was used in this study.
Regardless of the origin of residuals, the
existence of minor elements was believed to be
associated with their energetic stability at the
calcination temperature of 400°C. This
temperature was very close to the most preferred
ones for synthesized zinc oxide powders in the
literature. Actually, the aim of the calcination is
to ensure the formation of a crystalline phase
together with the decomposition and/or burnout
of residual matters come from the plant extract.
Maybe a higher calcination temperature is useful
in terms of being free from residuals; however,
the risk of the exaggerated particle growth and
the deterioration of morphology should be taken
into account at the same time. Given that the
overall phase characteristics of green synthesized

zinc oxide in our study were in good agreement
with those reported in the literature, the
calcination temperature of about 400°C was
believed to be reasonable.

Figure 8 depicts the STEM images of
nanoparticles separated from synthesized zinc
oxide powder, particle size distribution, and the
Tyndall effect of colloidal suspension. Figure
8a-b shows STEM images of nanoparticles
isolated from synthesized zinc oxide powder by
simple procedure. Briefly, a small amount of
ZnO powder was added to distilled water and
subjected to ultrasonic energy, then kept
stationary. It was observed that the larger
particles settled down immediately owing to the
gravitational  force, while  nanoparticles
suspended in the distilled water exhibited
colloidal dispersion behavior. The isolated
nanoparticles stand out as having a virtually
equiaxed particle shape together with 24.8 nm of
mean particle size, as seen in Figure 8c. In
addition, the Tyndall effect was conspicuously
observed for nanoparticles suspended in the
distilled water that exhibited colloidal dispersion
behavior because the light beam from the laser
source dramatically scattered due to the strong
interaction with the suspended nanoparticles (see
Figure 8d). On the contrary, the light was
invisible in distilled water because it directly
passed through without any interaction.

Mean particle size : 24.8 nm
SD:94

Frequency (%)
3 & -3

5 20 25 % 3 40 4
Particle size (nm)

PP Laser solircé %

f

Distilled
water

ZnO colloidal
nanoparticles

Figure 8. STEM image of nanoparticles (a-b), particle size distribution (c), the Tyndall effect of colloidal
zinc oxide particles (d).
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Indeed, the number, morphology, size, and purity
of the particles strongly depend on the process
parameters of the green synthesis procedure,
especially the type of plant species and their
ingredients, the concentration of the raw material
and extract, the pH of the solutions, reaction time
and temperature, calcination temperature, etc. In
this study, we essentially focused on the specific
process parameters to find out whether or not the
Polygonum cognatum Meisn. could be a
promising plant in terms of the green synthesis of
zinc oxide. In the light of these results, particle
characteristics, especially size and morphology,
of zinc oxide particles can be tailored for various
applications by using Polygonum cognatum
Meisn. extract thanks to future systematic
studies.

4. Conclusion

The aim of the current study is to reveal the
potential of using Polygonum cognatum Meisn.
plant extract in the green synthesis of zinc oxide
powder. Zinc oxide powder was synthesized via
the calcination at 400°C for 2 hours of the
precursor, which was obtained by mixing zinc
nitrate solution and Polygonum cognatum Meisn.
aqueous leaf extract with the specific process
conditions. X-ray diffraction, spectroscopic, and
microstructural analysis techniques were used for
the powder characterizations.

The results obviously demonstrated that the
synthesized powder was pure zinc oxide with a
hexagonal wurtzite crystal structure (a=b=
3.2508 A, c=5.2074 A, a=p=90°, and y= 120°).
The crystallite size and microstrain values were
estimated at 48 nm and 0.00133, respectively.
The direct allowed E4 was calculated as 3.19 eV
based on the absorption peak observed at 375 nm
in the UV-Vis spectrum of zinc oxide powder. It
was found that equiaxed nanoparticles with a
mean particle size of ~25 nm were accompanied
by  hourglass-like  microparticles,  which
consisted of two hexagonal prisms with a height
of <1 pum each. In conclusion, the main
implication of this study is that the Polygonum
cognatum Meisn. plant extract can be a
promising biomass source to tailor the green
synthesis of zinc oxide nano/microparticles with
various morphologies, which can be used for
numerous technological applications.
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materials science, paving the way for more efficient and eco-friendly battery

Accepted: 02.09.2024 recycling processes.

Online Available: 14.10.2024

1. Introduction

With the increasing use of lithium-ion batteries
in portable devices and particularly in
automobiles, the demand for sustainable battery
components and resources is growing daily.
Considering the energy demands in the battery
sector, the energy demand, which was 102 GW-
hours in 2017, is projected to reach 709 GW-
hours by 2026 [1]. Additionally, to reduce carbon
dioxide emissions, the sales of electric cars,
which were 2 million in 2018, are expected to
reach approximately 11 million by 2025 [2].

However, with the anticipated increase in the
supply of lithium-ion batteries, while carbon
dioxide emissions are reduced, another adverse

effect is looming for the planet. London-based
Circular Energy Storage (CES) estimates that
China alone produced half a million tons of
lithium-ion battery waste by 2020, and this
number is expected to reach two million tons
annually by 2030 when considering global
consumption. Certain materials found in lithium-
ion battery waste, such as heavy metals and toxic
electrolytes, pose specific threats to ecosystems
and human health. Approximately 1,100 tons of
the 4,000 tons of lithium-ion battery waste
consist of heavy metals, and over 200 tons are
toxic electrolytes [1]. Therefore, if lithium
battery waste is disposed of through methods
other than recycling, it will lead to numerous
adverse effects. For instance, if disposed of
through solid waste landfilling, the dissolution of
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toxic heavy metals into groundwater could cause
severe environmental pollution. Similarly, if
lithium-ion battery waste is incinerated as
general solid waste, it will produce significant
amounts of toxic gases, such as hydrogen
fluoride (HF), polluting the atmosphere.

Therefore, it is crucial to process waste lithium-
ion batteries in the least harmful way to humans
and nature. Furthermore, an average waste
lithium-ion battery contains 5-20% Co, 5-7% L,
5-10% Ni, 5-10% Cu, other metals like Al and
Fe, 15% organic compounds, and 7% plastics [3].
The significant number of valuable metals in
waste lithium-ion batteries, often exceeding the
content found in some natural ores, provides
substantial economic value [3]. Thus, the
primary goal of recycling waste lithium-ion
batteries is to reduce or eliminate potential
environmental impacts; the secondary goal is to
ensure an industrially sustainable and improvable
lithium-ion battery industry through the recovery
of valuable metals.

Therefore, recycling waste lithium-ion batteries
not only complies with environmental
requirements but also serves as an alternative
source for conserving valuable metals. A lithium-
ion battery typically consists of an anode,
cathode, binder, electrolyte solution, separator,
current collectors, and plastic and metallic outer
layers. Besides carbon, other materials like SiOx,
silicon, and LisTisO1. can be used as anodes, but
natural graphite is preferred due to its low cost,
high efficiency, and high capacity [4, 5]. The
binder, which usually is polyvinylidene
difluoride (PVDF), ensures the adhesion of the
anode and cathode materials onto copper and
aluminum foils [6]. The separator is a
microporous film usually made from polymers
such as polyethylene (PE) and polypropylene
(PP) [7]. The electrolytes used in lithium-ion
batteries include LiPFe, LiBF4, LiCF3SOs, or
Li(SO2CF3)z2.

The cathode materials in lithium-ion batteries are
primarily lithium intercalation oxides such as
LiNiOgz, LiMn204, LiFePOs4, LiNixCoyMn1.x.yOo,
with LiCoO- being the most used [8, 9].

Today, three main techniques are employed for
recycling lithium-ion batteries: pyrometallurgy,

bio metallurgy, and hydrometallurgy [10]. The
pyrometallurgical method does not require pre-
processing as organic solvents, plastic coatings,
and connectors decompose and burn at the high
temperatures applied in this process. The high
temperature and capacity used allow for the
recycling of large quantities of lithium-ion
batteries. However, the disadvantages of the
pyrometallurgical method include the emission
of hazardous gases such as HF, high investment
costs, high energy consumption, and the loss of
some metals like lithium and manganese in the
slag. The bio metallurgical method, which uses
microorganisms for leaching, is less costly and
requires less industrial equipment.

However, due to slower leaching kinetics and
efficiencies, it requires much more time for
recycling. Hydrometallurgical processes can be
faster, provide higher purity, consume less
energy, and result in lower gas emissions. Due to
the disadvantages of pyrometallurgy and bio
metallurgy, hydrometallurgical processes are
more commonly used for recycling lithium-ion
batteries [11, 12]. Leaching reagents are
primarily inorganic acids, organic acids, and
alkaline solutions. Inorganic acids like HCI,
HNO3, and H2SO4 have been extensively studied
in the recycling processes of lithium-ion
batteries.

One of the most valuable components within a
lithium-ion battery is the cathode material
LiCoO,. The leaching (selective dissolution)
reactions of LiCoO> with HCI, HNOs, and H2SO4
are as follows [13-15]:

3HCL + LiC00, — LiCl + CoCly + Hy0 +
2
02 1)

3HNO; + LiCo0, — LiNOs + Co(NO3), +
~H,0 +20, ()

3H,S0, + 2LiCo0, + H,0, - Li,SO, +
2C0S0, + 4H,0 + 0, ©)

In the absence of a reductant, the leaching
efficiency of cobalt is higher with HCI compared
to HNOs and H»>SOa, due to higher reduction
potential of HCI. However, as shown in Reaction
(3), the addition of H.O> or similar agents can
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facilitate the reduction of Co®* when the cathode
material is subjected to leaching with H2SO4 [16—
19]. The leaching process of metals with
inorganic acids can be successfully carried out
with high efficiency. However, inorganic acids
produce environmentally harmful components
such as acidic wastewater, Clz, SO2, NOx, and
other harmful gases [20]. Therefore, eco-friendly
organic acids such as ascorbic acid, citric acid,
oxalic acid, formic acid, acetic acid, and tartaric
acid are used as leaching agents for metal
recovery from waste lithium-ion batteries [21]. In
this study, the leaching reaction of the cathode
material LiCoO> with citric acid, which will be
used, is provided in Reaction (4) [22].

6H;Cit + 2LiCo0, + H,0, = 2Li* +
6H,Cit™ + 2Co** + 4H,0 + 0, (4)

Mechanical activation, used prior to leaching, is
a widely applied scientific discipline with
applications in metal production processes,
reaction control in chemical technologies, and
more. Heinicke describes this application as
“Mechanochemistry, a branch of chemistry that
deals with chemical and physical transformations
of materials induced by mechanical energy” [23].
Mechanical activation is defined as a process that
increases the reactivity of an otherwise
unreactive solid, enhancing the dissolution of
minerals.

The primary reasons for this enhancement
include morphological irregularities,
amorphization of mineral particles, the
emergence of crystal areas conducive to
preferential dissolution, and surface oxidation of
minerals during prolonged grinding [24]. An
additional fundamental advantage of mechanical
activation is its ability to extract low-content,
highly dispersed multi-source metal elements
from electronic  waste  with  complex
compositions and sensitive structures. In the
cathode material, cobalt generally exists in the
Co®* oxidation state. However, it has been
reported that Co?" is more easily soluble in
aqueous solutions at room temperature compared
to Co®" [25].

Despite numerous reports on the recycling of
spent Li-ion batteries, to the best of our
knowledge, there have been no systematic

investigations into the effects of the mechanical
activation process and its parameters on
recycling using organic acids such as citric acid.
In this study, the effects of mechanical activation
parameters on the process of recovering valuable
metals, lithium and cobalt, from waste lithium-
ion batteries using an environmentally friendly
method of organic acid leaching were
investigated, with an emphasis on minimizing the
use of toxic substances.

2. General Methods

All experiments utilized powders derived from
spent lithium-based waste batteries. To fully
understand the components of a cylindrical Li-
ion battery extracted from a laptop battery, a
spent Li-ion battery based on LiCoO> (LCO) was
manually disassembled (Figure 1).

“ﬂ =

Cathode

Separator

Anode

Separator

Figure 1. Manual disassembly of waste lithium-ion
batteries: a) outer plastic layer, b) metal casing, c)
inner plastic layer, and d) internal components of the
battery

Prior to all experiments, the waste powders
(comprising graphite, LCO, activated carbon,
electrolyte, and PVDF) were initially
homogenized in a ball mill using a stainless-steel
ball-to-waste powder mass ratio of 1:20 at a
mixing speed of 300 rpm for 12 hours. A primary
powder blend (mixture) was obtained for use in
all experiments. To better understand the metallic
content of the waste powders and to remove the
binder (PVDF) and carbon-based materials
(graphite and carbon black) from the samples, a
calcination process was conducted at 700 °C for
3 hours.
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To analyze the Li and Co content after
calcination, the powders were subjected to
dissolution in aqua regia (1/3 nitric acid and 2/3
hydrochloric acid) for 24 hours. Subsequently,
the Li and Co contents by weight were
determined using inductively coupled plasma-
optical emission spectrometry (ICP-OES). After
the calcination process, it was determined
through ICP-OES analysis that the calcined LCO
powders contain 5% Li and 31.3% Co. To
understand the effects of mechanical activation,
a planetary ball mill from Fritch was utilized.

The samples (calcined LCO powders) were
subjected to dry mechanical activation in a
container made of WC using WC balls with a
diameter of 10 mm.

For the identification of compounds in the
powders, X-ray diffraction analysis (XRD) was
performed using a Rigaku d/MAX 2000 model
instrument with CuKa radiation in the range of
10-90°. Morphological analyses before and after
calcination were obtained using a Jeol JSM-6060
LV model scanning electron microscope (SEM)
To observe the effects of mechanical activation,
experiments were conducted at different
planetary mill rotation speeds (0, 300, 350, 400,
450, 500, and 550 rpm), various mechanical
activation times (15, 30, 45, and 60 minutes),and
different sample/WC ball weight ratios (1/20,
1/30, 1/40, and 1/50).

Table 1. Parameters of leaching processes of calcined LCO powders with citric acid leaching agent

Mechanical Activation Parameters

Leaching Parameters

0 rpm  Mechanical activation time: 1 M citric acid
Mechanical ~ 300 rpm 15 min. 30 min. leaching time
Activation 350 rpm  Solid/WC ball ratio: 1/20 1/80 solid/citric acid ratio
Rotation 400 rpm 50 °C
Speed 450 rpm
500 rpm
550 rpm
15 min.  Mechanical activation 1 M citric acid
Mechanical 30 min rotation speed: 450 rpm 30 min. leaching time
Activation " Solid/WC ball ratio: 1/20 1/80 solid/citric acid ratio
Time 45 min. 50 °C
60 min.
75 min.
Mechanical 1/20 Mechanical activation time: 1 M citric acid
Activation 15 min. 30 min. leaching time
Solid/WC Ball 1/30 Mechanical activation 1/80 solid/citric acid ratio
Ratio 1/40 rotation speed: 450 rpm 50 °C
1/50

The mechanically activated calcined LCO
sample powders were then subjected to leaching
in a 1 M citric acid solution for 30 minutes at a
leaching temperature of 50 °C, with a solid-to-
citric acid ratio of 1/80 (mechanically activated
calcined LCO powder to citric acid). All leaching
experiments were conducted in a glass reactor
using a thermostat-controlled magnetic stirrer to
maintain the reaction temperature within 1.0
°C. A water-cooled reflux condenser was used to
prevent vapor loss at high temperatures. The
stirring speed was kept constant at 300 rpm for

all leaching processes. Table 1 lists all
mechanical activation and leaching conditions.
After the leaching process, the leach solution was
separated from the solid phase using filtration.
The factors influencing the recovery of Li and Co
from spent powders were investigated under
various experimental conditions: (i) mechanical
activation rotation speed, (ii) mechanical
activation time and (iii) mechanical activation
solid/WC ball ratio. The metal contents in the
leaching solutions were determined using
Atomic Absorption Spectroscopy (AAS) for each
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experiment. The recovery efficiency was
calculated according to the following equation:

x 100

C xV
ELi,Co(%) = P x M

where C is the concentration of Li and Co in the
leaching solution (g/L), V is the volume of the
leaching solution (L), P is the percentage of Li
and Co in spent LiBs (%), and M is the amount
of the leached solid (g).

3. Results and Discussion

The leaching behavior of waste Li-ion active
material during the leaching process is
influenced by various mechanical activation
parameters. It has been observed that increasing
the mechanical activation time, rotational speed,
and ball-to-powder mass ratio enhances the
leaching efficiencies of cobalt and lithium [26].
Moreover, the leaching efficiencies of metals
exhibit a linear relationship with the surface area
of the existing structure [27]. The mechanical
activation process alters the leaching behavior of
valuable metals, resulting in higher leaching
efficiencies compared to non-activated samples
[28].

The improved leaching efficiency is associated
with reduced particle size, increased specific
surface area, and the disrupted crystal structure
of the activated samples [29]. Mechanical
activation also leads to changes in the
physicochemical properties of LCO powders,
such as reduced particle size, increased specific
surface area, and the formation of mesoporous
structures. Figure 2 presents the XRD patterns of
calcined LCO powders subjected to mechanical
activation at different rotational speeds, with a
1/20 solid/WC ball ratio, and a mechanical
activation processing time of 15 minutes.

In Figure 2, it is observed that the mechanical
activation processes do not result in significant
amorphization or reorientation of the crystal
structure within short durations such as 15
minutes. However, at rotational speeds of 400
and particularly 450 rpm, changes in the
structures of LiCoO2 and Co304 peaks are
evident. At lower rotational speeds, as seen in the
enlarged graph on the right side of Figure 2, the
two peaks at 37° and 37.5° 20 merge into a single

peak. During mechanical activation at 450 rpm,
it is observed that the CosO4 structure formed
after calcination transforms into the LiCoO:
structure, reducing or eliminating the amount of
C0304 in the structure.

It is understood that during mechanical activation
at 450 rpm, the CosO4 and LiO2 present in the
structure transform into LiCoO2 due to the high
temperatures generated by solid-phase micro-
region collisions. Studies in the literature on the
production of LiCoO; through mechanical
activation using LiO, and CosOs starting
materials support this claim [26, 27]. During the
leaching process, the dissolution of LiCoO2 and
Co0304 involves different chemical mechanisms.
For LiCoO2, the leaching mechanism is
controlled by surface chemical reactions [30].
The leaching of cobalt from LiCoO: is influenced
by the disintegration of the crystal structure and
diffusion, whereas the leaching mechanism for
Co304 is significantly affected by the
concentration and type of acid used as well as
solvent effects [31].
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Figure 2. XRD patterns of calcined LCO powders at
different mechanical activation rotation speed

SEM images are presented in Figure 3 to
examine the impact of different mechanical
activation speeds on the morphology of waste
calcined LCO powders.

In Figure 3a, it is evident that the morphology of
the original, non-activated calcined sample
shows agglomeration of the powders during
calcination. This agglomeration occurs due to
chemical changes and attractive forces between
the particles during the calcination process. In
Figure 3b, at a mechanical activation speed of
300 rpm, partial liberation of the grains is
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observed, although the grains are still coarse,
indicating that low-scale mill rotations promote
and facilitate agglomeration. However, after this
stage, the bonds between particles begin to
loosen, resulting in a more liberated structure.

This is evident in Figure 3c, where increasing the
mechanical activation speed to 450 rpm leads to
further liberation and a reduction in grain size.
This can be attributed to the particles being
subjected to more energy with the increased mill
rotation speed of the WC balls, leading to a more
loosened structure. However, with the increase in
mechanical activation speed, the heating effect
caused by collisions and friction between the
balls and grains also increases. As shown in the
SEM image in Figure 3d, this results in localized
sintering and an increase in particle size. The
temperatures, which can reach thousands of
degrees on a micro scale, cause partial melting,
sintering at the contact points of the particles, and
an increase in particle size.

14 35 SET

: P | ,
Fioi yfﬂh@?ﬁ YEE»}’ 52 21 \»muf xxa?i@l'kt\\—; 15 35 SE1
Figure 3. a) Calcined LCO powder (0 rpm) and
LCO powders mechanically activated at different

rotation speeds b) 300, ¢) 450, and d) 550 rpm

fo o

Figure 4 illustrates the relationship between
mechanical activation rotation speed and the
leaching efficiencies of Li and Co metals in
waste calcined LCO powders.

The fixed parameters used in the leaching
processes from which the data in Figure 4 were
obtained are provided in Table 1. For the non-
mechanically activated sample at 0 rpm, the
leaching efficiency was found to be
approximately 45% for Li and 10% for Co. With
increasing mill speed and mechanical activation,

defects are introduced in the internal structure,
enhancing the recoveries of Li and Co. The
maximum leaching efficiencies were achieved at
450 rpm, with yields of 87.20% for Li and
24.85% for Co.

However, when the rotational speed of
mechanical activation was increased to 500 rpm,
significant decreases in leaching efficiencies
were observed. This is likely due to the
agglomeration of grains at speeds above 500 rpm
(as seen in Figure 3d), which reduces the
available surface area for leaching. Guan et al.
observed the same phenomenon and found that
the leaching efficiency significantly increased
with the rise in mechanical activation rotation
speed. This improvement is attributed to the
enhanced Kkinetic energy transferred to the
samples due to the series of collisions among the
balls [32]. Additionally, as seen in the XRD
patterns in Figure 2, the formation of the LiCoO>
structure through the reaction of CosO4 with LiO>
may contribute to the reduced leaching efficiency
due to the increased difficulty in dissolving this
complex structure. While Co extraction increases
with the mill rotation speed similar to Li, no
significant increase in Co extraction was
observed, which is related to changes in the
crystal structure [33].
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Figure 4. Leaching efficiencies of Li and Co
obtained from the leaching process of waste calcined
LCO powders subjected to mechanical activation at
different rotational speeds

Figure 5 shows the leaching efficiencies of Li
and Co obtained from the samples mechanically
activated for times ranging from 15 to 75 minutes
under the parameters provided in Table 1.

1005



Sakarya University Journal of Science, 28(5) 2024, 1000-1009

‘ Mechanical Activation Time |

~ —
oo g —o—Li jf1o0
P~
© \—a—Col] |
Q
_ 80— Fso
S
< 2 2
(1]
g b a o~ n =
u,=) 60 o.'g b] = ; |- 60 Lg
e @ ~
e \\O‘r 3 ~+ o
€ — & 9 3
o
o 404 2 Lo &
= z 7
5 3 5 9 =
O ©° o 0 @ =
g 20 o 5 20 £
\0 5 2 =
w
\o——————"/o
¢ T T T T T T T T 0
15 30 45 60 75

Rotation Time (min.)
Figure 5. Leaching efficiencies of Li and Co
obtained from the leaching process of waste calcined
LCO powders subjected to mechanical activation at
different activation times

As seen in Figure 5, when the mechanical
activation time is increased from 15 minutes to
75 minutes, the extraction efficiencies of Co and
Li decrease from 25% to 12% and from 87% to
49%, respectively. The obtained results indicate
that mechanical activation time and the rotational
speed of the planetary mill are critical factors for
the recovery of Co and Li from recycled LIBs.
Extending the activation duration beyond 15
minutes leads to a significant increase in the
tendency for sintering events, due to local
temperature rises, which in turn reduces leaching
efficiency. Additionally, the literature explains
that the agglomeration caused by cold welding of
particles  during  mechanical  activation
contributes to this phenomenon [34]. It is clearly
observed that excessively long mechanical
activation times result in increased particle sizes
and reduced surface areas, which decrease the
extraction efficiencies of Co and Li.

Figure 6 shows the leaching efficiencies of Li
and Co obtained from the leaching process at
different solid/WC ball ratios under the fixed
leaching parameters provided in Table 1.

As seen in Figure 6, as the solid/WC ball ratio
decreases from 1/20 to 1/50, the leaching
efficiencies for both Li and Co decrease.
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Figure 6. Leaching efficiencies of Li and Co
obtained from the leaching process of waste calcined
LCO powders subjected to activation at different
waste calcined LCO/WC ball ratios

This is attributed to the limited high-speed
collisions of the mechanical activation balls with
the samples during the mechanical activation
process (due to increased ball numbers per unit
volume, which reduces collision intervals and
strength) and the larger contact area of the
grinding balls [33]. An inappropriate solid/WC
ratio results in both a waste of mechanical energy
and reduced leaching efficiencies of the metals.

4. Conclusion

It has been understood that low-speed and short-
time mechanical activation positively contributes
to the recovery of Li and Co from waste batteries,
while high-speed and long-duration mechanical
activation has adverse effects. It has been
observed that even with a low concentration of 1
M citric acid in the leaching process, Li can be
extracted at levels of approximately 87% and Co
at approximately 25%. The conditions with a
solid/WC ball ratio of 1/20 have emerged as the
ratio at which the highest leaching efficiency is
obtained.
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This study aimed to create thermally curable, water-borne polyurethane/zinc oxide
(WPU/ZnQO) composite coating pastes with varying ZnO concentrations. ZnO
nanoparticles were synthesized using a wet chemical process, and the resulting
WPU/ZnO coating pastes were applied to PLA nonwoven fabrics (NWFs). In
characterization studies, differential scanning calorimetry (DSC), scanning electron
microscopy (SEM), Fourier transform-infrared (FTIR) spectroscopy, and X-ray
diffraction (XRD) analyses were conducted. Ultraviolet (UV) protection and
antibacterial activity of fabrics were investigated. With WPU/ZnO composite
coatings, the UV protection properties of the coated fabrics were enhanced compared
to the uncoated fabric. The highest UPF value of 53.57 was obtained with the fabric
coated with the formulation containing a ZnO concentration of 10%. This fabric also
demonstrated more effective antibacterial activity against both S. aureus and E. coli
bacteria. Inhibition zone diameters against E. coli and S. aureus bacteria were
measured as 15.5 £ 0.70 mm and 18.25 + 0.35 mm, respectively. The results of this
study illustrate that functional composite coatings for bio-based NWF structures hold
great promise for producing effective UV protective and antibacterial materials,
potentially setting the stage for future applications.

1. Introduction

action, antistatic properties, UV protection, and
flame resistance [1, 2].

Nanotechnology is an precise arrangement of
atoms and molecules to fabricate functional
materials, devices, and systems on a nanometer
scale, generally spanning from about 0.1 to 100
nanometers. This level of control leads to the
development of structures with outstanding
properties. Nanomaterials possess distinctive
optical, mechanical, catalytic, and biological
properties. These characteristics have gained the
interest of researchers in the textile industry,
rapidly  increasing the exploration of
nanotechnology in this domain. Textiles are a
prime application area for nanotechnology due to
the potential to enhance functional properties.
Metallic nanoparticles (NPs) are extensively

studied for their integration into textiles,
improving properties like water and soil
resistance, wrinkle resistance, antimicrobial

Metal oxide particles are used in textiles
especially for their antibacterial properties. There
are different incorporating approaches of them
onto textiles. The effectiveness of antimicrobial
action on textiles depends on factors such as the
type, nature, concentration, and application
method of the antimicrobial agent [1]. The
researches suggests that metal NPs hold promise
for creating antimicrobial fabrics. However,
despite their remarkable efficacy against
microorganisms, the industry's utilization of
silver and gold nanoparticles as antibacterial
agents is restricted due to their high cost. In
contrast, metal oxide NPs such as ZnO, copper
oxide (CuO), and magnesium oxide (MgO) are
now commonly used in the textile industry to
produce functional textiles [2].
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Inorganic nanometal oxides like ZnO, titanium
dioxide, and MgO are safe for both humans and
animals. Among these oxides, ZnO has captured
attention in textile research because of its
affordability, easy accessibility, and distinctive
chemical and physical attributes. Nano ZnO finds
applications in various technologies such as
photocatalysis, solar cells, sensors, displays, anti-
reflection coatings, sunscreens, UV absorbers,
piezoelectric devices, and more [2]. ZnO is bio-
safe, biocompatible, and applicable in
biomedical uses. These unique features position
ZnO as a highly significant nanomaterial for
future research and applications [3].

ZnO is recognized as safe by the United States
Federal Drug Administration [4]. Therefore, ZnO
nanoparticles function as essential ingredients for
cosmetics, polymers, food packaging, medicine,
and more, contributing a range of versatile
functional properties. Recent years functional
textile fabrics have been advancing with the
integration of nano ZnO, offering safeguard
against harmful UV rays and aiding in the
prevention of sunburn, skin cancer, and allergies
resulting from excessive UV exposure [2].

ZnO NPs are applied to textiles using methods
like composite spinning or finishing approaches
[5]. ZnO-functionalized textiles can be created
through methods like dip-coating, sol-gel,
padding, electro deposition, and chemical bath
deposition. These techniques deposit nano- and
micro-sized ZnO onto textiles using prepared
suspensions or in situ synthesis [4]. Various
polymers, like polyurethane (PL),
poly(vinylidenechloride) and polyethylene are
used to laminate or coat textiles. PU coating
stands out for its multifunctionality, offering
precise mechanical, physical, biological, and
chemical properties, as well as excellent
flexibility and thermophysiological comfort. [6].
Recently, eco-friendly water-borne polyurethane
(WPU) dispersions, have become popular.
Incorporating nanofillers or biopolymers into
polymer matrix improves its thermophysical and
mechanical properties and offers extra functional
advantages to the coated surfaces [7-11].

The global monthly consumption and disposal of
medical products, driven by COVID-19 and
similar illnesses, reaches 130 billion items. These

disposable products, typically made from
polyester, polyethylene, and polypropylene,
degrade slowly and harm the environment.
Switching to eco-friendly, biodegradable
materials is essential. PLA, a biodegradable
polymer, is emerging as a viable alternative. It is
affordable, widely available, and used in various
industries, making it a valuable option for
improving disposable medical textiles like
masks, covers, and aprons [12]. In the current
literature, synthetic nonwovens are
predominantly used, with cotton fabrics being
less common, for creating functional surfaces
with ZnO. In one study, Nikiforov et al.,
employed a three-step atmospheric pressure
plasma process to create polyethylene
terephthalate (PET) NWFs with three types of
NPs: AgNP, CuNP, and ZnONP. All nano fabrics
exhibited strong antimicrobial effects on E. coli
and S. aureus. Notably, CuNPs were nearly as
effective as AgNPs, while ZnONPs showed
lower efficiency against S. aureus [13].

Ramamurthy et al., reported PP hydroentangled
NWF's antimicrobial properties. They initially
etched the NWFs using RF plasma. Following
this, they applied nano-scale coatings of ZnO and
CuO using KrF excimer-based PLD. The team
then conducted morphological and antimicrobial
analyses to comprehend the antibacterial
mechanism of the coated fabrics. These coatings
exhibited enhanced activity against the gram-
positive S. aureus compared to the gram-negative
E. Coli [14].

In another study, polyacrylonitrile and poly
(vinylidene fluoride) (PVDF) based nanofibrous
nonwoven were created through electrospinning
by Dong et al. In order to introduce antibacterial
properties, ZnO NPs were covalently bonded to
the PVDF nanofibers. The obtained nonwoven
structure demonstrated effective antibacterial
function and maintained good anti-wash
properties [15]. Ferreira et al., investigated the
properties of PP NWF, focusing on structure,
physicochemical aspects, and comfort. They
functionalized intermediate layer fabrics with
ZnO NPs at 0.3% and 1.2% by using
electrospinning, dip-pad-dry, and exhaustion
methods. The samples were tested for
antimicrobial ~ properties. A  three-layered
structure was then assembled and thermoformed
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into facemasks, which were evaluated for
antimicrobial effectiveness, filtration efficiency,
and breathability [16]. Tania and Ali investigated
the impact of nano ZnO coatings on cotton fabric
and obtained results were compared to uncoated
fabric. ZnO nanoparticles were applied with and
without an acrylic binder using a mechanical
thermo-fixation technique.

Antimicrobial activity, UV protection, crease
resistance, and mechanical properties like tensile
strength, tearing strength, bending length, and
frictional resistance were assessed. The findings
indicated that the binder significantly affects
nanoparticle deposition and enhances both
functional and mechanical properties, with the
binder-coated fabric demonstrating superior
performance against microorganisms [17].
Zhang et al., used a simple ion exchange method
to create ZnO nanoparticle-coated calcium
alginate NWF. They immersed alginate NWF in
Zn(NO:s) solution for ion exchange, followed by
amino hyperbranched solutions to prepare ZnO
NPs. The results showed a consistent, high-
density ZnO NP coating on the alginate NWF
[18]. Deng et al., used magnetron sputter coating
to deposit Al-doped ZnO (AZO) films on PET
spunbonded nonwovens, and the AZO films
showed enhanced UV absorption properties [19].

Adding antimicrobial features to protective gear
can greatly reduce pathogen contamination and
help mitigate healthcare-associated infections. In
a study, PP NWF, commonly used in personal
hygiene products and hospital protective gear,
was surface-modified using corona treatment.
Dyne liquid assessed the surface polarity,
showing increased polarization. The polarized
PP NWF was then coated with ZnO antiviral
agents via a spray method, using a polyurethane
solution as an adhesive. The study focused on the
antiviral and antibacterial activities of the coated
fabric against MS2 bacteriophage, S. aureus, and
Klebsiella pneumoniae. The polyurethane binder
minimized antiviral coating leaching, and the
fabric achieved a 99.90% reduction in
microorganisms after 24 hours [20]. Ugur et al.,
prepared multilayer nanocomposite films with
ZnO nanoparticles on cationized woven cotton
fabrics using a layer-by-layer molecular self-
assembly method. Cotton fabrics were pretreated
with 2,3-epoxypropyltrimethylammonium

chloride (EP3MAC) to impart a cationic surface
charge. These films showed excellent
antimicrobial activity against Staphylococcus
aureus and improved UV protection for the
fabrics [21].

Recently, there has been an increasing attention
in research focused on developing biodegradable
medical textiles to enhance sustainability. In this
context, it is crucial to functionalize textile
surfaces made from natural and biodegradable
materials using environmentally  friendly
materials and cost effective methods to explore
their potential use in medical textiles. In recent
years, PLA based nonwoven substrates have
gained attention to develeop functional textile
surfaces. In the literature, Zhang et al., prepared
PLA/ZnO/additives non-woven slices by melt
blending method. These fabrics showed good
hydrophobicity and antibacterial properties [22].

In previous studies, functional properties of PLA
fabrics were examined by applying lignin/WPU
composite coatings using both unmodified lignin
[8] and modified lignin biopolymers [9], as well
as lignin/ZnO/WPU-based composite coating
formulations combining lignin biopolymer with
ZnO metal oxide [10]. In previous study,
lignin/ZnO/WPU coatings on PLA nonwoven
fabrics enhanced antibacterial properties, tensile
strength, abrasion resistance, and UV protection
and presented potential of this study for medical
textiles applications. UV absorption ability of
lignin  biopolymer provided excellent UV
protection to PLA fabrics. Color properties, air
and water vapor permeability performances and
surface wettability measurements of coated PLA
fabrics were also examined [10].

However, no research exists on ZnO/WPU
coatings for biodegradable PLA fabrics,
especially in terms of UV transmittance and
antibacterial features. This study focuses solely
on the effect of ZnO concentration in WPU-
based coatings on PLA fabric, in terms of UV
transmittance and antibacterial properties.
Coating formulations with four different ZnO
concentrations, combined with a WPU binder,
were applied to PLA spunlace NWFs using a film
applicator and then thermally cured. Also, the
prepared WPU/ZnO coating formulations were
applied to glass plates as thin films and then
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thermally cured. The synthesized ZnO particles
obtained through a homogeneous phase reaction
between zinc nitrate hexahydrate and sodium
hydroxide were characterized by SEM and XRD.
The chemical and thermal properties of thermally
cured pure WPU and WPU/ZnO films were
characterized by FTIR and DSC. The uniformity
of ZnO distribution across the ZnO/WPU films
and coated fabrics was examined by SEM.

2. Experimental
2.1. Materials

In this study, as a base material PLA spunlace
fabric with fabric weight of 50 g/m? (Mogul
Tekstil, Tiirkiye) was used. The list of materials
used for preparing WPU/ZnO formulations was
given in Table 1.

Table 1. Materials used in water-borne coating paste formulations

Materials

PLA spunlace nonwoven (fabric weight of 50 g/m?)

Mogul Tekstil, Tiirkiye

Aliphatic polyether anionic waterborne polyurethane dispersion,

60% solid content

Witcobond® 358-90, Lanxess, Germany

Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 98%,

Merck, Germany

Sodium hydroxide

Merck, Germany

Crosslinker

Trixene® Aqua BI 201, Lanxess,
Germany

Wetting agent

NC WET 1200, NC Istanbul Kimyevi
Uriinler, Tiirkiye

Thickener Pigmacolor Pigmapol PF, Kemiteks,
Tiirkiye
Defoamer Pigmacolor HC, Kemiteks, Tiirkiye

Ammonium hydroxide solution

NH4OH, Kimetsan, Tiirkiye

Distilled water

2.2. Methods

2.2.1. Preparation and
WPU/ZnO coatings on NWFs

application of

WPU/ZnO composite formulations (Table 2)
were created with varying ZnO concentrations,
following methods from previous studies [8-10].
For ZnO nanopowder synthesis, zinc nitrate
hexahydrate (Zn(NOz)2-6H20) and NaOH (~20
wt.%) were wused. First, 10 grams of
Zn(NOs)2-6H20 and 20 grams of NaOH were
dissolved separately in 500 mL of deionized
water. The NaOH solution was mixed with the
Zn(NO:s)2 solution and heated to 85°C, stirred at
750 rpm for 4 hours, then cooled.

The pH was adjusted to 7.5 using 20 wt% HSOa,
and the mixture was kept at 40°C for 2 hours
before being filtered and rinsed with deionized
water to collect the ZnO powder. ZnO, in the
proportions specified in Table 2, was combined
with 50 mL of deionized water. The ZnO
dispersion and the blocked isocyanate crosslinker
were then added to the binder-water mixture and
mixed at 1500 rpm for 30 minutes using a
mechanical stirrer (Weightlab WF-OD20).

Following this, additives such as thickener,
wetting agent, defoamer, and NH4OH solution,
as detailed in Table 2, were incorporated, and the
mixture was stirred for an additional 30 minutes.
The pH and viscosity measurements of coating
pastes and applications on PLA nonwoven were
made as described in previous studies [9, 10].

2.2.2. FTIR and SEM analysis

The thermally cured WPU/ZnO films underwent
chemical analysis through FTIR spectroscopy
(VERTEX 70v, Bruker, Germany), equipped
with a universal ATR attachment and diamond
crystal. The measurements were taken across a
wavelength range of 400 to 4000 cm™, with a
scan resolution of 4 cm™. SEM analysis was
performed on ZnO powder, WPU-X, WPU/ZnO
films, and fabric samples utilizing a FE-SEM
instrument (Hitachi Regulus 8230) at an
operating voltage of 10.0 kV. To enhance the
electrical conductivity of the samples (both films
and fabrics) before the analysis, a thin gold layer
was applied to the surfaces using a Leica EM
ACEG600 coating system, with deposition rates
between 0 to 10 nm/min.
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2.2.3. DSC and XRD analysis

Thermal analysis of cured films was conducted
using differential scanning calorimetry (DSC;
Q20, TA Instruments). The device was set to heat
from 25°C to 500°C at a rate of 10°C/min for

both heating and cooling. The crystal structures
and phases of ZnO powder were analyzed using
XRD. The samples were ground to ~63 um, dried
at ~105+5°C for 4 hours, and then measured with
an XRD device (Rigaku Miniflex 600) over a 26
range of 5°-70°.

Table 2. Coating paste formulations

Formulation Wgtler WPU Zn0 Crosslinker ~ Thickener V\;Zt;]r;g Defoamer s',\lc)TLftci)o?
o) @) (%) (%) ) (%) )
WPU-X 18.61 75 0 2 2.63 0.75 0.46 0.55
WPU/ZnO-1% 18.61 75 1 2 2.63 0.75 0.46 0.55
WPU/Zn0O-3% 18.61 75 3 2 2.63 0.75 0.46 0.55
WPU/ZnO-5% 18.61 75 5 2 2.63 0.75 0.46 0.55
WPU/ZnO-10% 18.61 75 10 2 2.63 0.75 0.46 0.55

2.2.4. UV-VIS measurements

Fabric samples (2 x 2 cm?) were scanned over a
wavelength range of 200 to 800 nm using a UV-
VIS-NIR spectrometer (Shimadzu UV-3600
Plus) according to AATCC TM183 and UV
protection levels were determined following
ASTM D6603 [23].

2.2.5. Antibacterial activity

The antibacterial effectiveness of WPU/ZnO
coated fabrics, influenced by different ZnO
concentrations, was assessed against gram-
positive and gram-negative bacteria. This test
was made using the agar disc diffusion method,
following the PN-EN I1SO 20645:2006 standard
for determining antibacterial activity in textile
fabrics [24]. E. coli and S. aureus bacterial
solutions with a density equivalent to the 0.5
McFarland standard were prepared. After
spreading 100 puL of these bacterial solutions
onto Mueller-Hinton agar, the coated fabrics
were placed in the environment and incubated at
35 °C for 24 hours. The inhibition zone results
formed after 24 hours were measured.

3. Results and Discussion
3.1. FTIR analysis results

The thermally cured pure WPU (WPU-X) film
and WPU/ZnO composite coating films were
analyzed by FTIR spectroscopy and composite
films’ FTIR spectra was given in Figure 1. FTIR
spectra of the film prepared with WPU-X

formulation showed the characteristic peaks of
pure WPU [8-11].

‘f N ‘ Vo
W[ W V\ﬁ '|"”\'JA‘I | ‘ﬂ‘r Rl WY

i
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4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 1. Fourier transform-infrared spectra of
thermally cured films

The absorption peak observed at 3345 cm™ was
attributed to stretching vibrations caused by the -
O-H- groups, and its intensity showed a notable
increase with higher concentrations of ZnO. The
absorption peaks at 2930 cm™ and 2870 cm™
were linked to asymmetric and symmetric -CH>
groups. With the increase in ZnO concentration,
the peak at the wavelength of 2930 was
disappeared and the density of peaks occurred at
2970 cm™ and 2870 cm™ increased. The intensity
of these peaks demonstrated an increase in
correlation with higher concentrations of ZnO.
The spectral bands ranging from 1460 to 1378
cm? reveal various modes of -CHs; and -CH;
vibrations. At the wavelength of 1100 cm™, the
band is attributed to the deformation of O-C=0
stretching vibration in the rigid urethane group,
while at the wavelength of 778 cm™, the band is
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associated with the out-of-plane bending of the
ester group. The absorption band density
observed at the wavelength of 1710 cm™,
intensifying with higher ZnO concentration, was
attributed to the presence of free and hydrogen-
bonded —C=0 groups [25].

The absorption peak in the C=0 region exhibited
an increase across all ZnO concentration levels.
Nonetheless, the increase in absorption peaks for
samples exceeding the amount of 5% ZnO
showed a minor increment compared to those
below 5%. The increase in the density of
absorption peaks occurred at 3345 cm™ implies
that ZnO was incorporated into the PU matrix,
thereby contributing to the disturbance of phase
separation. The interaction between WPU and
the surface hydroxyl groups on the ZnO particles
emerged as the catalyst for disrupting the phase
within  the WPU matrix. The WPU/ZnO
composite films exhibited a reduction in the
formation of hard phases compared to the neat
WPU film. This phenomenon arises from the
interaction between WPU and the surface

hydroxyl groups of ZnO-NPs, where each
nanoparticle serves as a  cross-linker,
constraining the mobility of the polymer chains
and consequently restricting and decreasing
phase formation [26].

3.2. DSC analysis results

Thermal properties of WPU/ZnO films were
investigated by DSC analysis. The results of
DSC analysis results were given in Table 3.
According to the results obtained, as the ZnO
concentration increased in WPU/ZnO films, Tqg
and Tm values increased. WPU/ZnO films
exhibited enhanced Ty and Tm values (Tg: 323.53
°C and Tm: 386.02 °C) compared to those of the
WPU-X film analyzed in previous studies [8, 10].
The highest Tq and Tm values were obtained with
the formulation including 10% ZnO nano
powder. The rise in the Tg value due to decreased
mobility of polymer chains, was attributed to a
robust interaction between WPU polymer and
ZnO particles [27].

Table 3. Thermal analysis results of composite films

Sample Ty (°C) AHm (J/9) Tm (°C) AHm (J/9)
WPU/ZnO 1% 343.51 30.57 412.63 56.57
WPU/ZnO 3% 344.71 48.22 413.51 65.08
WPU/ZnO 5% 348.43 48.50 414.09 63.05
WPU/ZnO 10% 371.42 110.0 452.74 65.73

3.3. XRD analysis results

XRD analysis was used to investigate the crystal
structure of the synthesized ZnO nanopowder
(Figure 2). The parameters of the synthesized
ZnO, obtained from X-ray diffraction patterns,
were provided in Table 4. The XRD patterns of
the synthesized ZnO nanopowder closely
obtained those of pure ZnO nanopowder [10].
Nine distinct peaks were observed at specific

angles: 31.72, 34.37, 36.21, 48.07, 57.19, 63.61,
67.10, 68.72, and 69.85. These angles correspond
to crystal planes of (100), (002), (101), (102),
(110), (103), (200), (112), and (201). Notably,
the intensity of the (101) peak is significantly
higher than others, indicating it as the preferred
growth plane for the samples. The average size
of nanocrystalline (Table 4) was determined
using the Debye-Scherrer formula [28].

Table 4. Parameters obtained from x-ray diffraction patterns

Sample hkl 20 Fwhm (deg) Crystallite size (nm)
Zn0O 100 31.88 0.371 22.2
ZnO 002 34.52 0.298 27.9
ZnoO 101 36.36 0.411 20.3

1015



Sakarya University Journal of Science, 28(5) 2024, 1010-1021

7 ——Zn0O

Intensity (a.u.)
1

|l
HIF\ i | -

b A

20 30 4ID SID E:O ?ID
26 (degree)

Figure 2. X-ray diffraction pattern of the

synthesized ZnO nano powder

3.4. SEM analysis results

The analysis of the synthesized ZnO nano
powder, WPU/ZnO composite film and coated
PLA nonwoven fabric surface was performed by
SEM (Figure 3). The presence of ZnO
incorporated into the fabric structure was
determined by SEM-EDX. The SEM analysis of
composite film (Figure 3 (b)) showed that the
ZnO particles (white regions) homogeneously
distributed into the polymeric matrix including
10 wt.% of ZnO.

Figure 3. Scannig electron microscopy images
of (a) zinc oxide nano powder, (b) thermally
cured ZnO/WPU film (c) coated fabric surface
(d) fiber surface image and (e) energy-dispersive
x-ray spectrum of the coated fabric

It was observed that the WPU/ZnO coating paste
coated on the fabric surface filled the gaps
between the fibers of the fabric and the ZnO
particles create a rough structure on the fiber
surface. This indicated that the ZnO-NPs were
evenly distributed in the WPU matrix and there
is @ good compatibility between them [24]. This
aggregation may be attributed to the formation of
interaction between ZnO particles and water

molecules. SEM  analysis  demonstrated
satisfactory filler homogeneity within the
polymer matrix. However, notable

agglomeration points were observed, particularly
in regions with the high concentration of ZnO
particles (Figure 3 (c) and Figure 3(d)) [25]. The
presence of ZnO nanoparticles included in the
fabric structure was confirmed by SEM EDX
analysis (Figure 3 (e)).

3.5. UV-VIS measurement results

Table 5 presents the UV protection levels of
coated fabrics, denoted by the transmittance
values within the 200-800 nm wavelength range.
The UV transmittance through the fabric plays a
crucial role determining the UPF values of
fabrics [28]. The UV transmittance values of the
fabrics coated with WPU/ZnO coatings showed
improvement compared to the uncoated PLA
fabric and the PLA fabrics coated with ZnO-free
coating paste (WPU-X), whose UV
transmittance values were examined in previous
studies [9, 10]. This reduction in UV trasmittance
signifies enhanced UV blockage, preventing the
UV rays from passing through the fabric surface
[29]. The highest UPF value of 53.57 was
obtained with the formulation of WPU/ZnO-
10%. A higher UPF value indicates better
protection against UV radiation [28].

3.6. Antibacterial activity results

In the antibacterial activity measurements, this
analysis was performed using the agar disc
diffusion method. After analysis, inhibition
zones were measured, and the numerical results
and photographic images were given in Table 6
and Figure 4, respectively.
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Table 5. Ultraviolet protection factors and transmission values of coated NWFs

e OB TUW e Bldee sl P
WPU/ZnO-1% 18.52 20.22 5.14 79.78 81.48 -
WPU/ZnO-3% 8.41 10.03 8.28 89.97 91.59 -
WPU/ZnO-5% 4.49 7.56 20.80 92.44 95.51 Good
WPU/Zn0O-10% 3.96 7.11 53.57 92.89 96.04 Very Good

It was determined that the fabrics coated with
formulations containing 1% and 3% ZnO have no
antibacterial activity against E. coli and S. aureus
bacteria. While the fabric coated with the
formulation containing 5% ZnO has no
resistance to E. coli, resistance was obtained
against S. aureus bacteria. The diameter of the
inhibition zone was measured as 17.75 + 0.35
mm. Inhibition zone diameters against E. coli and
S. aureus bacteria were measured as 15.5 = 0.70
mm and 18.25 = 0.35 mm, respectively in the
fabric coated with the formulation including 10
% ZnO. Due to bacterial attack degradation of
various polymer materials poses a common issue.

Table 6. Inhibition zone measurements of coated
fabrics against to bacteria

E. coli S. aureus
Sample (ATCC 25922) (ATCC 25923)
inhibition zone  inhibition zone
(mm) (mm)
Uncoated fabric - -
WPU/ZnO %1 - -
WPU/ZnO %3 - -
WPU/ZnO %5 - 17.75+0.35
WPU/ZnO %10 15.5+0.70 18.25+0.35
Positive control 19 21

streptomycin

When exposed to suitable environment, bacteria
can proliferate on the material's surface,
rendering it significantly compromised for use.
Addressing this issue involves employing
various strategies to shield the material from
bacterial attacks. A particularly effective
approach is augmenting antibacterial capabilities
through the incorporation of metal oxide

nanoparticles, specifically tailored for the
material.  Utilizing ZnO in  PU/ZnO
nanocomposites has proven beneficial in

enhancing antibacterial properties. Typically,
pristine  PU materials exhibit negligible
antibacterial ~ properties. ~ However,  the
incorporation of ZnO into the PU matrix leads to
a substantial enhancement of antibacterial
attributes [30].

Flgure 4. Antlbacterlal actlvmes of uncoated
and coated spunlace fabrics against bacteria

Smaller ZnO nanoparticles can penetrate
bacterial membranes due to their large surface
area, enhancing their antibacterial effectiveness.
A significant difference in antibacterial activity
was observed between S. aureus and E. coli, with
S. aureus showing better susceptibility. The
antibacterial efficacy increased with higher
concentrations of ZnO NPs, as shown in Figure
4, which depicts a larger inhibition zone for both
E. coli and S. aureus with higher ZnO NP
concentrations. The antimicrobial effects of ZnO
NPs are primarily due to their disruption of
bacterial and fungal cell membranes, likely
through the generation of reactive oxygen
species such as superoxide anions, hydroxyl
radicals, and hydroxyl ions [26].

4. Conclusion

In this study, ZnO nanoparticles were
synthesized using wet chemical methods.
WPU/ZnO composite coatings were prepared
and applied to PLA spunlace NWFs using a film
applicator. The functional properties of the
coated and thermally cured fabrics were assessed
for UV protection and antibacterial activity.
FTIR analysis revealed that increasing ZnO
concentration enhanced the absorption peaks
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related to C=0O groups in the WPU/ZnO
composite films. XRD analysis confirmed the
successful synthesis of ZnO nanopowder by
verifying its crystal structure. In the SEM
analysis, surface analyzes of coated and cured
films and fabrics showed that ZnO-NPs were
evenly distributed in the WPU matrix and there
was good compatibility between them. DSC
analysis of cured composite films showed that
with the increase in ZnO concentration a
decrease occurred in the mobility of polymer
chains due to a strong interaction between WPU
polymer and ZnO particles and Ty and T values
improved.

Higher UV protection properties were obtained
with the fabrics coated with the formulation
including having higher ZnO concentration. The
highest UPF value of 53.57 was obtained with the
fabric coated with the formulation of WPU/ZnO-
10%. This result was attributed to UV absorption
properties of ZnO nanoparticles. In the
antibacterial activity analysis, the more effective
antibacterial activity was obtained with the fabric
coated with the WPU/ZnO 10% formulation
having higher ZnO concentration. The results of
this study revealed that biodegradable
sustainable functional NWFs with UV protection
effect and antibacterial activity can be develop
with composite coatings including WPU and
ZnO nanoparticles.

The findings demonstrated that employing
binders to immobilize nanoparticles within NWF
structures could offer a promising pathway for
creating highly efficient antibacterial materials,
paving the way for future applications. The
primary advantages of utilizing WPU/ZnO
composite materials lie in their biocompatibility
and potential antibacterial properties, making
them highly suitable for both medical
applications and particularly for their UV
protection attributes they may be suitable for
everyday use. The main uses of PLA NWFs
coated with WPU/ZnO composite coatings may
be medical textiles applications such as hospital
bedding, gloves, surgical drapes.
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phthalocyanines (Pcs) have become increasingly important as sensitizers in
photodynamic therapy (PDT) (stimulation source: light) and/or sonodynamic therapy
(SDT) (stimulation source: light and ultrasound). Sonophotodynamic therapy
(SPDT), a new technique that gives more effective results than PDT, is now gaining
in importance. Although there are published articles on SPDT studies, studies in this
field are limited. In this context, we synthesized a zinc(ll) phthalocyanine molecule
bearing 4-(pyridine-4-ylthio) substituents to determine its potential as a sensitizer in
SPDT applications as well as PDT applications, and the structure of the synthesized
complex was illuminated using FTIR,1H-NMR, UV-Vis, and MS spectroscopic
techniques. When light and ultrasound were combined, the calculated ®A value for
zinc (I1) phthalocyanine (3) increased to greater than 1, even though it was 0.76 after
light excitation. When evaluating the two methods, it was observed that singlet
oxygen production was greatly enhanced by the SPDT method. In this way, the
research will add to the enhancement of knowledge on the subject of the SPDT
method's enhancement of singlet oxygen generation.

1. Introduction

Cancer is a complex disease that requires careful
consideration of treatment options.
Chemotherapy, radiotherapy, and
immunotherapy available for cancer, as various
traditional treatment methods have been
developed and studied to determine their
effectiveness in combating different types of
cancer. These methods often do not provide
sufficient benefit due to the invasive and
damaging nature of cancer cells. The most
difficult process in cancer treatment is the harm
to both healthy and malignant cells during the
treatment phase. To overcome this issue,
researchers have turned to two new therapy
approaches in recent years: PDT and SDT, which
are novel, non-invasive, and regionally selective

treatment methods that could be used to treat
cancer [1, 2].

PDT and SDT are based on the principle that
when a sensitizer is irradiated with a stimulant, it
excites the sensitizer and generates reactive
oxygen species (ROS). Ultimately, this cause
irreversible damage to tumour cells [3]. The
difference between these two methods is the
energy source used to activate the sensitiser. PDT
uses a specific wavelength of light to stimulate
the sensitiser that accumulates in the tumour
cells, while SDT uses ultrasound at low intensity
and frequency [4-6]. The limited light and low
penetration into the tumor tissue is an important
disadvantage of PDT in comparison to SDT [7].
For this reason, SPDT method, which combines
the effects of PDT and SDT approaches, has been
developed as an alternative application. When

Cite as: O. Diilger Kutlu (2024). Improved Singlet Oxygen Production of Zinc Phthalocyanine Bearing Pyridine-4-Thiol Groups Using Sonochemistry and Comparison
with Photochemistry, Sakarya University Journal of Science, 28(5), 1022-1030. https://doi.org/10.16984/saufenbilder.1391232

@ (6 Thisisan open access paper distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International License.
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ultrasound and light are combined to stimulate
the sensitiser, SPDT provides a more effective
treatment method [8-11].

Over the last four decades, Pcs have been
presented as highly promising photosensitizers
due to their ability to absorb red light in the
therapeutic window (650 nm-900 nm), high
efficiency in generating reactive oxygen.

Over the last four decades, Pcs have been
presented as highly promising photosensitizers
due to their ability to absorb red light in the
therapeutic window (650 nm-900 nm), high
efficiency in generating reactive oxygen species,
low dark toxicity, and low skin photosensitivity
[12-15]. However, the application of Pcs as SDT
sonosensitizers has been little studied [16-19].

The Pcs with different central metal ions and
functional groups have different structural and
physicochemical properties. Zinc(I)
phthalocyanine complexes have a high singlet
oxygen production capacity, which leads to their
usage as photosensitizers in PDT [20, 21]. One
of the most critical properties of the
photosensitizer for PDT therapies is its solubility
without any aggregation [21].

Pyridine and pyridine derivatives are
pharmacophores with a prototypical m-axis
heterocyclic structure, which is preferred in
medical chemistry, exhibiting both substrate and
reactive different chemistries [22]. Pyridine
derivatives are one of the most important
heterocyclic compounds due to their wide range
of biological activities, such as anticancer [23],
antiviral  [24], anticonvulsant [25], and
antidiabetic  [26]. Zinc(Il) phthalocyanines,
which are functionalized with pyridine
derivatives, have been proposed as effective
photosensitizers due to their high degree of water
solubility and their ability to generate high levels
of singlet oxygen [3, 27, 28] .

In this study, the tetra-pyridine derivative-
substituted zinc(I1) phthalocyanine complex was
prepared, followed by photophysicochemical
and sono-photochemical measurements. The
primary objective of this study is to achieve an
efficient increase in singlet oxygen production.
Because of this, the singlet oxygen quantum

yield of the studied complex was determined
with light and/or ultrasound as the source of
stimulating the photosensitizer and the results
were compared.

2. Experimental
2.1. Materials and equipments

The chemicals, materials and equipment utilized
are given as 'supporting information'.

2.2. Synthesis of compounds

2.2.1. 4-(pyridine-4-ylthio) phthalonitrile (2a)

4-nitrophthalonitrile (2.76 g, 16 mmol) (1) and
pyridine-4-thiol (1.55 g, 16 mmol) (2) were
dissolved in DMF (15 mL) and stirred at room
temperature for 30 minutes. The powdered
K2COs (8 g, 58 mmol) was added in pieces for 2
hours and then mixed at room temperature for 96
hours. When the mixing time is complete, the
reaction mixture is poured into 100 ml of ice
water and mixed for 30 minutes. The resulting
precipitate was filtered and washed thoroughly
with water until the wash water was neutral.
After drying in a vacuum oven, compound 1 was
crystallized in an ethyl alcohol solvent.

The resultant cream-colored compound was then
purified via column chromatography using
chloroform:methanol (10:1) solvent systems.

Yield: 3.094 g (%87.5). C13H7N3S

H NMR (500 MHz, DMSO-dg), (8: ppm): 8.61
(d, 2H, ArH), 8.35 (s, 1H, ArH), 8.22 (d, 1H,
ArH), 7.97 (d, 1H, ArH), 7.42 (d, 2H, ArH). FT-
IR (ATR, cm™): 3089 (Ar., C-H), 2234 (C=N),
1011-1067 (C-S-C), 705. MS (MALDI-TOF):
m/z = Calc.237.28; Found: 237.020 [M]*.

2.2.2. Tetrakis[4-(pyridine-4- ylthio)]
phthalocyaninato zinc(l1) (3)

A mix of 4-(pyridine-4-ylthio)phthalonitrile (2a)
(0.28 mmol, 0.066 g), DBU (0.50 mmol, 0.3
mL), and anhydrous zinc(ll) acetate (Zn(OAc)z2)
(0.28 mmol, 0.66 g) in n-pentanol (3 mL)
underwent stirring at 140°C in an argon
atmosphere for 18 hours. After the stirring time
was completed, the mixture was cooled to room
temperature, and the reaction mixture was
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gradually added to n-hexane and precipitated.
The resulting precipitate was collected by
centrifugation and washed sequentially with n-
hexane, methanol, and ethanol. The impure green
precipitate was  purified by  column
chromatography using a mixture of THF and
CHCl3 as eluent (1:10).

Yield: 0.035 g (50%). CsgH2sN12S4Zn

H NMR (500 MHz, DMSO-dg), (5: ppm): 8.53-
8.39 (m, 8H, ArH), 7.89-7.68 (m, 8H, ArH),
7.54-7.38 (b, 4H, ArH), 7.29-7.08 (m, 8H, ArH).
FT-IR (ATR, cm™): 3089 (Ar., C-H), 1648
(C=N), 1298 (C-S-C). MS (MALDI-TOF): m/z
= Calc.1014.170; Found: 1014.953 [M]".

2.3. Photophysicochemical studies

In order to investigate the aggregation behavior
and photophysicochemical properties of complex
3, all test solutions were prepared in DMSO used
as a drug delivery vehicle for various human and
animal diseases [29]. In photophysical studies,
the fluorescence property of the substance was
investigated, and the fluorescence quantum yield
(Dr) was calculated. In photochemical studies,
the singlet oxygen generation potential and
resistance to photodegradation were
investigated, and singlet oxygen quantum yields
(®a) and photodegradation quantum yield (®q)
were calculated. The photophysical and
photochemical properties of the synthesized
complex were investigated using the methods
and related formulas given in the 'Supporting
Information'.

3. Result and Discussion
3.1. Synthesis and characterization

Compounds 2a and 3 have been previously
published in another article [27]. In this study,
compound 2a was synthesized according to the
procedure in this article, and compound 3 was
synthesized in a different solvent medium. Figure
1 summarizes the synthesis pathway of
compounds 2a and 3. The synthesis of tetra-
substituted phthalocyanine 3 was conventionally
carried out by cyclotetramerization of 4-(pyridin-
4-ylthio)-substituted phthalonitrile (2a) in the
presence of K>COs, Zn(OAc),, and DBU as
catalysts. The chemical structures of synthesized

compounds  were certified by various
spectroscopic  techniques. The  predicted
structure of compounds 2a and 3 is in agreement
with their spectral information. The spectral data
of compounds 2a and 3 are presented in the
‘Supporting Information’.

In the FT-IR spectrum of 2a (Figure S1), at
3063.90 and 2234 cm™!' peaks belong to the
aromatic C-H and characteristic C=N vibrations
corresponding to, respectively.

After the conversion of 2a to 3 by the
cyclotramerization reaction, the characteristic C-
N of 2234 cm™ of 2a has disappeared in the FT-
IR spectrum of 3 (Figure S1), which is an
indication of the formation of
metaloftalocyanine. Characteristic vibrations
corresponding to the C-S-C group were observed
in 698 cm™* (for 3). The structure of the 2a ve 3
compounds was confirmed by the detection of
the molecules in their own regions of the protons
belonging to the structures in the *H NMR
spectrum. In the *H NMR spectra of 2a (Figure
S2), the aromatic protons were observed within
the resonance region of 7.61-8.42 ppm. In the H
NMR spectra of complex 3 (Figure S3), the
phthalocyanine ring protons appeared as
unresolved multiplets in the range of 9.50-7.00

ppm.

N H
L Q=
O,N N N K2COs, rt
1

2

SN S. N
SReS

Figure 1. The synthesis procedure for compounds
2a and 3.

In the Mass spectra, molecular ion peaks of the
compounds 2a and 3 show m/z peak at 237.020
[M]* (Figure S4) and 1014.953 [M]* (Figure S5),
respectively. The results of mass spectrometry
approved the desired structure for the
compounds.
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3.2.The ground state electronic absorption
spectra and aggregation studies

The chemical and electronic properties of the Pc
ring rely on the 18z electron system. In Pcs'
absorption spectra, a single absorption band (Q
band) of the metal phthalocyanine with Dan
symmetry is generally observed around 650-750
nm, and in addition, a less intense absorption
band called Soret band (B band) is observed
around 300-400 nm [30]. The Q band's position
and intensity prove important in determining the
application of Pc derivatives. The spectral
properties are mainly influenced by the central
metal ion, aggregation, T-conjugation, molecular
symmetry and substituents.

The electronic spectrum of compound 3
displayed identifying absorption bands at 685 nm
and 320-370 nm within the Q-band and B-band
regions. These regions are typical for
metallophthalocyanines present in DMSO (Table
1) [30]. In Table 1, it is evident that the addition
of 4-(pyridine-4-ylthio) groups to the zinc(ll)
phthalocyanine framework resulted in a 13 nm
red-shifted absorption within DMSO in
comparison to standard ZnPc (Amax = 672 nm)
[31]). The aggregation results from high
concentrations of compounds or the use of polar
solvents. Increasing the rate of phthalocyanine
compound forming aggregates in solution
reduces its photosensitizing effectiveness;
Therefore, aggregation study is important before
a molecule can be recommended as a usable
photosensitizer in PDT applications. [31].

To determine the aggregation tendency of 3, its
solutions at different concentrations (1x107° to
5x107°) were prepared in DMSO, and its
absorption spectra (Figure 2) were monitored
using a UV-Vis spectrophotometer. As seen in
Figure 2, complex 3 did not form aggregates in
DMSO and conformed to the Lambert-Beer law.
Thus, complex 3 is a potential photosensitizer for
PDT applications as it does not aggregate in the
studied solvent environment.

1,6 1 15

¥ = 26711x+0,0133
R?=0,9987 .-
@

= 1,00E-05 M
——2,00E-05 M
3,00E-05 M
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L
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o
(=]

0,00E400  2,50E-05  5,00E-05
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Ll T T o
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Wavelenght (nm)

Figure 2. Aggregation properties of complex 3 in
DMSO (Inset: Absorbances versus)

Absorbance

o
L=

0

3.3. Photophysical studies
3.3.1. Fluorescence quantum yield (®F)

One important parameter in assessing the
suitability of a molecule as a photosensitizer for
PDT applications is to ascertain its fluorescence
properties. The fluorescence characteristics of
such  molecules are critical for the
photosensitizer's traceability within biological
systems. Therefore, the solution of complex 3
(solvent: DMSO) was stimulated at 617 nm, and
the fluorescence behavior was studied. Emission
bands at 698 nm (Figure 3) were observed, and
®r value was calculated 0.15 (Table 1). The
fluorescence quantum yield of complex 3 in
DMSO shows a lower value than that of
unsubstituted ZnPc (®r=0.20) [31]. The data
supports that complex 3 facilitates intersystem
crossing (ISC) to a greater extent than
unsubstituted-ZnPc, hence increases singlet
oxygen production while reducing fluorescence
efficiency [6].

1000 - A - 0,6
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800 AV S (Apy=698nm) [ 05
,"’ N \ - L 0,4
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Figure 3. Absorption, excitation and emission
spectra of complex 3 in DMSO
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Table 1. Spectral and photophysical features of 3 in

DMSO.
MAbs lOg & AEm Astokes (013
(nm) (m)  (nm)
685 4.42 698 13 0.15

3.4. Photochemical studies
3.4.1. Singlet oxygen quantum yield (®a)

Singlet oxygen (*0,), which is one of the three
components of PDT, has a direct relationship
with cancer cell death. Hence, the efficiency of
PDT is directly linked to the sensitiser
responsible for O, production. The ®a is
defined as the ratio of the number of O
molecules produced to the number of photons
absorbed by the sensitiser. The quantify is
utilized for determining the This quantity is used
to determine the 'O production capacity of the
photosensitiser to be used in PDT applications
for effective treatment.

Although singlet oxygen production is associated
with the sensitizer, the stimulation method is also
significant. Singlet oxygen production has been
noted to increase significantly, particularly when
using the method, combining ultrasound and

light (SPDT) as the sensitiser activation
technique [12].
Two different methods were utilized to

investigate the effect of the stimulating method
on the production of singlet oxygen in complex
3, namely photodynamic and sonophotodynamic
techniques. Using 1,3-diphenylisobenzofuran
(DPBF) as the chemical singlet oxygen quencher
and unsubstituted zinc phthalocyanine as the
standard, the ® of complex 3 was computed for
both applications.

To evaluate the potential of sensitizers, in PDT,
solutions containing 3 and DPBF were exposed
to light (intensity of 1.15 x 10 photons s™! cm ™)
every 5 seconds; In SPDT, the solutions were
excited with 5 seconds of ultrasound (35 kHz)
following 5 seconds of light irradiation, and the
change in the absorbance of quencher at 417 nm
was monitored using UV-Vis
spectrophotometry. All @, values are listed in
Table 2 and all relevant spectra are shown in
Figure 4. In addition, the study seen no change in
absorption band intensities during photochemical

and sonophotochemical measurements,
indicating that 3 did not degrade during singlet
oxygen studies. Molecular stability may
potentially be affected by light and ultrasound.
Figure 3 demonstrates that the Q-band intensity
of molecule 3 remained consistent throughout the
photochemical and sonophotochemical
investigations, indicating that the compound is
stable to light and/or ultrasound [32].

Table 2. Photochemical and Sonophotochemical
parameters of 3 in DMSO.

Method LOJN LO N
Photochemical 0.76 7.02x10*
Sonophotochemical 1.14
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Figure 4. Absorption spectral changes in DMSO
during the determination of singlet oxygen
quantum yields for complex 3 using
sonochemical (a), photochemical (b), and sono-
photochemical (c) methods. (Appendix: DPBF
absorbance versus time plots).
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As a result of photochemical measurements
using only light source excitation, the @ value
of complex 3 in DMSO was calculated as 0.76.
When this value was compared to unsubstituted
ZnPc (dA =0.67 in DMSO), it was observed that
substituent molecules increased the singlet
oxygen yield [33]. In particular, phthalocyanine
molecules carrying pyridine derivative groups
were theoretically found to contribute positively
to singlet oxygen production in PDT [28, 29].
As a result of sonophotochemical measurements
using ultrasound and light source excitation, the
@, value of complex 3 in DMSO was found to be
greater than 1.

The singlet oxygen production obtained by the
sonophotochemical method was also found to be
compatible with the photochemical method.
According to the results obtained from the
aforementioned methods, it has been determined
that simultaneous excitation of complex 3 by the
synergistic effect of light and ultrasound
provides singlet oxygen production much more
efficiently. In this way, it has been theoretically
demonstrated that the synergistic effect of PDT
and SDT on phthalocyanine molecules
contributes  positively to singlet oxygen
production [11, 34].

3.4.2. Photodegradation quantum yield (®q)

One of the important properties of a
photosensitiser suitable for use in photodynamic
therapy is its resistance to photodegradation
caused by UV radiation. Photodegradation
studies as well as singlet oxygen quantum yields
are used to determine the photochemical
properties of Pcs. In order to determine the
stability of metallophthalocyanine 3 was exposed
to light (intensity of 4.92 x 10 photons s™' cm ™)
every 60 seconds the changes in the intensity of
the characteristic bands were monitored by
measurements (Figure 5) by taking UV-Vis
spectra and the @4 value calculated. The ®q4 value
depends on the structure of the molecule, the type
of solvent and light [28].

The photodegradation quantum yield (®q) value
for the complex is shown in Table 2 and is of the
order of 10™*. Stable ZnPc molecules have
values as low as 10, while unstable molecules
have values in the order of 102 [28]. This

indicates that the molecule is moderately stable
in solvent used. In agreement with this, it was
found that the addition of a pyridine derivative
molecule to the standart zinc phthalocyanine ring
increases the degradation resistance of the
molecule against light exposure. The synthesised
compound was found to be more stable than
standard ZnPc (0.26 x 10™*[28]) in DMSO.

——0sec

1,78 y=-8E-05x+1,7748
& R=09974
..

——60 sec
120 sec

——180 sec
0 150 300

Time (sec) 240 sec

Absorbance

——300 sec

300 400 500 600 700 800
Wavelenght (nm)

Figure 5. Representative absorption spectral
changes during photodegradation studies in DMSO
(Appendix: plot of complex 3 absorbances

versus time).

4. Conclusion

The nature of the sensitizer and the methods of
irradiating the sensitizer are important factors in
singlet oxygen production. In PDT and SPDT
studies, the use of a highly efficient singlet
oxygen-producing sensitizer is very important. In
this study, the @4 of sensitizer was compared by
applying different methods with irradiation
sources: photodynamic and sonophotodynamic
methods. When the singlet oxygen quantum
yields were examined, the @4 value in the sono-
photochemical study reached 1.14, with a 50 %
increase when compared to the @, value (Pa =
0.76) in the photochemical study. Inaddition, the
molecule's stability under light exposure and
high singlet oxygen production make it an ideal
sensitizing agent for PDT and SPDT
applications. Based on these results, it can be
concluded that the synthesized pyridine-derived
substituted zinc phthalocyanine molecule is a
remarkably promising potential candidate as a
sono-photosensitizer for malignant  tumor
elimination.
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inorganic/organic species, leading to the obtaining of composite polymers with some
new electrochemical and physical properties. In this study, novel composite polymer
films of polyaniline were synthesized electrochemically in the presence of different
concentrations of Na,M00..2H,0 and Na;WO4.2H,0, and these composite polymer
films were examined in monomer-free solutions for electrochemical investigation.
As a result, the cathodic charge of polyaniline increased from 0.25 mC to 1.50 mC
in the presence of 0.05 M Na,Mo0..2H,0. Also, the polyaniline/\WO3; composite
achieved a charge transfer of 0.42 mC in the presence of 0.25 M NiSO4.2H,0, 0.05
M NiC|2.6H20, N32WO4, Na2M004.2H20, 0.4 M NazCgHs07.2H,0 and 0.05
Na;WO0..2H,0 as a metal source. These prove the better charge transfer during the
redox reaction of the polyaniline composite film.

1. Introduction

remarkable stability and processibility in

Studies on the synthesis, characterization and
applications of conductive polymers are still
being studied extensively due to their high
conductivity and cost-effectiveness  [1-3].
Moreover, this interest in conductive polymers
has increased with the discovery of polymer
composites (or polymer hybrids) because these
compounds provide new application areas for
polymers by revealing new and improved
chemical and physical properties. A wide range
of studies have been conducted with composite
films in energy storage device, biosensors, and
corrosion protection [4-7]. These studies also
prove that composites are generally better than
their components in terms of electrochemical and
physical aspects [3].

Polyaniline is the most preferred conductive
polymer due to its high electroactivity, its

exposure to air and moisture, for both conducting
and as well, as insulating forms [8-11]. It also
provides a good network for the distribution of
other species (monomer, organic, or inorganic).
In other words, its easy integration with other
species makes polyaniline advantageous for the
synthesis of polymer composites [12-16].

Polyaniline can be prepared by chemical or
electrochemical techniques [8-9, 17] but cannot
be prepared or even used without acid. The pH of
the medium must be above 5, otherwise
polyaniline will not be synthesized and cannot
exhibit electroactive behavior [3, 18]. This is an
important limitation of polyaniline. It is possible
to eliminate this problem with polyaniline
composite syntheses. According to some studies,
polyaniline composites show new
electrochemical properties and can also show
electroactivity at high pH values [19-22]. Hao et
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al. reported that polyaniline/boron-doped
graphene exhibits a dramatic increase in
electrochemical specific capacitance in an
alkaline medium [13]. Another study reports that
a polyaniline-based nickel molybdate composite
could be used as a cation exchanger by the sol-
gel method [23].

According to the literature, tungstate and
molybdate can be promising alternatives for
energy storage devices [24-26]. A few studies
have explored their polymer composites but
often do not provide detailed explanations of
their effects on polymer matrices [27-30]. This
study aims to understand these effects and
describe the resulting film properties.

In this work, the electrochemical deposition of
polyaniline was studied in the different ratios of
Na:Mo004.2H,O0 and Na;W04.2H.O under
optimal conditions with or without the presence
of nickel sulfate, nickel chloride and sodium
citrate (as complexing agent). The resultant
polymer composites were examined in terms of
electrochemical properties by cyclic
voltammetry.

2. Experimental Work
2.1. Chemicals and reagents

Aniline and HCI were purchased from Sigma
Aldrich. Reagents for the synthesis of polyaniline
composites including Na:Mo004.2H.O and
Na,W0O4.2H,0 were purchased from Carla Erba
while nickel sulfate NiSO4.6H20, nickel chloride
NiCl2.6H20 and sodium citrate (NazCsHsOy)
were purchased from Sigma Aldrich.

2.2. Instrumentation

Gamry Instruments Interface — 1000E was used
to conduct cyclic voltammetry experiments.
Electrochemical experiments of electrode
materials were carried out using a three-electrode
system, in which a glassy carbon electrode was
the working electrode (0.018 cm?), platinum flag
as counter electrode (0.25 cm?) and Ag/AgCl
electrode was preferred as reference electrode.

2.3. Sysnthesis of polymer composites

Polyaniline and polyaniline composite polymers
were deposited on the working electrode (glassy
carbon electrode) by electrochemical method.
Electrochemical deposition of polyaniline was
performed from a solution containing 0.1 M
aniline monomer and 0.1 M HCI solutions at 10
mVs? for several cycles. Electrochemical
deposition of polyaniline composite polymer
films was obtained from 0.1 M aniline and 0.1 M
HCI and different ratios of NaxMo004.2H>O (or
Na;W0..2H,0) at 10 mVs?®. The obtained
polyaniline polymer film and polyaniline
composite films were examined by cyclic
voltammetry in 1 M monomer-free HCI solutions
at 50 mVs? for several cycles. At this stage, the
reason for choosing a solution containing 1 M
HCI that polyaniline-based films show high
electroactivity when acidity increases. In this
way, the electroactivity of the resulting film can
be tested easily.

On the other hand, the reason for using 0.1 M
HCI during the electrochemical deposition of the
polyaniline is the tendency of inorganic species
to precipitate in the presence of 1 M HCI. Using
0.1 M HCI prevented this the film during
deposition. If the test solution is in 1 M HCI,
polyaniline composite films in which inorganic
species have already been incorporated can be
easily tested. Similarly, polyaniline composites
were obtained from Na:Mo004.2H.O and
Na,W0O4.2H20 in the presence of nickel sulfate,
nickel chloride and sodium citrate to make
nickel/Mo and nickel/W alloy in polymer
matrices. For this, the solution containing 0.25 M
NiSO4.2H20, 0.05 M NiCl2.6H20, Na;WOsg,
Na:Mo004.2H20 as metal sources (with 0.05 M
W and/or 005 M Mo) and 04 M
NasCsHs07.2H.O as complexing agent was
prepared.

3. Results and Discussions

3.1. Electrochemical deposition of polyaniline
and its electrochemical properties

Initially, monomer solutions of aniline were
prepared in the presence of Na2M004.2H>0 and
Na;WO04.2H,0, but since NaaWO4.2H.O was
insoluble in hydrochloric acid according to
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Equation 1 and it gives a tungstic acid, which is
amorphous yellow powder. Therefore, the
synthesis and electrochemical properties of
polyaniline/MoO4 were only discussed in the
first part of the study. The other part of the study
is related to the synthesis of both Na;M004.2H>0
and Na2WO4.2H0 polymer composite films in a
solution consisting of nickel sulfate, nickel
chloride and sodium citrate.

Na,WO0, + 2HCl — H,WO0, + 2NaCl (1)

Figure 1 shows the electrochemical deposition of
polyaniline from a solution containing 0.1 M
aniline and 0.1 M HCI at 10 mVs™. The current
of the anodic and cathodic peaks increases with
continuing cycling, and three redox peaks were
observed throughout the redox reaction, with an
irreversible peak at 0.80 V. While the anodic
peaks occur at 0.25 V, 0.50 V and 0.75 V, the
cathodic peaks occur around 0.1 V, 0.45 V and
0.70 V, and these are consistent with the
literature [31-33]. The first redox pair of
polyaniline  can  corresponds to  the
transformations between leucoemeraldine state
and emeraldine states of polyaniline and the
second pair of redox peaks is attributed to the
trasnformatiion between emeraldine state and
perninganiline states [31]. When it was cycled in
monomer-free 1 M HCI solution, as shown in
Figure 1b, the next peaks at 0.25 V and 0.63 V
are more prominent, unlike the growth
voltammogram. The anodic charge and cathodic
charge passing during the redox reaction are
determined as 0.25 mC and 0.25 mC.

As seen in Figure 1, electrochemical deposition
of polyaniline is carried out in 0.1 M HCI, and it
is reported in the literature that more
concentrated acids contribute to the formation of
electroactive polyaniline. On the other hand,
electrochemical deposition of polyaniline can be
implemented at lower acid concentrations, which
facilitates the integration of other species into
polymer matrices. Therefore, the synthesis of
polyaniline composite polymer films was carried
out in 0.1 M HCI under identical conditions.

Figure 2a and Figure 3a reveal the
electrochemical precipitation of polyaniline into
the composite polymer film from a solution
containing 0.1 M aniline, 0.1 M HCI, and 0.05 M

/0.1 M NazM004.2H,0 at 10 mVs™ for 20 cycles.
As seen in Figure 2a and Figure 3a, the excessive
increase in the amount of Na:Mo004.2H.O
resulted in the formation of a graph that gave
only two specific redox pairs. In other words, the
other redox pairs seen in Figure 2a have
disappeared. However, when the current of the
redox peaks in Figure 2a and Figure 3a is
compared, it is seen that the current of the peaks
in Figure 3a also becomes lower. This can be
explained as the addition of NazMo004.2H20 in
high amounts blocks some electroactive sites in
the polymer matrices.
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02 00 02 04 06 08 10
E/V vs Ag/AgCl
Figure 1. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl at 10
mVs? over 10 cycles (b) Cycling of polyaniline film
in 1 M HCI monomer free solution

Additionally, a closer look at Figure 2a shows
that the current is 0.25 mA for the 10" scan,
which is higher than the current of the 10" peak
of polyaniline obtained from 0.1 M HCI. This
also proves that a low amount of NazM004.2H,0
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contributes the stability and electroactivity while
giving reversible redox reactions.

T A T X T g T L T T T ¥ T v T

1.0 1 .

0.5+

-0.5 4

-1.0- N .

-04 -02 00 02 04 06 08 10 1.2
E/V vs Ag/AgCI

(b)

2—0.4 ~0.2 0.0 02 0.4 0.6
E/V vs Ag/AgCI
Figure 2. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl in the
presence of 0.05 M Na,M004.2H,0 at 10 mVs™*
over 20 cycles (b) Cycling of
polyaniline/Na;M0Q4.2H,0 in 1 M HCl at 50 mVs*

The electroactivity of these polyaniline
composite polymer films was examined at 50
mVs? in monomer-free 1 M HCI solutions and
their cyclic voltammograms are given in Figure
2b and Figure 3b.

As seen in the Figures 2b and 3b,
polyaniline/MoOs (0.05 M) shows high
electroactivity with stable cycling. On the other
hand, polyaniline/MoQO4 (0.1 M) started to give
peaks at lower currents (0.15 mA) as the cycle
continued to increase, indicating the unstable
behavior of the film. The anodic load in Figure
2b and Figure 3b was determined as 1.57 mC and
1.50 mC, and the cathodic load was determined
as 0.18 mC and 0.20 mC. As a result, it can be

said that the optimum amount of Na2M004.2H20
in the polymer matrices increases the
electroactivity, while its excess amount blocks
the electroactive regions of the polyaniline film.

-04 -02 00 02 04 06 08 10 12
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10 . T T ® T T
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=044

--6+—r—r+—+—
-0.4 -0.2 0.0 0.2 0.4 0.6
E/V vs Ag/AgCI
Figure 3. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl in the
presence of 0.1 M Na,M004.2H,0 at 10 mVs™ over
20 cycles (b) Cycling of polyaniline/Na,Mo004.2H,0
in 1 M HCl at 50 mVs!

Electrochemical deposition of NaxMo04.2H,0
and Na;WO4.2H>0 was also carried out from 0.1
M aniline and 0.1 M HCl in the existence of 0.25
M NiS0O4.2H20, 0.05 M NiCl2.6H20, Na;WOsu,
Na:Mo004.2H20 as metal sources (with 0.05 M
W and/or Mo) and 0.4 M NazCsHs07.2H20 as
previously mentioned. Figure 4 shows this
electrochemical deposition of polyaniline
without NazM004.2H20 and Na;WO4.2H.0
[34]. Sodium citrate forms stable complexes for
electroplating metal or alloys such as NiMoW
[34].
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The cyclic voltammogram of this polyaniline is
quite different from the pure polyaniline film,
which has given three anodic peaks and three
cathodic peaks (see Figure 1). Here, a board
anodic peak and two cathodic peaks were
observed. Additionally, the current of an anodic
peak is 0.07 mA, which is quite low compared to
the peak current values of pure polyaniline. This
solution appears to result in the synthesis of low
electroactive polyaniline. On the other hand,
when the resulting film is cycled in a monomer-
free 1 HCI solution, it gives a voltammogram
similar to the pure polyaniline voltammogram
(Figure 1b) with low electroactivity. The anodic
and cathodic loads determined from cyclic
voltammograms are 0.18 mC and 0.17 mC.
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0.6 B

-0.4

0.4 (b) 4
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Figure 4. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl in the
presence of 0.25 M NiSO,6H,0, 0.05 M
NiCl, 6H,0 and 0.4 M NasCgHsO7 at 10 mVs? (b)
Cycling of polyaniline composite polymer film in 1
M HCI monomer free solution

-04

Figure 5 presents the electrochemical co-
deposition of polyaniline in the presence of
Na2Mo004.2H20 and Na;W0O4.2H-0 in addition
to NiSO4.6H20, NiCl.6H.0 and NasCsHs07.
The participation of Na:Mo004.2H,O and
Na,W0O4.2H,0 did not affect the electroactive
properties of polyaniline much, and the anodic
and cathodic charge transfer was found to be
lower, at 0.15 mC and 0.14 mC. Afterward,
NazMo004.2H20 and Na;WO4.2H20 were added
into the solution separately and the polymer
composites were obtained under identical
conditions.

-02 00 02 04 06 08 10 12
E/V vs Ag/AgCI
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Figure 5. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl in the
presence of 0.25 M NiSO46H,0, 0.05 M
NiClz,GHzO and 0.4 M Na3C6H5O7 with 0.05 M
Na,Mo004.2H,0 and 0.05 M Na,W0..2H.0 at 10
mVs? (b) Cycling of polyaniline composite polymer
film in 1 M HCI monomer free solution

-04

Figure 6 shows the electrochemical deposition of
polyaniline/WOQ in the presence of NiSO4.6H20,
NiCl.6H20 and NasCsHsO7. The first thing
worth noting is that the peak current is increased
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by the addition of Na,WOQ04.2H,O without
changing the voltammogram of pure polyaniline.
On the other hand, the incorporation of
Na>WO04.2H,O electroactive properties of the
resulting film because its current is still between
0.04 mA and 0.06 mA. This suggests that
Na;WO04.2H,O contributes to the increase of
electroactive sites in polymer matrices.
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Figure 6. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl in the
presence of 0.25 M NiSO46H,0, 0.05 M
NiCl2.6H20 and 0.4 M NasCsHsO7 with 0.05 M
Na,W04.2H,0 at 10 mVs* (b) Cycling of
polyaniline composite polymer film in 1 M HCI
monomer free solution

Figure 7 displays the electrochemical deposition
of polyaniline/MoO4 in the presence of
NiS04.6H20, NiCl26H20 and NaszCsHs07. The
addition of Na2M004.2H20 affects the size of the
anodic peaks without significantly impacting the
cathodic peaks. The current values are lower
comapred to the growth of polyaniline/WOa, as
seen in Figure 6. The characterization of the
resuting film also supports that polyaniline/WO4

is more electroactive than the polyaniline/MoQO4
composite film. The anodic peak and cathodic
peak charge for polyaniline/WO4 were found to
be 043 mC and 042 mC, while
polyaniline/MoO4 was 0.20 mC and 0.18 mC.
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Figure 7. (a) Electrochemical deposition of
polyaniline from 0.1 M aniline and 0.1 M HCl in the
presence of 0.25 M NiSO46H-0, 0.05 M
NiCl2.6H.0 and 0.4 M NasC¢HsO7 with 0.05 M
NazMo00,.2H,0 at 10 mVs* (b) Cycling of
polyaniline composite polymer film in 1 M HCI
monomer free solution

4. Conclusion

In the current study, the -electrochemical
deposition of polyaniline with Na2M004.2H>0
and Na;WO04.2H0 in the presence or absence of
NiSO4.6H20, NiCl26H20 and NasCsHs07 was
investigated. The fact that the cathodic charge of
polyaniline/MoO4 composites increased from
0.25 mC to 1.50 mC shows that Na2M00O4.2H20
improves the properties of pure polyaniline.
Polyaniline/MoOs composite also shows a
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charge value of 0.18 mC when synthesized in the
presence of 0.1 aniline monomers, 0.1 M HCI
and NiSO4.6H20, NiCl,6H20 and NasCsHs07.
This shows that MoQOa does not have a significant
effect on this solution. On the other hand,
polyaniline/WO4 composites show that 0.42 mC
cathodic load passes after reduction. This proves
that WO.* doping into polyaniline matrices
increases the electroactive sites of polyaniline,
enabling fast, reversible redox reactions. Well
distrubition of WO.?" in polymer matrices can be
used to increase the synergic effect between two
components with other techniques such as spin
coating and can be examined for energy storage
devices in further studies.

According to the literature, the chemical
synthesis of polyaniline with zinc tungstate and
copper tungstate  demonstrates that a
PANI/CuWOs modified electrode can selectively
detect quercetin [29], while PANI/ZnWO4
enhances conductivity [28]. Additionally, the
electrosynthesis of PANI/MoQOs in oxalic acid on
steel reveals the corrosion protection properties
of polyaniline [27]. In light of these, the
reversible behavior of PANI/WO; and
PANI/WOQ4 suggests its potential use in chemical
and biosensors.
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Keywords: This study investigated the minichromosome maintenance 6 (MCM6) rs4988235
MCM6 polymorphism in professional football players, comparing genotype and allele
Lactose frequencies with a sedentary control group. The control group comprised 64
SNP participants with no history of athletic activity, while the athlete group included 20
Football football players. DNA extraction from blood samples was performed using a
Genetic PureLink DNA isolation kit, following the manufacturer's instructions. Real-Time

PCR was employed to analyze the MCM®6 rs4988235 polymorphism in the isolated
DNA. Statistical analysis of the acquired data was conducted using chi-square
analysis via IBM SPSS 21.0 software (IBM Statistical Package for Social Sciences
Corp., Armonk, NY, USA). A p-value less than 0.05 was considered statistically
significant. The CC genotype was absent in all football players. Conversely, CT
(10%) and TT (90%) genotypes were identified in 2 and 18 individuals, respectively.
In the control group, the distribution of genotypes was as follows: CC (0%), CT (17,
26.6%), and TT (47, 73.4%). The C allele frequency was 5% (2 individuals) in
football players and 13.28% (17 individuals) in the control group. The T allele
frequency was 95% (38 individuals) in football players and 86.72% (111 individuals)
in the control group. No statistically significant differences were observed between
the football players and the control group regarding genotype (p = 0.122) or allele
frequencies (p = 0.149).
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1. Introduction in the jejunum. This condition affects the
majority of the elderly population [1].

Lactose is a disaccharide, a molecule formed by

the combination of glucose and galactose.
Lactose occurs naturally in mammalian milk and
is the main carbohydrate component of milk. In
the small intestine, it is hydrolyzed by the
enzyme lactase into glucose and galactose
monosaccharides and absorbed into the
bloodstream (Ingram, et al, 2009). Lactose
intolerance is a pathophysiological condition that
occurs when lactose cannot be digested or
absorbed due to a lack of 3-galactosidase enzyme

Lactase deficiency stands as a prevalent
autosomal recessive ailment characterized by a
diminished activity of lactase fluorohydrolase, a
pivotal enzyme responsible for lactose hydrolysis
within the small intestine. In the absence of
adequate enzymatic function, lactose, a
disaccharide, remains unabsorbed, traversing
undigested into the colon where it becomes
subject to bacterial fermentation. Consequently,
individuals afflicted by this condition encounter
a spectrum of gastrointestinal symptoms
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including discomfort and bloating. Commonly
denoted as lactose intolerance, this physiological
incapacity to effectively metabolize lactose
underscores the intricate interplay between

genetic  predisposition and  biochemical
mechanisms  governing human  digestive
processes [2].

Within the global demographic structure,

approximately 70% of the human population is
characterized by a primary deficiency of the
enzyme lactase. This prevalence rate varies in
correlation with the diversity of ethnological
origins and can be interpreted as a result of
genetic selection due to the prevalence of dairy-
based foods in the diet. Especially in
communities  where  pastoralist  cultures
predominate and dairy products play a central
role in the diet, as in the septentrional regions of
Europe, the prevalence of primary lactase
deficiency is remarkably low at two percent.
According to findings in the anthropological
literature, populations with a high prevalence of
lactose malabsorption among adults are usually
communities with agricultural and hunting
traditions, which historically introduced milk
consumption at a late stage and/or preferred
fermented dairy products with reduced lactose
content [3-6].

The Lactase gene (LCT, 2g21-22) encodes the
lactase enzyme expressed in the intestine [7].
There are many single nucleotide polymorphisms
(SNPs) associated with lactose intolerance and
they occur at different frequencies in different
populations [8]. A group from Finland described
two polymorphisms in introns 9 and 13 of the
minichromosome maintenance 6 (MCM6) gene
[9]. One of these, -13910T (rs4988235), was the
first allele identified to be associated with lactase
digestive capacity [10]. SNPs known as -
13910C/T or rs4988235 are located in intron 13.
The single nucleotide polymorphism at position
-13910 of the LCT gene (rs4988235) has been
shown to regulate lactase expression. In addition,
the T variant has been associated with an
increased transcription of the LCT protein [11].

Individuals harboring at least one copy of the -
13910T variant allele are deemed genetically
endowed with lactase persistence, thereby
retaining the ability to efficiently metabolize

lactose  into  adulthood.  This  genetic
predisposition confers a distinct advantage over
counterparts possessing the CC genotype,
characterized by markedly diminished lactase
activity. Consequently, those with the -13910T
variant exhibit a heightened capacity for lactose
tolerance, facilitating enhanced digestion and
assimilation of lactose-containing foods, in stark
contrast to individuals lacking this genetic
variant [12, 13].

Athletic performance is considered to be a
combination of many factors. Nutrition and diet
programs of athletes are one of the main factors
affecting athletic performance [14].
Determination of polymorphisms affecting
athletic performance among football players can
play an active role in changing and regulating the
nutritional habits of football players. In our
study, we aimed to examine the genotype and
allelic distributions of MCM6 rs4988235
polymorphism in football players and the
relationship between the distribution and the
positions of the athletes.

2. General Methods
2.1. Study group

20 football players of Turkish origin from
Maltepespor football club in the age range of 17-
33 years, who were active and regularly training,
participated in the study. In the same age range,
64 sedentary individuals were included in the
study for genotype and allele analysis. The
training program of the football players was
reported as a minimum of 4 days (40-120 min)
and one match per week. The study protocol was
approved by the Uskiidar University Ethics
Committee (61351342/SUBAT 2024-79) and
was prepared in accordance with the guidelines
of the Helsinki Declaration-2 (2015).

Consent Form The athletes were invited to
participate in the study as part of an independent
research conducted by Marmara University
Faculty of Dentistry, Department of Medical
Biology and Genetics. After the athletes were
informed about the study and their questions
were answered, the consent forms were mutually
signed, first by the athletes. DNA Isolation DNA
isolation was completed from peripheral blood
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samples using PureLink DNA isolation kit
(Invitrogen, Van Allen Way Carlsbad, CA, USA)
according to the manufacturer's procedures. The
DNA samples obtained were stored at -20°C until
the analysis process of the relevant genes was
completed.

2.2. Genotyping

Genotyping of  the Minichromosome
maintenance 6 (MCM®6) rs4988235
polymorphism was performed using Tagman
Genotyping Assays (Applied Biosystems Foster
City, CA, USA) using Real-Time PCR device
(StepOne Plus, USA) from the isolated DNA
material.  Genotyping  procedures  were
completed by real-time PCR with Tag-Man
probe method using 5 pL master mix, 3.75 uL
H20, 0.25 pL assay and 1 pL (10 ng) DNA for a
total of 10 pL.

2.3. Statistical analysis

Statistical analyses of the obtained data were
performed with chi-square analysis using IBM
SPSS 21.0 (IBM Statistical Package for Social
Sciences Corp., Armonk, NY, USA). p < 0.05
was considered statistically significant.

3. Results and Discussion

When the genotypes were analyzed, it was found
that 2 players had CT (10%) and 18 players had
TT (90%) genotypes, and no player had CC
genotype. C allele was found to be 2 (5%) and T
allele was found to be 38 (95%) in football
players. No individual in the control group was
found to have CC genotype, 17 individuals were
found to have CT (26.6%) and 47 individuals
were found to have TT (73.4%) genotypes. In
allelic distribution, C allele was found in 17
(13.28%) and T allele in 111 (86.72%)
individuals. Statistically significant differences
were not found between the two groups in terms
of genotype (p = 0.122) and allelic distribution (p
=0.149) (Table 1).

Table 1. MCM6 rs4988235 genotype and allelic distribution comparison

MCM®6 Genotype Distribution Allelic Distribution
rs4988235 TT CT CcC P C T P
Athlete (n=20) 18 2 - 2 38
% %90 %10 %5 %95
Control (n=64) 47 17 0.122 17 111 0.149
% %73.4 %26.6 %13.28 %86.72

Chi-Square Test; p<0.05

The table shows MCM6 rs4988235 genotype
distribution and allele frequency. This gene is
associated with lactose intolerance. It can be
interpreted that those with TT genotype are
lactose tolerant, those with CT genotype are
partially tolerant and those with CC genotype are
prone to intolerance.

According to the table, 18 of the 20 people in the
football player group had TT genotype and 2 had
CT genotype. In other words, lactose tolerance is
very high in this group. In the control group, 47
of 64 people had TT and 17 had CT genotype. In
other words, lactose tolerance is also high in this
group, but lower than in the football player

group.

The difference between genotype distribution
and allele frequency is not statistically
significant. P values are greater than 0.05. This
means that there is no significant difference in
MCMB6 rs4988235 genotype and allele frequency
between football players and control groups.

Table 2 includes the physical characteristics and
genotypes of football players in different
positions, such as age, height, weight and Body
Mass Index (BMI).

According to these data, it can be said that the
team is generally young and has a physically fit
structure. BMI values are generally in a healthy
range. In terms of genotype, it appears that only
two players have the 'TC' genotype and the others
have the 'TT' genotype.
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In addition to environmental factors such as
nutrition, genetic predispositions play an
important role in the development of athletes
[15]. Since an individual's dietary and
supplementation strategies can significantly
affect their physical performance, personalized
nutrition aims to optimize health, body
composition and exercise performance by
targeting dietary recommendations in sport
populations according to the individual's genetic
profile [16]. In lactose-sensitive individuals,
lactose digestion can cause many abnormal
symptoms. In this case, a hydrogen test or
invasive biopsy sample is taken to make a
diagnosis. Genetic testing can provide highly

sensitive lactose intolerance results
noninvasively [17].

Raz et al. [18] conducted a study in the Israeli
population with 439 participants. The results
showed a significant association between LCT
rs4988235 (-13910C/T) ethnicity and genotype.
The prevalence of the CC (LCT rs4988235)
genotype associated with adult hypolactasia was
97%, 93%, 83% and 82% among Bedouin Arabs
and Iragi, Ashkenazi and Moroccan Jews,
respectively. A significant correlation was found
in determining the genotype prevalence in Jews
and it was recommended to adjust dietary

recommendations accordingly.

Table 2. Position, age, height, weight, body mass index (BMI) and genotype distribution of football players

BMI

Footballers Location Age Length (cm)  Weight (kg) (kg/m)? Genotype
1 Goalkeeper 19 193 81 21,7 TT
2 Right Back 22 178 73 23 TT
3 Right Back 32 164 60 22,3 T
4 Left Back 32 171 73 25 T
5 Left Back 20 174 69 22,8 T
6 Center Back 21 186 79 22,8 TT
7 Center Back 21 186 82 23,7 1T
8 DM 21 182 77 23,2 T
9 DM 21 185 78 22,8 T
10 DM 22 185 73 21,3 TT
11 CM 25 171 70 23,9 TT
12 CM 20 175 72 23,5 T
13 CM 21 176 65 21 TT
14 CM 21 180 74 22,8 1T
15 Right Wing 27 180 73 22,5 TT
16 Right Wing 20 174 72 23,8 TT
17 Left Wing 20 180 73 22,5 CT
18 Left Wing 21 179 74 23,1 CT
19 Center Forward 21 186 82 23,7 TT
20 Center Forward 17 187 80 22,9 TT

Age Length Weight BMI
X+ SD X+ SD X+ SD X+ SD

2220+391 178.65+6.84 73.60+5.48 23.02+0.87

BMI=Body Mass Index; CM=Central Midfielder; DM=Defensive Midfielder

In a study of 151 volunteers, Adler et al. [19]
found genotypes associated with the LP
phenotype in 74 (41.0%) and the frequency of the
T allele of the LCT gene was 24.8%. Tomasz et
al. [20] investigated the frequency of LCT-
13910C>T polymorphism in 223 volunteers
from Poland. The LCT rs4988235 T allele
(lactase persistence) was found to be present in
51% of individuals sampled from the Polish
population. All data from populations show the

relationship between genetic variants of lactose
tolerance and lactose intolerance.

In our study, we aimed to determine the
minichromosome maintenance 6 (MCM®6)
rs4988235 polymorphism in football players.
None of the football players had the CC allele. It
was found that 2 were in CT (10%) and 18 were
in TT (90%) genotypes. C allele was found to be
2 (5%) and T allele was found to be 38 (95%) in
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football players. No individual in the control
group was found to have CC allele. 17
individuals had CT (26.6%) and 47 individuals
had TT (73.4%) genotypes. In allelic distribution,
C allele was found to be 17 (13.28%) and T allele
was found to be 111 (86.72%). There was not a
statistically significant difference between the
two groups in terms of genotype (p=0.122) and
allelic distribution (p=0.149).

In conclusion, this study addressed the
combination of genetic predispositions and
nutritional factors in athletes, specifically
focusing on the minichromosome maintenance 6
(MCM®6) rs4988235 polymorphism. When the
genotype and allele distributions in football
players were compared with the control group,
no statistically significant differences were
found. However, this study emphasizes that there
are insufficient and diversified studies of this
polymorphism in athletes in the literature and
may contribute to increasing the sample size by
providing a reference for future studies.

4. Conclusion

These findings highlight the importance of
personalized nutrition strategies based on
athletes' genetic profiles. Creating appropriate
nutrition programs for athletes can help them
optimize their performance. Furthermore, the
increased use of genetic analyses in the sports
community may contribute to the athletic
performance of teams and individual athletes.
Researchers may conduct additional studies,
such as larger sample sizes, more comprehensive
analysis of genetic and environmental factors, to
better understand the results and more accurately
assess the impact of genetic factors on athletic
performance. This study can be considered as a
fundamental step to understand the effects of
genetic factors on traits such as lactose tolerance
in athletes and to develop sport-specific
nutritional strategies.
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Transition metal-doped diluted semiconductor materials have attracted significant
interest in spintronic applications. In order to investigate the structural, optical,
electrochemical, and magnetic properties of these diluted magnetic semiconductors,
transition metal-doped ZnO thin films were successfully produced at room
temperature using a low-cost sol-gel spin coating technique with the same molar
ratios. XRD analyses revealed that all samples adopted the crystal structure of ZnO.
Optical measurements indicated high transparency in the visible region for all
samples, while electrical measurements confirmed that all samples were n-type
semiconductors. Finally, magnetic measurements showed that pure ZnO and Al-
doped ZnO exhibited diamagnetic behavior, while Ni and Co doped ZnO displayed
magnetic behavior. These results show that Co and Ni-doped ZnO films can be used
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as diluted magnetic semiconductor materials in spintronic applications.

1. Introduction

Zinc oxide (ZnO) is an n-type semiconductor
with a bandgap of 3.37 eV. Its high transparency,
electron mobility, stability, and biocompatibility
make ZnO suitable for electronic and photonic
applications [1-12].

ZnO can be doped with transition metals to
enhance its structural, morphological, magnetic,
electrical, and optical properties [4,13-16]. For
example, doping with elements such as Na, Mg,
Fe, Cd, and Mn can alter its optical and structural
properties [1, 17-21]. Transition metal doping
enhances these properties of ZnO, enabling the
production of higher-performance and more
durable devices [22]. Under normal conditions,
ZnO is diamagnetic, but when doped with Co, it
exhibits room temperature ferromagnetism
(RTFM) behavior, showing diluted magnetic
semiconductor (DMS) characteristics [23]. The
presence of RTFM in DMS was first predicted by

Dietl et al. [24]. Among all DMS materials, ZnO-
based compounds have gained the most attention
due to their inherent properties and wide range of
applications, especially because they become
ferromagnetic when doped with most transition
metal elements [12, 25-28].

Additionally, DMS materials are a suitable class
of materials for the production of spintronic
devices such as spin valve transistors and spin
organic light-emitting diodes [29, 30]. Transition
metal-doped ZnO thin films have attracted
significant interest due to their magnetic
properties and performance in spintronic
applications. These films offer ideal materials
that combine semiconductor and magnetic
properties, making them suitable for use in
magnetic RAM (MRAM), spintronic devices,
sensors, and quantum information processing
systems. For example, when transition metals
like Fe, Co, and Ni are doped into the ZnO
matrix, they enhance the material's room
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temperature ferromagnetic properties, making it
suitable for such applications [31, 32].

Samanta et al. recorded weak DMS behavior at
room temperature in Co and Al-doped ZnO
prepared by pulsed laser deposition [33].
Nallusamy and Nammalvar reported that the
saturation magnetization of ZnO films increased
when Ni was added to ZnO [34]. Hadimani and
colleagues  observed that ZnO gained
ferromagnetic properties when doped with Fe,
and as the Fe content increased from 0 M to 0.2
M, the magnetic moment rose from 0.01 emu/g
to 1.1 emu/g [35]. Qi et al. observed room
temperature ferromagnetism in Al-doped ZnO
films deposited on glass substrates after
annealing in an air atmosphere [36].

Several methods can be used to synthesize ZnO
films, including molecular beam epitaxy, RF
magnetron sputtering, pulsed laser deposition,
spray pyrolysis, chemical vapor deposition, and
sol-gel spin coating [37-44]. Among these
techniques, the sol-gel spin coating method has
been preferred due to its low cost and ease of
application [45, 46]. Spin coating is a widely
preferred technique for preparing ZnO thin films
and offers several advantages over other thin-
film production methods. First, spin coating
provides a low-cost, rapid production process
and allows precise control over film thickness
and uniformity. These features are especially
advantageous for thin-film transistors and other
microelectronic applications. Spin coating is also
superior in terms of energy efficiency, as it does
not require complex equipment and can be
performed at room temperature [47, 48].

Other coating methods are generally performed
at high temperatures and under vacuum, which
increases energy consumption and production
costs. Additionally, these methods can negatively
affect the surface roughness and uniformity of
the films. Spin coating minimizes such
disadvantages and enables high-quality film
production at low temperatures [48]. In this
study, Al, Ni, and Co-doped ZnO thin films were
coated on glass substrates using sol-gel and spin
coating methods. These coatings were performed
using a spin coating device that we produced
ourselves [49]. Al doping improves the electrical
conductivity of ZnO by increasing its electron

density. This feature is important for
optoelectronic applications such as transparent
conductive oxides (TCOs).

Additionally, Al doping optimizes ZnQO's use in
thin-film transistors and microelectronic devices
by reducing surface roughness and improving
crystalline structure properties [32]. Ni doping
imparts magnetic properties to ZnO, resulting in
materials that exhibit room temperature
ferromagnetic behavior. This is critical for
spintronic applications. Ni also increases the
magnetic anisotropy of ZnO, thereby enhancing
its potential use in magnetic data storage and
sensor technologies. Furthermore, adding Ni to
ZnO allows for the modification of the material's
optical and magnetic properties, enabling the
development of multifunctional devices [31]. Co
is preferred to impart high Curie temperature and
stabilized ferromagnetism to ZnO. Co-doped
ZnO exhibits room temperature ferromagnetic
properties, making it an ideal material for
spintronic devices. Additionally, Co enhances
the electronic band structure of ZnO, further
improving its optical and magnetic properties,
thus increasing its usability in optoelectronic
applications [48].

2. General Methods

For the synthesis of transition metal-doped ZnO
films, methoxyethanol was used as the solvent,
monoethanolamine (MEA) as the stabilizer, and
Zn(CH3COy)2.2H20 (zinc acetate dihydrate) as
the Zn source. Initially, 4.40 g of
Zn(CH3C0O2)2.2H,0 was dissolved in 50 ml of
methoxyethanol at a temperature range of 50-
60°C, and stirred at 1000 rpm for 15 minutes.
Subsequently, 1.22 g of MEA was added to this
mixture and stirred for an additional 20 minutes.

To produce Co-doped ZnO (Co-Zn0), Ni-doped
ZnO (Ni-ZnO), and Al-doped ZnO (Al-ZnO),
ZnO films were doped with 0.01, 0.02, 0.03,
0.04, 0.05, and 0.1 M of cobalt acetate
tetrahydrate  (CH3COO0).Co0.4H20),  nickel
acetate tetrahydrate (Ni(CH3COO)..4H.0), and
aluminum nitrate nonahydrate (Al(NO3)s3.9H20).
The mixture was then stirred for an additional 15
minutes. A total of 12 different sol-gel solutions
were obtained. These solutions were allowed to
age for one day before use. After this process,
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glass substrates, which were subjected to the
cleaning procedure described in Figure 1, were
coated with these solutions using spin coating.
The coating process was carried out at a speed of
2000 rpm for a duration of 20 seconds. All
obtained films were subjected to thermal
annealing at 300°C. According to the
examinations, the most efficient results were
obtained with a doping concentration of 0.03 M.

Glass Cutting Placing Glass Samples  5oapy Water
into Sample Holders

il

Soaked in HCI for
2 Hours and Used

li“

Sol- Gel Spin Coating Coated Film

Pure Water

- Acetone

Thermal Annealing
(300°C)

Flgure 1. Steps of glass substrate cleanmg and sol-
gel spin coating process

3. Results and Discussion

The X-ray diffraction (XRD) patterns of ZnO,
Co0-ZnO, Ni-ZnO, and Al-ZnO thin films are
shown in Figure 2. It can be observed that all
diffraction peaks exhibit the dominant hexagonal
wurtzite structure of ZnO. The diffraction peaks
observed at approximately 31°, 33°, 36°, 57°, and
61° correspond to the (100), (002), (101), (102),
(110), and (103) planes of ZnO, respectively. The
observed diffraction patterns are consistent with
the results reported in JCPDS card no: 36-1451
and [1]. The three main peaks corresponding to
the (100), (002), and (101) planes of the
hexagonal wurtzite structure of ZnO appear more
prominent than the other peaks. No additional
peaks corresponding to Co, Ni, or Al were
observed in the XRD patterns. This result
confirms that Co?*", Ni*’, and Al** are fully
incorporated into the ZnO crystal lattice. Similar
results have also been reported in [50].

Additionally, the peak position of the (002) plane
of ZnO shifted to lower angles after metal doping
(this was observed for all three doping metals).

This indicates that the lattice dimensions expand
with doping, increasing the interplanar distance
(d). Larger d-values correspond to smaller 26
angles. The reason for this is the substitution of
Zn atoms in the crystal structure of undoped ZnO
with atoms of other elements (in this case, Al, Ni,
and Co). The ionic radius of Zn*? is
approximately 74 pm, while the ionic radii of
Ni*2, AlI*® ve Co*3 are 69 pm, 53.5 pm, and 61
pm, respectively. These differences lead to
changes in the unit cell volume, causing angle
shifts.

Ni-ZnQ—— AI-ZnQ Co-ZnO

Uncoated Glass—— ZnQ

Intensity (a.u.)

(110)
{103)

30 35 40 45 50 55 60 65
Diffraction Angle (26)
Figure 2. XRD images of uncoated glass and Co, Ni
and Al doped ZnO thin films

The average crystallite sizes of the samples were
calculated using the Debye-Scherrer formula (1)
[1] based on the full width at half maximum
(FWHM) of the peaks in the XRD patterns
(Table 1).

092 1)
BcosO

where D is the crystallites size, 4 is the X-ray
wavelength, 6 is the Bragg diffraction angle and
S is the full width at half maximum.

A micro strain (¢) of films are calculated from
Equation (2) [51, 52].

p cos 8 (2)

E =

The dislocation density (6) has been evaluated
from Williamson and Smallman’s formula (3)

[53].

1 ©)
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The volume of the hexagonal unit cell (V) was lattice parameters a=b and ¢ were calculated
calculated using Equation (4) [53]. using Equation (5) [53].
V = 0.866a%c 4) 1 4 (h? + hk + k? 12 (5)
Furthermore, for a given plane with Miller gz - §<T> + 2
indices (hkl) and interplanar spacing (dip), the
Table 1. Results calculated from XRD data
Material Lattice Parameters D \Y S )
(nm) (A%) (10) (10%)
a=b (nm) ¢ (nm) (m?
Zn0 0.327 0.506 68 46.86 5.1 2.2
Co-Zn0O 0.327 0.514 55 47.14 6.3 3.3
Ni-ZnO 0.327 0.509 58 47.32 6.0 3.0
Al-ZnO 0.327 0.511 45 47.60 7.7 4.9

SEM analysis was conducted to gain a detailed
understanding of the surface morphology.
Figure 3 shows the SEM images of ZnO and Co,
Ni, and Al-doped ZnO thin films. The SEM
image of pure ZnO (a) exhibits a quite smooth
and homogeneous surface structure. The grain
boundaries are distinct, and it is evident that the
ZnO crystals have grown in a well-ordered
manner. The grain sizes are relatively uniform
and similar in shape and size, reflecting the
typical orderly crystal structure of ZnO. The
SEM image (b) of Al-doped ZnO reveals a
significantly more homogeneous and smoother
structure compared to undoped ZnO. This doping
process appears to have reduced the granular
features on the surface, resulting in a more
compact surface formation.

The integration of aluminum atoms into the ZnO
crystal lattice has led to a decrease in surface
roughness, creating a more orderly structure at
the microscopic level. This homogeneous surface
morphology is particularly important for
optoelectronic applications, as a smoother
surface can enhance light propagation and
improve device efficiency. The SEM image of
Ni-doped ZnO (c) features a very fine and
homogeneous surface structure. The grain
boundaries are not as distinct as those in pure
ZnO, but the surface appears smoother and finer.
The addition of Ni has reduced the grain size of
ZnO, leading to the formation of a finer and more
uniform structure. The SEM image of Co-doped
ZnO (d) has a much finer surface structure
compared to ZnO and other doped films. The
surface is quite smooth, and the grain boundaries

are not distinct. The lack of distinct grain
boundaries indicates the presence of very small-
sized crystals. This suggests that Co has
integrated well into the ZnO structure without
creating significant crystal defects.

The grain sizes obtained from the SEM images
were added to Table 2. Overall, the results are
consistent with the crystallite sizes obtained from
the XRD patterns.

Figure 4 shows the contact angle (CA) plots of
ZnO and Co, Ni and Al-ZnO films. These values
are recorded in Table 2. Besides SEM analysis,
surface morphology (roughness) can also be
indirectly determined from surface contact angle
measurements [54]. The variation in contact
angle is greatly influenced by the morphology of
the film surface, particularly its roughness [55,
56]. A contact angle of less than 90° between a
liquid droplet and a solid surface indicates that
the surface is hydrophilic.

When a water droplet contacts a film surface,
micro- and nanoscale roughnesses and valleys on
the surface play an important role. These valleys
can trap air molecules and prevent the water
droplet from directly contacting the surface,
creating an air barrier on the surface and the
surface becomes more hydrophobic [57]. ZnO
film exhibits weak hydrophilic character with a
surface contact angle value of 74°, while Co, Ni
and Al doped ZnO films exhibit stronger
hydrophilic characters with contact angle values
of 17.5°, 10° and 22°, respectively. The increase
or decrease in the contact angle is due to the
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increase or decrease in the surface roughness of
the film, respectively [58]. The results are
consistent with the SEM images.

Figure 3. SEM images of thin films. a,b,c andﬁ
represent ZnO, Al-ZnO, Ni-ZnO and Co-ZnO,
respectively.

80
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Materials

Figure 4. Contact angles of ZnO and Co, Ni and Al
doped ZnO thin films

Additionally, the total surface free energies () of
all films were calculated and added to Table 2. A
surface with high surface free energy enables
better adhesion of the coating material and
facilitates the formation of a more homogeneous
coating layer. The surface free energies of Co,
Ni, and Al-doped ZnO films are higher than that
of undoped ZnO.

Table 2. Results from SEM and contact angle

Material Grain Size CA(®  ys(mN/m)
(nm)

Zn0O ~60 74 59
Co-ZnO <45 18 143
Ni-ZnO <45 10 139
Al-ZnO <45 22 135

The 1-V characteristics of ZnO and Co, Ni, and
Al-doped ZnO films at room temperature are
illustrated in Figure 5. The linearity of the I-V
graphs for all samples indicates that the films
exhibit ohmic behavior. The resistivities of the
films were determined using Equation (6) [51].

) mt (V) (6)

T n2\T

15

Current (uA)

Voltage (V)
Figure 5. I-V graph of ZnO and Co, Ni and Al
doped ZnO thin films

Here, t is the thickness of the thin film, and (z/in
2)x(V/I) represents the sheet resistance (Rsh).
The calculated resistivity values (p) are listed in
Table 3. After doping with Co, Al, and especially
Ni, the conductivity increased compared to
undoped ZnO. This can be attributed to the
reduced presence of cracks and agglomerations
on the film surfaces, which could otherwise
impede electron flow. This is compatible with
SEM measurements. Additionally, the increased
conductivity indicates better crystallization in the
doped films. The increase in carrier
concentration (Ns) due to doping also contributes
to the enhanced conductivity (Table 3).

Figure 6 shows the optical transmittance spectra
of ZnO and Co, Ni, and Al-doped ZnO films. The
optical properties of ZnO and ZnO films
modified with dopants are closely related to the
material's microstructural and crystallographic
structure, which can be elucidated through XRD
(X-ray diffraction) and SEM (scanning electron
microscopy) analyses. Optical transmittance is a
significant parameter that emerges during the
interaction of a material with light. This property
is especially critical in semiconductors like ZnO
with a wide bandgap, as it determines the
material's potential applications.
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ZnO's wide bandgap (approximately 3.41 eV)
provides high transparency in the optical
transmittance spectrum, particularly in the
visible light region. The XRD pattern shows that
the crystal structure of ZnO is well-defined, with
distinct diffraction peaks. This crystal structure
maintains a wide optical bandgap, resulting in
high optical transmittance. The sharp and narrow
peaks observed in the XRD pattern of ZnO
indicate minimal crystal defects, which allow for
orderly optical transitions.

The addition of dopants such as Ni, Al, and Co to
ZnO significantly alters its optical properties. In
Ni-ZnO and Al-ZnO films, shifts and broadening
of the peaks in the XRD patterns suggest that
dopants integrate into the crystal structure,
leading to phase mixtures and crystal distortions.
These distortions cause the bandgap energy to
narrow, resulting in red shifts in the optical
spectrum. Consequently, the lower optical
transmittance observed in these materials,
especially in the UV region, can be attributed to
increased absorption. SEM images support this
observation; the irregularities and morphological
disruptions seen on the surfaces of Ni-ZnO and
Al-ZnO films cause increased scattering of light
on the surface, reducing optical transmittance.

On the other hand, Co-ZnO films exhibit
relatively sharp and well-defined peaks in XRD
patterns, indicating that the crystal structure is
not significantly disturbed by Co dopants,
allowing ZnO to maintain its wide bandgap.
SEM images of Co-ZnO films show a
homogeneous and smooth surface structure,
which minimizes light scattering and results in
high optical transmittance. The stabilization of
ZnO's crystal structure by Co dopants enables the
optical bandgap to remain wide, thereby
achieving high transmittance across a broad
wavelength range.

Transmittance (%)

T T T T
300 400 500 600 700 800

Wavelength (nm)
Figure 6. Optical transmittance spectrum of ZnO
and Co, Ni and Al doped ZnO thin films

Table 3. Carrier density (Ns), flat band potential
(Vi), bandgap and resistivity of materials

Materia  Ns(m?®)  Vm(V) Band p
| gap Q.c
(eV) m)
Zn0 1.93x10%8 0.38 341 1716
Co-ZnO  5.41x10%® 0.30 3.26 1320
Ni-ZnO 5.17x10%8 0.33 3.11 46
Al-ZnO 4.95x10%8 0.31 3.19 394

The optical energy range Eg of Co, Ni and Al-
ZnO thin films was found using the absorption
spectra defined by equation (7) and recorded
Table 3:

ahv = B(hv — Eg)n (7

a is the absorption coefficient, v is the frequency
of the incident photon, B is a constant and h is
Planck'’s constant [23]. Figure 7 summarizes the
band gap obtained for ZnO and Co, Ni and Al
doped ZnO thin films. It can be seen from the
figure that the ZnO compound has a very large
energy range, consistent with the literature [59-
61]. Semiconductors like ZnO with bandgaps of
this magnitude are optically transparent in the
visible region, making them suitable for
applications involving short-wavelength light
[62].

Transition metals disrupt the structural integrity
of the host ZnO cell/crystal, causing band
narrowing. When the host ZnO compound is
doped with transition metals, the dopant ions
replace the Zn ions, changing the ZnO lattice
structure. This change in the lattice structure is
due to the radius difference of the dopant ions.
The change of the graphs is due to the change of
these lattice parameters. In the same graph, the x-
axis intersection points of the slopes give the
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values of the optical energy range of ZnO thin
films. The energy ranges of these three ZnO films
doped with transition metals correspond to the
ultraviolet region.

Figure 8 shows the Mott-Schottky plots for ZnO
and Co, Ni, and Al-doped ZnO films. In Mott-
Schottky analysis, the slope of the plots provides
insights into the carrier density of the films. A
positive slope typically signifies that the films

behave as n-type semiconductors, where
electrons are the majority carriers.
1.0
Zn0
= Ni-Zn0
0.8+ Al-ZnO
& = Co0-Zn0
e
»x 0.6
2
£ 04
[11]
0.2 4
1.5 ZTO 2t5 Siﬂ 3T5 4.0

hv (eV)
Figure 7. Band gap of ZnO and Co, Ni and Al
doped ZnO thin films

Moreover, the intersection points of the Mott-
Schottky curves with the x-axis yield the flat
band potential (V). The carrier densities and flat
band potentials obtained from the plots were
recorded in Table 3.
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Figure 8. Mott-Schottky graph of ZnO and Co, Ni

and Al doped ZnO thin films

The magnetic properties of Co, Ni, and Al-doped
ZnO thin films were investigated at room
temperature using a vibrating sample
magnetometer (VSM). Figure 9 shows the VSM
results of ZnO semiconductors doped with Al,
Ni, and Co metals. The ZnO sample (inner part

in Figure 9) exhibits diamagnetic properties. The
figure shows that the Al-doped ZnO
semiconductor film behaves diamagnetically
similar to ZnO, whereas Ni and Co-doped ZnO
semiconductors acquire magnetic properties.
Particularly, a rapid increase in the magnetic
moment at small magnetic field values (< £100
Oe) indicates that Ni and especially Co doped
ZnO materials exhibit superparamagnetic
behaviour [63]. Superparamagnetism is the
condition where magnetic particles at the
nanoscale exhibit random orientations without
interacting with each other.

0.20

— Ni-ZnO

0154

0.10 q

0.05 4

0.00

-0.05

-0.10

Magnetic Moment (uemu)

-0.15 4

-0.20 T T T
-10000 -5000 0 5000

Applied Magnetic Field (Oe)
Figure 9. VSM graph of ZnO and Co, Ni and Al doped
ZnO thin films

10000

The behavior of DMS is based on the magnetic,
optical, and structural changes resulting from the
modification of ZnO with magnetic dopants such
as Ni, Al, and Co. XRD data indicate that the
ZnO matrix retains its wurtzite structure, though
the dopants cause slight modifications in the
crystal structure. This crystal structure provides a
suitable environment for strong ferromagnetic
interactions, such as RKKY (Ruderman-Kittel-
Kasuya-Yosida) or Zener-type interactions. The
highest magnetic moment observed in Co-ZnO
on the Figure 9 suggests strong ferromagnetic
interaction between dopant ions, attributed to
spin alignment between Co ions.

Grain size and defects also contribute to this
ferromagnetic behavior; smaller grain sizes and
defects can enhance ferromagnetism by
increasing the localization of free carriers. The
formation of secondary phases (e.g., CoO or
NiQO) can also support ferromagnetic behavior, as
these phases increase the carrier density within
the ZnO matrix (Table 3), thereby enhancing
ferromagnetic interactions. These findings
indicate that ZnO-based DMS materials hold
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potential for spintronic applications, with
ferromagnetism in these materials being closely
related to the type of dopant, carrier density,
grain size, and defects.

4. Conclusion

The spin coating technique involves the uniform
deposition and production of thin films by
spinning the substrate and thin film solution at a
certain angular speed. Using this technique, Ni,
Al, and Co-doped ZnO films were produced in
our laboratory. Our structural analyses revealed
that all doped films adopted the crystal structure
of ZnO, with no external crystalline phase
observed. Optical measurements indicated that
each sample exhibited high transparency in the
visible region, with band gaps ranging from 3.11
to 3.41 eV. Electrical analysis demonstrated that
each semiconductor was of n-type, with carrier
concentrations in the range of 1018 m3
Magnetic measurements showed that pure ZnO
and Al-doped ZnO exhibited diamagnetic
properties, while Ni and Co-doped ZnO
displayed superparamagnetic behaviour. Our
results were generally consistent with previous
studies reported in the literature. Ni and Co
doped ZnO materials produced in our study could
be utilized as diluted magnetic semiconductors in
spintronic applications.
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In this work, we construct new sequence spaces by combining the integrated and
differentiated sequence spaces with the binomial matrix. Firstly, we provide
information about basic matters such as sequence spaces and matrix domain.
Subsequently we briefly summarize some sequence spaces generated by the binomial
matrix. Thereafter, we define the integrated and differentiated sequence spaces and
establish the new sequence spaces. Afterwards, we examine some properties and the
inclusion relations of these new sequence spaces. We also determine the «, g and
y —duals of the integrated and differentiated sequence spaces. Finally, we
characterize some matrix classes associated with the new sequence spaces.

1. Introduction

Let w ={x = (x) : x € R(or C),Vk € N} be
a set. Under the pointwise addition and scalar
multiplication w is a vector space. Each subspace
of w is called a sequence space. The sequence
space f,, which is absolutely p-summable

sequences, is a frequently used sequence space.

A Banach sequence space is classified as a BK-
space if the maps p,,: X — C, defined as p,,(x) =
x, are continuous for all n € N [1]. Therefore,
we can say that the sequence space ¢, with their-
norm defined as

(1)

isa BK-space, for 1 < p < oo.

Let, A = (ay,) be an infinite matrix of real (or
complex) entries. The A-transform of the
sequence x is denoted as

[ee]

(Ax), = Z Ani X,

k=0

(2)

where the series (Ax), is required to be
convergent for every n € N.

Moreover, let X and Y be two sequence spaces
and consider the set defined as X, = {x =
(x;) € w: Ax € X} for a given infinite matrix A.
This set is referred to as the matrix domain of A
on the sequence space X. Additionally, the class
of all matrix transformations from X into Y is
denoted by (X:Y) and it is given by [2],

(X:Y) ={A = (ay):Ax € Y forall x € X}.(3)

Let us consider the summation matrix S = (s,)
defined as

(4)

< _{1, 0<k<n,
nk 0, k>n,

where Vn, k € N.

The matrix domain of S is used to define the sets
bs = (£)s and cs = c,, which denote the sets
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of all bounded and series,

respectively.

convergent

If the entries of an infinite matrix A = (a,)
satisfies the conditions a,, # 0 for all n,k € N
and a,;, = 0 for k > n, then this matrix is called
a triangular matrix. A triangular matrix has an
inverse which is also a triangular matrix.

The integrated and differentiated sequence
spaces were initially introduced by Goes and
Goes [3]. Recently, Kiris¢i has extensively
studied these sequence spaces from various
perspectives [4-6].

Additionally, Binomial sequence spaces were
defined by Bisgin using the matrix domain of the
Binomial matrix [7, 8]. Subsequently, various
sequence spaces were constructed by several
authors using the matrix domain of the Binomial
matrix [9, 10].

2. New Sequence Spaces

In this section, we first provide a brief overview
of some previous studies. Next, we introduce
new sequence spaces obtained by combining the
integrated and differentiated sequence spaces
with the binomial matrix. Then, we explore their
respective properties.

The Binomial matrix B™ = (b;3) is defined as
follows;

1 n
n-k.,.k
—(s+r)”(k)s %, 0<k<n

0 ,

rs _
nk —

(5)

k>n

for all nkeN, r,seR and s-r>0.
(Throughout the article, we assume s-r >0
unless otherwise stated.)

The binomial sequence spaces were first defined
by Bisgin in [7, 8] as follows;

x=(x,) Ew:

pTs = 1 <

n—»oo—(s+r)"Z)(:)Sn Kk, =0 ,(6)

lim

b.*
x=(x;) Ew:
n

= 1 n , (7)
#ELWZJ (k) s krky, exists

x = (xy) Ew:
( | 1

n
b = . . (S +71) (8)
up < oo

S

nkk

S
m
Z
OM

and
x = (x) Ew:
( | 1 I’ ]
by® = (s +m)" ENC)
n < 0
zn: Z gn—kpk
k=0

where 1 < p < oo. Throughout the article, unless
otherwise specified, we assume 1 < p < .

Subsequently, the sequence space b,”(G),
obtained from the composition of the binomial
matrix with the double band matrix defined by
Bisgin in [9] as follows;

bE(6)
( x = (xx) Ew: A
1 p
(s+nr)n (10)
=< z n > 10
n <
~ Z (k) sTErk (uxy,
k=0
+Vx,_1) J

where double band matrix G = (g,) is defined
by

u, k=n
gnk={ v, k=n-1 (11)
0, otherwise

foralln,k e Nand u,v € R\ {0}.

Then, the sequence space b, (D), obtained from

the combination of the binomial and triple band
matrix, defined by Sénmez in [10] as follows;
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b,* (D)

( x = (x) Ew: )

1 p

J G L (2

= n
n o <oof’
2 Z (k) sVRrE (txy,
k=0
\ +uxy_q + vxp_3) J

where triple band matrix D = (d,,;) is defined by

t, k=n
u, k=n-1

e = v, k=n—-2 (13)
0, otherwise

foralln,k e Nand t,u,v € R\ {0}.

Lastly, the sequence space b,*(Q) defined by
Topal combining the binomial matrix and
quadruple band matrix as follows;

by (Q)
x = (x,) Ew:
1 n 14
— n n—k..k 14
Z (S‘*‘T)nkz_o(k)s r*(oxy < o ,(14)
T txg_q F uxp_y + UXE_3)
where  quadruple  band matrix Q =
(qnr (0, t,u,v)) is defined as follows;
0, k=n
t, k=n-1
an(O, t,u, U) = u, k=n-2 (15)
v, k=n-3
0, otherwise

foralln,k e Nand o, t,u,v € R\ {0}.

Now, let us define the matrix ((k + 1)1) such
that;

10 00
0 2 00

(k+DI=|0 0 3 0 (16)
0 0 0 4

where k€N, =1{0,12,..}. Let, X be a

sequence space. Accordingly, the integrated and
differentiated sequence spaces are defined by
Goes and Goes [3] as follows;

fX={x= (x1) EW:((k+1)xk) EX}

= X+ 1)1 (17)
and
1
dX = {x = (xy) Ew: ((k n 1)xk> € X}
=X;,1\, - (18)
1)l

Here, if we take k = 0 we obtain [ X = X and
dX = X.

Now, we establish the new sequence spaces by

combining the binomial matrix and the integrated
and differentiated sequence spaces as follows;

S _ (.18
fbp _(bp (k+1)1

I( x = (xp) Ew: ) \I
1 ny .
= Z (s+r)”kz=0(k)sn kyk <Oo}
n (k + 1)y )
- [({gﬁ,)w](kﬂ)I (19)
and
dby,” = (b;'s)(ﬁ)l
( x = (x) Ew: )
n p
1 ny
:{Z (s+r)nkz=0(k)sn “rk <oo>
~ 1
\ (k + 1) Xk y

(20)

- [({)P)B“] SETAY

(o)t
Furthermore, by constructing the matrix 7" =
(t7) = B™(k + 1)1 so that;

1 n
n-k,.k 0<k<
s = (s+r)”(k)s rk(k+1);0 <k <n
0 s k>n

for all n, k € N. New integrated sequence spaces
can be redefined by matrix T™ = (¢]3) =
B™5(k + 1)I as follows;
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jb;'s = (fp)rrr,s . (21)

So, for given x = (x;) € w , the T™5-transform
of x is defined as follows,

Vi = (T7°x)y
1 k o
= mz (l) Sk_l'l"l(i + 1)xi (22)
i=0
forall k € N.

Similarly, by constructing a matrix U™ =
rsy __ r,S L .
(wi) =B (k+1)lsothat,

1 n 1
n-k..k 0 < <
U = (s+r)n(k)s r <k+1)’0_k_n
0 ;o k>n

for all k € N. The new differentiated sequence
spaces can be redefined by the matrix U™° =
(uyi) as follows;
db;'s = (‘gp)ur,s ' (23)

Thus, for given x = (x,) ew , the U™s-
transform of x is defined as follows;

Vi = (U™%x)y )
1 k . 1
_ k—i..0 .
_(s+r)kZ;<i>S r <i+1)xl (24
1=
forall k € N.

Theorem 2.1. The sequence space [ b,” with its
norm defined as follows;

el s = Tl

. 1
p
= <2|<T“x>k|t’>
k=0

is a BK- space.

(25)

Proof: T™ = (¢]3) is a triangular matrix and
the equation (21) holds. Additionally, since the
space ¢,, with p-norm is a BK-space, according
to Theorem 4.3.12 of Wilansky [2], we conclude

that the sequence space [ b, is also a BK-space.
Thus, the proof is complete.

Theorem 2.2. The sequence space db,,” with its
norm defined as follows;

lxllgprs = U™ xll,
1
ot P
= DIl 26)
k=0
is a BK- space.

Proof: T™S = (¢]) is a triangular matrix and
the equation (23) holds. Therefore, the proof can
be demonstrated in a similar way as shown in
Theorem 2.1.

Theorem 2.3. The sequence space [ b,” is
linearly isomorphic to the sequence space £,,.

Proof: Let F be a transformation defined as
F:[by® = ¢,, F(x) = T™*x. It is obvious that
F is linear. Also, it is clear that x = 8 whenever
T™*x = 6. Consequently, F is injective.

Now, let us consider a sequence y = (y,) € £,,.
We define a sequence x = (x,) for the given
sequence y = (y,,) such that,

3 () e+ 9

Xp=1""
k=0
(27)
forall n € N.
((G+D1D)x) =G+ D
k
k
= (}) o + ) (28)
=0

Then, we have

el s = 775l

o 1
b
= (ZKT“x)nw)
n=0
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1
© n P\ p
- (Z (s +1r)” z (Z) ST+ 1 >
n=0 k=0
oo n k
1 k
S o YRR AR
n=0 k=0 =0
»\?
+ )y, >
o 1
14
- (pr)
n=0
= Iyl
= IFIle,
< 00, (29)

Hence, F is norm preserving from (25) and
surjective. As a result, F is an isomorphism and
the proof is complete.

Theorem 2.4. The sequence space dby,* is
linearly isomorphic to the sequence space £,,.

Proof: Let F be a transformation defined as
F:db,” = £, F(x)=U"x. Now, let us
consider the sequence x = (x,,) as follows;

xp =1+ D) ) (1) G + )y
k=0 (30)

forall n € N.

Thus, the proof is completed using the method
employed in Theorem 2.3.

Theorem 2.5. The sequence space [ b,” is not a
Hilbert space under the condition p # 2.

Proof: Let us assume that p = 2. We know from
Theorem 2.1. that the sequence space [ b, is a
BK-space with respect to the norm defined by

lxllyprs = NIT™ x|l

= (ZKT“x)kP) .
k=0

(31)

Therefore, this norm can be constituted in terms
of the inner product as follows;

(32)

1
lxllyprs = (T™x, T" x)2.
So, [ by is a Hilbert space.

Conversely, let us take p € [1,00) \ {2}. We
define two sequences y = (y,) and z = (z;,) as
follows;

= (Ep) ) () e

and

1 S\k(s+k(r+s)
2= () () (2) oo
for all k € N. Then we obtain,

2
—+2
ly + Z”?b;ﬂs +ly — Z“?b;.s =8+ 2p+
=2 2 s 2 s |.
(vl s + 112115 s ) (35)

So, the parallelogram equality is not satisfied by
the norm defined in (25). As a result, if p # 2
then this norm cannot be generated by an inner
product. Therefore the sequence space [ b,”
cannot be a Hilbert space. Thus, the proof is
complete.

Theorem 2.6. The sequence space db,,” is not a
Hilbert space under the condition p # 2.

Proof: Let us assume that p = 2. In this part of
the proof, we utilize the norm defined Theorem
2.2. Thus, as in the previous theorem, it is shown
that the sequence db," is a Hilbert space.

Conversely, let us take p € [1,) \ {2}. We

define two sequence spaces u = (uy) and v =
(vy) as follows;

u,=(k+1) (— ;)k <S—k(—r+5‘)> (36)

S

and
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v, =(k+1) (— ;)k (M) (37)

S

for all k € N. Thus, by obtaining the same results
as in Theorem 2.5. Thus, the proof is complete.

Theorem 2.7. The inclusion [#,c [b,*
strictly holds.

Proof: Let us consider an arbitrary sequence x =
(x) € [ £, for 1 < p < oo. From the definition
of the sequence space ffp, we obtain Y| (k +
1)x4|P < . Therefore, by applying Holder’s
inequality we can write;

k p

ﬁ; (f) sKIrI(j + 1)x;

<i( )Ist- f|r|1>p1

Jj=0

(-t sy
j=0 |

- (Is rlk) &(lSI + |T|)k)p '

i <]) IsI*T 1P| G + D[

J

=0
() 10+ 0

j=0

|(T™*x)c|P =

-
(

Then we obtain;

k
Sirr <33 (k3

lem Z( el
|Z|o+1>x1|

If we consider the comparison test together with

the result we have obtained, we conclude that;

T™x € £,. S0, x=(x) € [by". Hence,
)

[, c [by*.

ENC

S+r

s +r (38)

Now, we define a sequence y = (yy) as follows,

1 k
y":(_k+1>

for all k € N. From here, it is observed that
(k+Dy=((-D ¢, and T7y=

S—=r

k
((;) )Ei’p- So, y= (i) €[, and y =
(vr) € [ b,°. Hence, [#,c [b,* is strict.
Similarly, the case of p = 1 can be proven in a
similar way. Thus, the proof is complete.

Theorem 2.8. The
strictly holds.

inclusion d¢, c db,”

Proof: The proof of this theorem follows a
similar method to the one used in the previous
theorem. Where, using U™* instead of T"™5.

3. a, B and y — Duals of the Spaces [ b,,” and
db;*
14

In this part, we determine «, § and y — duals of
the differentiated and integrated sequence spaces
J by® and db,*. Given two sequence spaces X
and Y, the multiplier space M(X,Y) is defined as
follows;

X% = M(X,¢,),
XB = M(X, cs)
and

XY = M(X, bs).

Lemma 3.1. [11] Let A = (a,,) be an infinite
matrix; the following conditions hold.

i) A=(a,) € ($:%;) if and only if
sup Lnlank| < oo, (39)
i) A = (au) € (1:€,) if and only if
sup |an| < oo, (40)

n,keN
i) A = (a,) € (¢1:c) ifand only if (40) holds
and lim a,, = a, forall k € N. (41)
n—-oo

Lemma 3.2. [11] Let A = (a,;) be an infinite
matrix; the following conditions hold.
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i) = (an) € (£p:¢1) if and only if
;telp Ll Znex ankl? < oo, (42)
i) A= (aw) € (¢p:?s) if and only if
sup Yilank|P < o, (43)

TLE

iii) A = (an) € (¢,:c) if and only if (41) and
(43) hold.

is the

Where 1 <p < oo, %+%=1 and F

collection of all finite subsets of N.

Theorem 3.3. i) The a-dual of the integrated
sequence space [ by” is the set,

[ a=(ag) Ew: . ]
)|
= Vsup L PRCE
KeF & r_”(k) (—s)nk
nek - (r + s)ka,

and the a-dual of the integrated sequence space
[ bi” is the set,

a=(ay) Ew:

(1) ()

(=)"*0 + 9)*ay,

&"° = -(45)

sup
keN
n

<

i) The a-dual of the differentiated sequence
space db,” is the set,

a=(ag) Ew:

n+1) a :
£ = 1 m - 46)
B 222 ) A I
nek  (r +s)*a,

and the a-dual of the differentiated sequence
space db; " is the set,

a=(ay) Ew:

1 mn
(n+D— (k)
(=)™ (r + s)*a,

rs __
€= qup (47

keN
n

<

Proof: i) Consider a sequence x = (x,,) defined
as,

1
_n

(=) *(r + )*| yy

“e Yl

for all n € N. From this, we conclude that for a
sequence a = (a,), we write;

nn = 2 [nj—lri"(z) =

k=0

(48)

) k(r

+ S)kan] Yk
n

_ .S

k=0
= (Z"y)n

forall n € N.

By taking into account the equality above, we
observe that ax = (a,x,) € £; whenever x =
(xx) € [ by or x = (x;) € [ b,” if and only if
Z"Sy € £1 whenever y=(y,) €¥, or y=
(¥k) € ¢, respectively. Where 1 < p < 0. So,
we that a = (a,) € {/ b;°}* or a=(a,) €
{J b5} if and only if 2™ € (¢,:4;) or 275 €
(¢,:4,) respectively, where 1 <p < co. By
connecting these results, Lemma 3.1 (i) and
Lemma 3.2 (i), we deduce that;

a=(a,) € U bf's}a &

1 /mn
- _\n—k k
fféﬁ? r”(k)( T+ s) nt+1om
n
< oo (49)
and
a
a=(a,) € U b;'s} &
1 mn
Su — —s)"k(r
p )| 2,7 () 9
a
1
k
+5) nt1lm
< o, (50)
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where 1 <p<o. These vyield us that
{J b} = &7 and {J by*}" = & Where 1 <
p < oo. Thus, the proof is complete.

ii) The sequence x = (x,,) is defined as;

6= [+ D () Comte + 9 v
- (51)

forall n € N. The proof is carried out in a similar
method in part (i).

Theorem 3.4. i) Consider the sets &.°, &;”° and
- defined by

a=(ay) Ew:

@ =Dl (e
j=k

exists Vk € N

( a= (ay) €Ew:

LY e
f£‘s=ik§#& Z i (k)( sY ka' <ooj (53)
/)

=k (r + s)k <L>

Jj+1
and
a=(ag) Ew:
i q
7,5 n|n l(]) (—S)j_k
67’ = T'J k )
sup 1 < o0
NEN bmed | b k(_——_),.
k=0 |j=k (r +5) (j n 1) a;
(54)
where 1< qg<o. Then the following

statements hold;

L by =87 ngg”,
N Y =esng®, A<p<ow)
nL [y =&,
V. {fby) =érs,

if) Consider the sets &g, &5”° and &7 defined by;

(1<p< o)

a= (ay) Ew:

(o )
&7 = iz rll (;{) (=)@ + )G + 1)ajf ,
o exists Vk € N
(55)

)
mf (56)

a=(ay) Ew:

& 3o

fT,S —
K sup
neN =% (r + 9)*( + Da;

and
a=(a;) Ew:
rs _ n n l(]) Nk q
$10 sup i \k (=) <oof’
neNITo Tk (r + )R + Da;
(57)

where 1 < g < oo. Then thefollowing statements
hold,;

. {db]"}f =&°n&)”,

I {db;'s}ﬁ =&°NE&y, (1<p<x)
1. {db{’s}; =&,
V. {db,*} = ¢y (1<p< o)

Proof: Since the other parts of the proof can be
done similarly, we provide the proof only for
case (1) of part (i). Let us consider the sequence
x = (x,) defined in (48) for an arbitrary a =
(a,) € w. Then,

1 /j .
nl|ln —<q)Jk
_ ) (k) (=9)
K 1
k=0]j=k (T‘ + S) (m) aj
= (F™y)n

Yk

(58)

for all n € N. Where the matrix F™ = (f,°) is
defined by,
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1/j .
. 3o
r ,0<k<n

TS — 1 > >
fuk Tk (r +s)k (—+ 1) a;

0 Jk>n

(59)

forall n,k € N. So, ax = (a,x,) € cs whenever
x = (x;) € [by® if and only if F™Syec
whenever y = (y,) € £;. This outcome makes
clear that a = (a,) € {f b]*}* if and only if
F™S € (£1:c¢). By combining this result and
Lemma 3.1. (iii), we obtain that a = (a,) €
{J b]*}# if and only if

$ 10 en(

58,12, i)yl <e
j=k
and
S 1 /] . 1
- —g)J—k k ;
53 ()0 (e
]=
exists for all k € N.
This result shows us that {[ b7} = &7° n &.°.

Thus, the proof is complete.
4. Some Matrix Classes

In this part, we identify certain matrix classes
associated with the new sequence spaces.

Now let us prefer the following sequences that
we use throughout this section.

nk = Z%(D (=) k(@ + s)* (j _Il_ 1) an; (60)

and

B

forall n, k € N.

Theorem 4.1. Given an infinite matrix A =
(a,x), the following statements hold.
i) A= (an) € ([b17:4s)

if and only if sup|pj| < oo, (62)
kn

i) A= (am) € (Jb)°:4e)
if and only if sup Elpf{i !
neN A

(1<p< x),(64)

< o, (63)

{ank}ken € &°

i) A= (ay) € (db]*: £s)

if and only if sup|ni| < oo, (65)
kn

IVIA = (an) € (db;'s: ?o)
if and only if sup z |TI17;1§ !
neN A

(1<p < ®).(67)

< o, (66)

{ank}ken € &1o

Proof: Since the others can be done in a similar
method, we only provide the proof for (iv).

Let 1 <p < oo. Let us consider an arbitrary
sequence x = (x;) € db,” that satisfies the
conditions (66) and (67). Thus, it is obtained that

{@uidren € {db;'s}ﬁ. This result indicates the

existence of the A-transform of x. From the
relation (48), we have

m m k
kZo AniXe = kZO ;)rik (f) (=) (r

+5) (k+ Dy; | ank

=§0 iﬁl’(;‘) (=) *(r + $)*(

+ | anyi. (68)

By taking limit (68) side by side as m — oo, we
obtain that

s
Z AnpXyx = Z MYk M € N.
k

k

(69)

Then, we derive by taking £,-norm (69) side by
side and any by applying Holder’s inequality

that,
lAxlle = sup| D wivi
neN T
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1 1
q q p
<sup( Y izl ) (Yl ) <. (70)
neN T "

Consequently, we conclude that Ax € .. So,
A = (ay) € (dby*: 4.,).

Conversely, assume that A= (a,) €
(db)°:%,). This gives us t0 {anxlen €

{dbg's}ﬁ foralln € N. Then, it is evident that the
condition (67) is necessary and that the
{Mitenen exists. Because of {a,lren €

{db;'s}ﬁ, we can see that the condition (69) holds
and the sequences a, = (ani)key define the
continuous linear functionals £, on db,* by

L) =) au (7D

k

for all n € N. Additionally, we know from the
Theorem 2.4 that the db,,* is norm isomorphic to
£,. By connecting this result and the condition
(69), we have

Wl = (| G2 el (72)

which yield that the functionals f,, are pointwise
bounded. Moreover, we derive from the Banach-
Steinhaus Theorem that the functionals f,, are
uniformly bounded. So there exists a constant
M > 0 such that;

1
q
(ZInQ’iI") = lfall < M
k

for all n € N, which shows us that the condition
(66) holds. Thus, the proof is completed.

(73)

Lemma 4.1. [11] Let B = (by,y) be an infinite
matrix. Then, B = (by) € (¢,:£,) if and only
if

wup S el < o
keN -

where 1 < p < co.

Theorem 4.2.Let an infinite matrix B = (by;,)
be given. Then,

i) B=(by) € ([b]*:¢,)if and only if

sup Xy ¥ < oo, (74)

€

i) B = (by) € (db;*:¢,) if and only if
sup Yo|nms|” < co. (75)
keN

Proof: Let a sequence y = (yi) € [ b;’be
given. Assume that the condition (75) holds.
Then, it is clear that z=(z,)€ ¥, and
{bi}ren € {J b7} for all n € N. That means
B-transform of x exists. As a result of this, the
series Y. o,y ), are absolutely convergent for all
n €N and z = (z;) € £;. Now let us consider
the following equality.

Z bniYr = Z Pric 2k € N,
K K

If we apply the Minkowsky inequality to
equation (76), we obtain

(76)

(Zl(iey)nlp)5 < 1z (2lpf;,:‘ ”)5. (77)
n k n

Thus, it follows that By € £,, namely B =
(i) € (f by : 4p).

Conversely, we suppose that B = (b,) €
(fb7¥:¢,). Namely, By e ¢, for all y=
1) € [ by, S0, {builken € {J b1} for all
n € N, which shows us that the relation (76)
holds. These results give us that (p,;) €
(#1:¢,). By combining last result and Lemma
4.1, we obtain that the condition (74) holds.

The part (ii) can be proved by using a similar
method. Thus, the proof is complete.

5. Conclusion

TS = (t;) represents the composition of the
binomial matrix and the integrated sequence
space and U™ = (ul;) represents the
composition of the binomial matrix and the
differentiated sequence space. Since T™° =
(t77) and U™ = (u]) is more comprehensive
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than integrated and differentiated sequence
spaces, respectively, our conclusions are more
general.
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The current research was conducted to assess the in silico and in vitro potential of
the heterocyclic Schiff base compound (E)-1-(5-nitrothiophen-2-yl)-N-(2-
(trifluoromethyl)phenyl)methanimine(N2TPM). This Schiff base was synthesized
according to the reported method using ethanol as solvent, and the reaction was
monitored on TLC till completion of the reaction. The compound structure was
elucidated using spectroscopic techniques such as UV/Vis, FT-IR, 'H-NMR, and
13C-NMR. Molecular structure was determined using a single XRD, which revealed
that the compound was triclinic. Analysis of intermolecular interactions in crystalline
compounds was performed using Hirshfeld surface analysis and 2D fingerprint plots.
The structure of the compound was optimized using the B3LYP hybrid functional
with the basis set 6-31G(d,p). The compound’s theoretical and experimental
parameters (bond length, bond angle, molecular orbital energies, electronic
transitions, and vibration frequencies) were compared with each other which are in
close agreement. R? values were found to be 0.9914 for bond lengths and 0.9859 for
bond angles. In vitro, esterase potential of the synthesized compound was checked
using a spectrophotometric model, while in silico molecular docking studies were
performed with Auto-dock against two enzymes of the esterase family. The docking
studies and in vitro assessment predicted that such molecules could be used as
enzyme inhibitors against tested enzymes; acetylcholine esterase (AChE) and
butyrylcholine esterase (BChE). the compound showed a binding score of -10.4159,
a binding energy of -10.2743 with AChE, a binding score of -10.3378 and a binding
energy of -9.8889 with BChE.

1. Introduction

Schiff bases

are synthesized by

various  fields, biochemistry,  separation
processes, decarboxylation reactions, including

reacting catalysis, materials science, and enzymatic

aldehydes/ketones and amines in a suitable
medium. These compounds have exhibited
numerous valuable pharmacological
applications, such as the inhibition of
acetylcholine and butyrylcholine esterase
enzymes, which are responsible for Alzheimer's
disease [1-3]. Schiff bases also behave as
ligands, coordinating with metals through imine
nitrogen [4]. They possess exceptional
properties, including stability, selectivity, and
sensitivity. Researchers are continually creating
different Schiff bases with varied structural
attributes for significant applications [5, 6].
Schiff bases find broad application across

aldolization [7, 8].

Heterocyclic cores represent a major class of
organic compounds characterized by the
presence of at least one non-carbon atom
(heteroatom) within the ring structure. These
compounds acquire different properties due to
their compressed structure, such as anti-
corrosion, anti-oxidant, and anti-wear properties.
Heterocyclic compounds play a fundamental role
in the cells of living organisms, exhibiting vast
dimensional applications in different fields,
including veterinary products, pharmaceuticals,
and agrochemicals [9, 10]. These compounds are
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also utilized in various applications, including as
dyes, antioxidants, sanitizers, copolymers
developers, and corrosion inhibitors [11, 12].

Molecular docking has become an essential tool
in drug discovery, allowing researchers to model
the interactions between a small ligand molecule
and a protein at the atomic level [13]. With this
method, the optimal ligand orientation that binds
most effectively to a particular protein is
determined and information about the
intermolecular structure of the complex formed
between multiple molecules is obtained [14]. The
binding site's knowledge enhances docking study
efficiency [15].

In this study, we have synthesized Schiff base
following our previous work [16], determined
their structures with single-crystal X-ray
diffraction, performed computational studies
with Gaussian, and carried out biological
potential assessments using an in-silico docking
model.

2. General Methods
2.1. Chemicals and instruments

All chemicals used for synthesis and purification
were obtained from Merck. UV-Vis absorption
spectrum was measured from 200 to 900 nm in
ethyl alcohol using a Thermo Evolution Array
UV-Vis spectrophotometer. The IR spectra of the
synthesized compounds were recorded with a
Perkin  Elmer  Spectrum Two FT-IR
spectrophotometer equipped with an ATR
module, covering a range of 4000-400 cm™.
NMR spectra were obtained in DMSO-ds with a
Bruker Avance 111 400 MHz NMR Spectrometer.

2.2. Synthesis of (E)-1-(5-nitrothiophen-2-yl)-
N-(2-(trifluoromethyl)phenyl) methanimine
(N2TPM)

The title compound was synthesized following a
protocol previously established by our research
group [1,16]. Schiff base formed by an equimolar
reaction of 5-nitro-2-thiophenecarboxaldehyde
and 2-(trifluoromethyl)aniline in ethanol, with
the reaction mixture refluxed for 36 hours
(Figure 1). The reaction was monitored by TLC.
At the end of the reaction, a burgundy product

was obtained and filtered. Crystallization was
carried out slowly in ethyl alcohol at room
temperature.

FaC
oN s
N
+ S, N
NH.

Figure 1. Synthesis scheme of N2TPM
2.3. Crystal structure analysis

Data were collected with the STOE IPDS 2 [17]
diffractometer. The structure was determined
using the SHELXT program [18] and the
SHELXL program [19]. X-AREA was used for
unit cell optimization. Molecular geometry
calculations were made with WinGX [20].

2.4. Computational studies

The geometric optimization, theoretical UV-Vis
spectrum, theoretical infrared  spectrum,
molecular orbital energies, and electronic
transitions for the compound were obtained by
Gaussian 09 software [21, 22]. GaussSum 3.0
was also used for visualization [23, 24].
Harmonic vibration frequencies and
wavenumbers for the optimized structure were
calculated using a scale factor of 0.962 [25].
Additionally, the theoretical vibrational
spectrum of the synthesized compound was
analyzed using Potential Energy Distribution
(PED) with the assistance of the VEDA 4
program [26]. Gaussian 09, B3LYP method, and
6-31G(d,p) set were used in DFT studies [27, 28].
Results from DFT studies, including natural bond
orbitals (NBO), the density of states (DOS),
frontier molecular orbitals (FMQ), and global
reactivity parameters were analyzed using
GaussView 5.0. Input files for optimization are
derived from the crystal structure to ensure the
best possible alignment with the data [1, 29].

2.5. Hirshfeld surfaces analysis

A Hirshfeld surface represents the outer contour
of the space occupied by a molecule or an atom
within a crystalline environment. In this study,
Hirshfeld surfaces and 2D fingerprint plots were
generated using the Crystal Explorer 17.5

1071



Sakarya University Journal of Science, 28(5) 2024, 1070-1085

program, which incorporates the TONTO
software [30]. The normalized contact distance
dnorm, Dased on both the external distance d. and
internal distance d:, was calculated using a
standard equation [1, 31].

2.6. In silico and In vitro assessments toward
Esterases

In vitro evaluation, a spectrophotometric method
was used. Docking studies of the resulting
compound were carried out using the free online
docking  program  AutoDock [1, 32].
Acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) crystal structures
were used for docking simulations. The results
were visualized graphically using Discovery
Studio Visualize.

3. Results and Discussion
3.1. Spectroscopic studies

The compound was characterized using X-ray
diffraction and spectroscopic techniques. The
compound depicted 257 nm and 355 nm in UV-
Vis spectroscopy (Figure 2). In UV-Vis
spectroscopy, the band below 290 nm was
assigned to the m—m* transition, while the band
above 290 nm was attributed to the n-m*
transitions [33].

1.0

355 nm

0.5

Absorbance

0.0

200 300 400 500 600 700 800
Wavelength (nm)

Figure 2. UV-Vis spectrum of N2TPM

Several informative bands appeared in the FT-IR
spectrum in the 4000-650 cm™ range. The
absorption band observed between 1695-1595
cm' is characteristic of the C=N group in
N2TPM [34, 35]. In FT-IR spectra of compound
a strong bands appeared at 1578 cm™! due to
azomethine linkage. The appearance of these
bands provided preliminary indications about the

targeted products. Additionally, it was observed
that the presence of the fluorine (F) group in the
compound caused the C=N group to shift to 1578
cm™'. The C=C IR band at 1535 cm™ is seen in
Figure 3.

lﬂ"wi

Figure 3. FT-IR spectrum of N2TPM

NMR spectra were recorded in DMSO-de using a
Bruker Avance 111 400 MHz NMR Spectrometer.
The disappearance of NH2 and appearance of a
new singlet peak in *H-NMR was assigned to
HC=N at 6 8.89 which confirmed the synthesis
of the targeted compound [36]. The doublet
peaks at 8.20 and 7.80 correspond to protons in
the thiophene ring in the compound. The signal
for Ar-H was observed in the range 6 7.80-7.43
Figure 4. 3C-NMR of the compound showed
twelve signals from 158.14 to 14.63 ppm Fig. 5.

L \HH

Figure 5. BC-NMR spectrum of N2TPM
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Yield: 89%; m.p.: 161 °C; Amax: 257 nm and 355
nm; IR: 3117 (C—H, arom.), 1578 (HC=N), 1575
(C-NO»), 1535 (C=C), 1109 (C-0), 817 (C-S)
cm™!; TH-NMR (400 MHz, DMSO-ds): & 8.89 (s,
1H), 8.20 (dd, J = 4.0, 1.8 Hz, 1H), 7.82 — 7.77
(m, 1H), 7.80 — 7.71 (m, 2H), 7.53 — 7.43 (m,
2H); 3*C NMR (100 MHz, DMSO-ds): & 155.50
(C2), 153.45 (C6), 147.77 (C5), 147.72 (C8),
133.90 (C10), 132.83 (C4), 130.35 (C3), 127.10
(C11), 126.40 (C9), 126.35 (C12), 122.89 (C13),
119.74 (C15).

3.2. XRD Analysis

The structure of the compound was further
confirmed by single-crystal X-ray analysis.
Table 1 summarizes the data. Figure 6 illustrates
the asymmetric unit of the compound. The

compound contains two independent organic
molecules and are not planar. The corresponding
angles for C7-C12 and C20-C25 fluorobenzene
rings are 37.22(12)° and 31.752(10)° in
compound, respectively. The molecule is linked
by C6—H6--03 (—x+1, -—y+l, -—zt+l),
C19—H19---01 (—x+1, -—y+1, —z+2) and
Cl11—H11--04 (—x+1, —y+2, —z+1) hydrogen
bonds (Figure 6 and Table 2). The C6—N1 and
C19—N2 bond lengths are typical of double
bonds. The N-O bond lengths [1.221(5),
1.210(5), and 1.212(5) A] in the nitro group are
close to the values observed for related
compounds reported in the literature. In addition,
C-F bond lengths [1.329-1.342 A] in the
trifluoromethyl group are similar to a work by
lImi et al. [37]. Crystal packing of N2TPM is
given in Figure 7.

Table 1. Crystal data and structure refinement of N2TPM

Crystal data Compound
CCDC 2067648
Empirical formula C12H7F3N20,S
Formula weight 300.263
Temperature/K 296

Crystal system triclinic

Space group P-1

a/A 7.5965(5)

b/A 11.0021(7)

c/A 15.9138(10)

o/° 91.351(5)

B/° 94.741(5)

v/° 105.750(5)
Volume/A3 1274.25(15)

Z 4

pcalcglcm3 1565

w/mm'? 0.293

F(000) 608.9

Crystal size/mm?® 0.45 % 0.27 x 0.14
Radiation Mo Ka (A =0.71073)

20 range for data collection/°

3.86 to 52

Index ranges

-11<h<11,-16<k<16,-24<1<22

Reflections collected

26313

Independent reflections

5021 [Rint = 01075, Rsigma = 01192]

Data/restraints/parameters

5021/0/361

Goodness-of-fit on F?

1.003

Final R indexes [[>=20c (I)]

R1=0.0769, wR2 = 0.1799

Final R indexes [all data]

R1=0.1249, wR2 = 0.2057

Largest diff. peak/hole / ¢ A

0.85/-0.59
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Table 2. Hydrogen-bond geometries for N2TPM (A, ©)

D—H—A D—H H-A DA D—H-A
C6—H6--03i 0.93 253 3.313(6) 142
C19—H19--Olii 0.93 2.43 3.277(5) 151
C11—H11--O4iii 0.93 253 3.2189(6) 131

Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) —x+1, —y+1,—z+2; (iii) —x+1, —y+2, —z+1. (Cg2: C6—Cl11 ring center)

Figure 6. (a) Crystal unit; (b) Optimized structure of
N2TPM (Atomic numbering used for PED analysis)

Figure 7. Crystal packing of N2TPM

3.3.Computational Studies
3.3.1.UV-Vis spectrum

Three absorption bands were observed in the
experimental electronic spectrum of the
compound in ethanol. The absorption observed at
A = 214 nm in the absorption spectrum
corresponds to m-m* electronic transitions
resulting from the delocalization of electrons in
aromatic thiophene and benzene rings.

The absorption at A = 256 nm, visible as the
second peak detected in the experimental
spectrum, is attributed to the n-n* transition in
the benzene ring, thiophene, and azomethine (-
HC=N-) moieties. The electronic transitions
found in the calculated UV-Vis spectra between
272-339 nm are observed to occur through the

benzene ring towards the thiophene ring, whereas
the transitions at higher wavelengths are
monitored to occur through the imine group.

The peak observed as a broad band at A =352 nm
is the characteristic n-m+ transition of the
azomethine (C=N) group. This same transition
was theoretically observed nearly at A = 426 nm.
It has been identified that the results of the
experimental and theoretical studies are in good
agreement with previous studies [38-42].

The calculated UV-Vis spectrum and the frontier
molecular orbitals were examined utilizing
Gauss-View and GaussSum and given with
experimental spectrum in Figure 8. Table 3 lists
the wavelengths of the experimental and
calculated electronic transitions and the
corresponding transitions, the energy of the
transitions, the oscillator intensity, and the
contribution of the orbitals to the electronic
transitions.

—Experimental

(214, 0.803961)
(2%, 0330525

T T
(382, 0748581)
e

[ Gaus Sum

Gaussian

1500
100

k]

il il I bl il 1

Wavelenght (nm)
Figure 8. Experimental and calculated UV—Vis
absorption spectra of N2TPM
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Table 3. Assignments, energies, and wavelengths of the experimental and major theoretical transitions of

N2TPM
)(“ner?)’ )“(:2:; Assignment Energy (eV) Sti(;l:\lg:r?g Major Contribution (%)
HOMO—TA42 (45%)
25073 mm* 4.9449 0.0159 H-10L+1 (33%)
214 H-2L+1 (14%)
0
24477 memt 5.0654 0.0503 S 8;;3
o
339.71  mt 3.6497 0.2446 A LOMO (29
H-5—LUMO (65%)
331.08  mn* 3.7449 0.0228 H-4—LUMO (11%)
H-1->LUMO (13%)
32891  mr* 3.7696 0.0718 H-2—LUMO (91%)
256 31491  nn* 3.9371 0.0184 H-3—LUMO (95%)
20357  nn* 4.2233 0.0048 H-6—>LUMO (88%)
V)
20063  mm* 4.2660 0.1517 HOMOu ((2553(2‘;)
H-4—LUMO (45%)
27204  mn* 45576 0.0843 H-5—LUMO (10%)
HOMO—L+1 (37%)
352 42684  nx 2.9047 0.3621 HOMO—LUMO (94%)

3.3.2. Vibration spectral analysis

The experimental and theoretical FT-IR spectra
of the compound are presented in Figure 9. In
Table 4 the experimental and calculated values of
the wave numbers of the vibrations in the
molecule are provided along with the % PED
values. The experimental aromatic C-H
stretching vibrations of the thiophene and
benzene rings in the structure of the compound
were observed in the range of 3126 to 3046 cm’!
[43]. The theoretical wavelengths corresponding
to these vibrations were calculated as 3140, 3110,
3102, 3090, 3082, and 3068 cm™!, respectively.

The C-H stretching vibration of the imine group
was found experimentally at 2927 cm™! and was
found to be in good agreement with the
theoretical value of 2928 cm™. In previous
studies, it has been reported that the stretching
frequencies for C=C bonds in the aromatic ring
are typically observed between 1625 and 1430
cm’! [44, 45]. The experimental vibrations for
C=C bonds were recorded at 1592, 1578, and
1488 cm’', while the theoretical vibrations were
recorded at 1585, 1568, and 1472 cm’,
respectively.  Furthermore, the vibrational
frequency of the C=C bond in the thiophene ring
was determined experimentally at 1503 cm™ and
found computationally at 1523 cm™.

The calculated value for the azomethine v(C=N)
vibration of the N2TPM is 1627 cm™!, while the
observed experimental value is 1592 cm™. The
experimental observation determined the
asymmetric vibration of the N-O bond at a
frequency of 1535 cm™!, which is different from
the calculated value of 1564 cm™. Similarly, the
symmetric ~ stretching of Vv(N-O)  was
experimentally detected at 1334 cm™ and is
almost identical to the calculated value of 1335

cm™,

The symmetric vibration of the v(SC) bond was
detected experimentally at 1149 cm™ and
theoretically at 1153 cm. The bending
vibrations of the C-S bond were found at 708 cm-
'in the experimental spectrum and 713 cm! in
the calculation method.

The stretching vibrations of the symmetric and
antisymmetric CF3 groups typically occur
between 1290-1235 cm™! and 1226-1200 cm’,
respectively [46]. For this compound, these
stretching vibrations were observed
experimentally between 1268-1149 cm™ and
theoretically between 1285-1153 cm™.

The correlation plots in Figure 10 obtained using
the experimental and theoretical wavenumbers
were analyzed and it was found that plot B had a
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stronger R? value than plot A, indicating a better
agreement of the experimental data with the
scaled theoretical frequencies.

s Wﬂl‘“

*[——Experimental II

/! A A
v l,lmwl; i

Transmittance (%)

'l
o90|—Theoretical unscaled

EM'em')
2 &

180 [—Theoretical scaled

E(M'em')

540

L I
4000 350 300 2500 2000 1500
Wavenumber (cm')

Figure 9. Comparative illustration of experimental
and theoretical spectrum of N2TPM

3.3.3. Molecular orbitals

The bond lengths and angles of the resulting
compound were analyzed by comparing them
with theoretical density functional theory results
and experimental X-ray diffraction data. The
comparison showed a close agreement between
the experimental and theoretical studies, as
detailed in Tables 5, and 6. The R? values were
0.9914 for bond lengths and 0.9859 for bond
angles, as shown in Figures 11 and 12. These
high R? values indicate a strong agreement
between the experimental and theoretical
structural parameters, with values close to 1.0.

Small differences in bond angles may be
attributed to the distinction between gaseous
phase calculations in DFT and solid phase
measurements in XRD studies. DFT calculations
were also used to determine the compound's

Table 4. Experimental and theoretical wavenumbers and PED analysis of N2TPM.

, Calculated Calculated I , 0
Exp(e::rrlnnjle):ntal (unscaled)  (scaled with 0.962) Vibration source ﬁfglrgnnnl}?g e(f'ED %)
(cm™) (cm?)
3126 3264 3140 Tiophene | 11 (97) — CasHzs
moiety

3117 3234 3110 Benzene moiety v CH (91) — CyoH21

3076 3213 3090 Benzene moiety 1%%9271) = CasHue + CooH

3061 3204 3082 Benzene moiety v CH (95) — CisHis + CooHas

3046 3190 3068 Benzene moiety 1%%9277) = CaaHie + Gl

2927 3044 2928 Imine moiety v CH (100) — CgHao

1612 1691 1627 Imine moiety v NC (69) — NsCo

1592 1649 1585 Benzene moiety ch(jgzgsf)czciﬂ% * CaaCas +

1578 1630 1568 Benzene moiety v CC (41) — C2Cz

1535 1626 1564 NO; moiety v NO (89) — N70Og¢+ N7Og

Tiophene

1503 1584 1523 moiety v CC (58) — C15Cas+ C16Cas
S CCC (23) — C12C13Co
+C13C26C22 + C20C22C2

1488 1531 1472 Benzene moiety B HCC (15) — H21C20C2
S HCC (25) — H14C13Co6 +
H23C22Co

1334 1388 1335 NO; moiety v NO (75) — N7Og + N7Osg
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Table 4. Experimental and theoretical wavenumbers and PED analysis of N2TPM (Continue)

Experimental Calculated Calcu_lated Vibration source  Assignment (PED%)
(cm) (unscaled)  (scaled with 0.962) Atom number
(cm™?) (cm™?)
1228 1293 1243 CF3 moiety vFC(11) — F2Cy7 + F3Cyy
1168 1202 1156 CF3 moiety v FC (60) — F3Ci7 + F4Cyy
1149 1199 1153 CF3; moiety vFC (61) — F2Ci7 + F3Cyy
1109 1148 1104 Tiophene | - (60) — S1Cus
moiety
817 823 792 NO; moiety B ONO(58) — OsN7Og
729 742 713 NO; moiety vy OCON(85) — OgC150sN7
Tiophene
708 689 674 moiety S SCC (41) — S1Ci5C
A
35007 Table 5. Bond lengths of N2TPM
3000 Atom Atom Length/A
g XRD DFT
g 2007 S1 C2 1.710(4) 1.72936
% 2000 R2=0.99968 S1 C5 1.716(4) 1.73687
§ F1 C13 1.333(6) 1.35189
T 15001 F2 C13 1.342(6) 1.35187
g ] F3 c13 1.336(5) 1.34760
2 N1 C6 1.271(5) 1.27440
500 N1 c7 1.413(6) 1.39868
500 1000 1500 2000 2500 3000 3500 o1 N3 1'221(5) 1.22695
Experimental Wavenumber (cm™) N3 02 1221(5) 1.22909
N3 c2 1.430(6) 1.43827
C12 c7 1.402(6) 1.40857
B 3500 C12 C13 1.483(6) 1.50831
C12 c1u1 1.385(6) 1.38926
3000 C6 C5 1.447(6) 1.44633
3 00 c2 c3 1.354(6) 1.36932
2 c7 cs 1.416(6) 1.39972
2 2000 RP=0.99985 c8 c9 1.352(7) 1.38845
g C5 C4 1.371(6) 1.38083
7 19001 C4 C3 1.400(7) 1.40720
s C10 Cl1 1.372(6) 1.39097
2 C10 C9 1.383(7) 1.38884
500
500 1&00 151)0 2(;00 25;00 SOL)O 3§00
Experimental Wavenumber (cm™) 7 y=1.0194x- 0.0174

R*=0.9914

Figure 10. Correlation graphs of (A) experimental
wavenumber-theoretical wavenumber (not scaled),
(B) experimental wavenumber-theoretical 14 -~
wavenumber (scaled with 0.962)

B

DF1

HOMO and LUMO orbitals as well as different e :
inter-orbital energy gaps. An energy difference

of 4.724 eV was found between HOMO and Figure 11. Correlation of bond length between DFT
LUMO, and an energy difference of 7.676 eV and SCXRD of N2TPM

was found between HOMO-1 and LUMO+1

(Figure 13). This energy difference between

HOMO and LUMO suggests that the molecule is

relatively stabilized [47].
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DFT

Figure 12. Correlation of bond angle between DFT
and SCXRD of N2TPM
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Table 6. Bond angles of N2TPM

Atom  Atom  Atom  Length/A
XRD DFT
C5 S1 C2 89.4(2) 89.38666
C6 c5 s1 120.3(3) 12142081
Cl0  C9 C8 121.1(4)  120.15856
c7 N1 C6 118.7(4)  120.70378
02 N3 01 123.9(5) 125.39812
C2 N3 01 117.3(4) 117.07657
C2 N3 02 118.8(4) 117.52528
F3 Cl3 P2 105.7(4)  107.09661
C12 C13 F1 114.1(4) 112.24987
C12 C13 F2 112.5(4) 112.41674
C12 C13 F3 112.0(4) 111.63392
C13 C12 C7 120.2(4) 120.20031
Cil1 C12 C7 119.5(4) 119.95297
Cll _ Cl2  C13  120.3(4)  119.84233
5 [ N1 120.5(4)  121.86881
C4 C5 S1 112.3(4) 112.31070
C4 C5 C6 127.4(4) 126.26849
F2 C13 F1 105.9(4) 106.57544
F3 Cl3 F1 106.1(4)  106.47915
C3 C2 S1 114.7(4) 114.28557
C3 C2 N3 125.9(4) 125.71288
N3 C2 S1 119.4(3) 120.00154
C3 C4 C5 113.1(4) 113.06748
C9 C10 Cl1 119.0(5) 119.63679
C4 C3 c2 110.5(4) _ 110.94952
C10 Cl1 C12 121.6(4) 120.72574
C12 C7 N1 119.3(4) 119.41970
C8 C7 N1 122.8(4) 121.81181
C8 C7 C12 117.8(4) 118.67699
C9 Ccs c7 121.0(4)  120.82674
W
d

LUMO+1
A

AE=7.676

v

HOMO-1

Figure 13. HOMO and LUMO of N2TPM

3.3.4. Natural bond orbitals

Gaussian software was used to calculate the
Natural Bond Orbitals of the resulting
compound. NBO analysis provides information
about individual bonds in the molecule and the
associated energies of lone pair and bond pair
electrons, which helps understand atomic
interactions. This analysis allows for the
prediction of the behavior of donor and acceptor
atoms within the molecule.

The NBO data for the compound, as listed in
Table 7, show that the highest energy interaction
is between C12-C13 and C11-C12, with an
energy of 4.48 kcal/mol. The lowest energy
interaction is between S1-C16 and C18, with an
energy of 2.12 kcal/mol, where F2 acts as the
donor and C17 as the acceptor.

Table 7. NBO of the N2TPM
Donor (i) Acceptor E(2) E@E®G) F(1.J)

()] [Kcal/ (a.u) (a.u)
mol]

S1-C15 C16 0.59 1.70 0.028
S1-C16 C18 0.53 1.37 0.024
N5-C9 C11-C12 1.95 1.47 0.048
06-N7 C15 1.92 2.00 0.056
N7-C15 06 1.57 1.97 0.050
C9-H10 N5 0.56 1.60 0.027
Cl11-C17 C20 1.36 1.77 0.044
C12-C13 Cl11-C12 4.48 1.27 0.070
F2 C17 2.12 25.08  0.207
08 N7 0.97 1521  0.199

3.3.5. Density of state

The density of states (DOS) for the synthesized
compound was computed from the optimized and
calculated using GaussSum software. This
analysis is crucial for determining the various
energy states or levels within the molecule,
which is essential for understanding electron
excitation from the ground state.

As depicted in Figure 14, the DOS spectra reveal
that the energy difference between HOMO-1 and
LUMO+1 varies between compounds. The net
energy difference among the frontier molecular
orbitals (FMOs) is 2.952 eV.
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Figure 14. DOS spectra of the N2TPM

3.3.6. Global reactivity parameters

The compound shows high electronegativity
due to fluorine atoms. The compound's electron
affinity and ionization potential are 4.777 eV
and 9.499 eV, respectively (Table 8). The
chemical potential and chemical hardness
values indicate favorable kinetic stability for
the compound.

Table 8. Global reactivity parameters of the

N2TPM
X n ] IP EA 1/2y o)
7.138 2362 9499 4777 0211 10.786

7.138

3.4.Hirshfeld Surface Analysis

Hirshfeld surface analysis (HS) is primarily used
to study intermolecular interactions in crystalline
compounds that contribute to crystal
stabilization. The parameters d. (distance to the
nearest outer nucleus) and d: (distance to the
nearest inner nucleus) are taken into account with
respect to the van der Waals radius. HS is
visualized with red, blue, and white colors
representing different distances relative to the
total radius [16, 48].

Hirshfeld surfaces for the compound were
generated with high surface resolution, mapped
over the ranges —0.55 to 1.0 A for dnorm, Shape
index from —0.10 to 1.0 A, and curvature over the
ranges —0.40 to 4.0 A. The surfaces were made
transparent to show the molecular environment
around them clearly.

To identify close contacts, the dnorm Surface was
analyzed with values ranging from negative to
positive. Negative values represent shorter
contacts compared to van der Waals radii, while
positive values represent longer contacts. Red

areas on the surface indicate closer contacts at
negative dnorm values, blue areas indicate
longer contacts at positive dnorm Values, and white
areas indicate distances at zero (Figure 15)

Figure 15. Hirshfeld surfaces are mapped at three
views; (a) dnorm, (b) shape index, and (c) curvature.
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Figure 16. Fingerprint plots of contacts along with
relative contributions for N2TPM

2 D fingerprint plots of under studied compound
were mapped to check the connections between
atoms as shown in Figure 16. It was observed
from contacts that H....F/F...H (26.7%).
Interactions are major contributors to compound.
O..H/H...O (21.2%) are the second major
contributing contacts in compound. The
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compound has depicted contacts C...C (9.7%),
S...H/H...S (8.7%), C...F/F...C (4.3%), and
O...F/F...0 (3.9%).

3.5. Insilico and in vitro enzyme inhibition

The esterase family, which includes enzymes
such as acetylcholinesterase (AChE) and
butyrylcholinesterase ~ (BChE), plays an
important role in Alzheimer's disease. Table 9
details the in vitro potential of the synthesized
compound. Docking studies using energy-based
scoring functions help determine the optimal
conformation of a ligand when binding to a target
protein [15]. In general, lower energy scores
indicate better binding affinity between protein
and ligand [49], making it very important to
identify ligand binding modes with the lowest
energy values [50].

The results indicate that the compound can act as
an enzyme inhibitor, exhibiting significant
docking scores and binding energies (Table 9).
Specifically, the compound showed a docking
score of -10.4159, a binding energy of -10.2743
with AChE, a docking score of -10.3378, and a
binding energy of -9.8889 with BChE.

The phenyl ring of the compound displayed n-n
interactions with Trp279 and Trp334, while the
thiophene moiety showed similar interactions
with Phe330. The fluorine atom within the
molecule formed strong hydrogen bonds with
Phe288 on AChE. Additionally, the residues
Phe331 and His440, located at the active sites,
interacted with the compound, helping to anchor
it at the active site of AChE (Figure 17).

Similarly, the compound showed firm binding
with various amino acid residues at the active site
of BChE, including Trp82, Glu443, and Gly155,
through strong hydrogen bonding interactions
involving the fluorine atom and the nitro group’s
oxygen. The compound also exhibited m-alkyl
and -7 interactions between the five-membered
ring of the N2TPM and the phenyl ring of Trp82,
along with Ala328 and Leu450 (Figure 18).

Table 9. Docking Results of the N2TPM
Docking Score Enzyme Inhibition

(Kcal/mol) (Yoage)
AChE BChE AChE BChE
-10.4159  -10.3378 66.42 + 1.1 65.20£ 1.0

of AChE

Figure 18. 3D Interactions of N2TPM on active
sites of BChE

4. Conclusion

In organic chemistry, new bioactive molecules
are constantly being developed for human health.
Schiff bases show significant potential and active
effects in the treatment of many diseases. In this
study, a Schiff base containing heterocyclic
components was synthesized and its structure
was elucidated by spectroscopic techniques. The
crystal structure of the compound was analyzed
using 2D and 3D plots, which showed the crystal
stability due to various interactions through
Hirshfeld surface analysis.

The crystal structure was optimized using
Gaussian software and the results were compared
with X-ray diffraction (XRD) data, which
showed a close agreement in bond angles and
lengths. Gaussian calculations have shown that
the molecule has remarkable kinetic stability,
providing information on various structural
parameters such as chemical potential, chemical
hardness, electronegativity, and electron affinity.

The biological activity of the synthesized Schiff
base was assessed through enzyme inhibition
assays targeting acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE), enzymes
linked to neurodegenerative disorders such as
Alzheimer’s disease. Both in vitro and in silico
studies demonstrated strong inhibitory activity
against AChE and BChE, suggesting that the
compound possesses significant potential as a
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therapeutic agent. Molecular docking studies
further supported these findings, revealing
favorable binding interactions within the active
sites of the target enzymes.
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the cellular interactions of AuUNPs with A549 (non-small cell lung adenocarcinoma)
and BEAS-2B (normal bronchial epithelial) cell lines. AuNPs were synthesized via
the citrate reduction method, resulting in 20, 50, and 70 nm particles.

Cells were incubated with AuNPs for increasing durations (30 minutes, 4 hours, and
24 hours). Post-incubation, cells were washed with PBS, air-fixed, and subsequently
analyzed using Atomic Force Microscopy (AFM) to obtain detailed topographical
maps. AFM imaging revealed distinct interactions between AuNPs and the two cell
lines.

A549 cells displayed darker regions on the cell surface, indicative of topographical
depressions likely resulting from nanoparticle-induced membrane collapse. In
contrast, BEAS-2B cells did not exhibit such depressions, which is consistent with
the literature that suggests cancer cells are mechanically softer than normal cells.
The surface roughness analysis results indicated that the preservation of surface
integrity post-fixation validates the air-fixation methodology for obtaining reliable
mechanical data from AFM analyses.

1. Introduction

Atomic Force Microscopy (AFM) has emerged
as a critical tool for cellular imaging, providing
high-resolution topographic maps of cell surfaces
and offering significant insights into cellular
morphology, mechanical properties, and surface
roughness [1, 2]. The ability of this technique to
capture nanometer-scale features makes it
indispensable  for  understanding  cellular
processes and interactions, particularly in cancer
research, as cancer cells exhibit unique
mechanical properties, such as reduced stiffness
and altered surface topography, compared to
their normal counterparts [3]. Gaining insight on
these subtle changes is essential for
understanding  cancer  progression  and
developing new diagnostic approaches. At this

point, sample preparation step for AFM is
critical.  Among various sample preparation
methods, air fixation of cells offers unique
advantages over conventional chemical fixation

and live-cell AFM imaging in terms of
preserving surface integrity and reducing
artifacts [4, 5].

Chemical  fixation  methods, such as

formaldehyde or glutaraldehyde, are commonly
used to stabilize cellular structures for AFM
imaging. These fixatives cross-link proteins and
other cellular components, "freezing™ the cells in
a state closely resembling their natural
conditions. However, chemical fixation can
create artifacts due to potential over-fixation or
uneven penetration, which may alter the natural
topography of the cell surface [6]. Additionally,
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residual chemicals can sometimes interfere with
subsequent AFM imaging and analysis.

On the other hand, live-cell AFM imaging allows
the real-time observation of dynamic cellular
processes. This method provides valuable
insights into cell mechanics and behaviors under
physiological conditions. However, maintaining
cell viability during imaging can be challenging
and requires complex environmental control
systems to maintain optimal temperature, CO:
levels, and humidity [7]. Moreover, live-cell
imaging is sensitive to thermal drift and noise,
which can compromise the resolution needed to
detect fine topographical changes, such as
membrane roughness or indentation patterns
induced by nanoparticles.

Air fixation, a less invasive and artifact-free
alternative, has shown promise in preserving
cellular structures while enabling high-resolution
AFM imaging. This method avoids the chemical
distortions introduced by traditional fixation
techniques and provides stable samples suitable
for detailed surface roughness and topography
analyses [4, 5]. Given that membrane roughness
is a critical indicator of cellular mechanical
properties,  particularly in  distinguishing
cancerous cells from normal ones, there is a need
for more accurate and non-invasive fixation
methods that can retain the native surface
characteristics of cells.

Gold nanoparticles (AuNPs) are increasingly
recognized for their potential in biomedical
applications, particularly in cancer diagnosis and
treatment, due to their unique physicochemical
properties. The cellular interactions of AuNPs,
especially their impact on the cell membrane's
mechanical properties, remain a key area of
research [8]. Specifically, understanding how
AUNPs induce topographical and roughness
changes in cancerous versus normal cells can
provide valuable insights into cancer cell
behavior, as cancer cells are known to be
mechanically  softer than their normal
counterparts [3].

In this study, the applicability of air fixation as a
method for preserving the native membrane
structures of both cancerous and normal lung
cells was explored, with the aim of assessing its

potential to enable precise AFM measurements
of surface roughness and topographical changes.
Specifically, the effects of AuNPs of increasing
diameter sizes (20 nm, 50 nm, and 70 nm) on
A549 (non-small cell lung adenocarcinoma) and
BEAS-2B (normal bronchial epithelial) cell
lines.

The hypothesis is that the surface roughness
changes induced by AuNPs will differ between
cancerous and normal cells, with more
pronounced changes in A549 cells due to their
altered membrane mechanics. It was also aimed
to determine whether air fixation can effectively
reveal these subtle surface alterations and
differential AUNP uptake between the two cell
lines. The cell lines were incubated with AuNPs
for different time points (30 minutes, 4 hours,
and 24 hours), air-fixed, and then analyzed using
AFM. The time-dependent topographic changes
caused by increasing AuNP diameter sizes in air-
fixed cell samples were evaluated.

2. General Methods
2.1. AuNP synthesis

AuNPs were synthesized using the citrate
reduction method [9]. Initially, for the synthesis
of 20 nm AuNPs, 10 mg of HAuCl.-3H.0O was
dissolved in 100 mL of deionized water. Upon
the solution reaching a boil, 2 mL of a 1% sodium
citrate (w/v) solution was rapidly added while
stirring. The solution was continuously stirred at
boiling temperature until a deep red color was
observed. To synthesize larger AuNPs, the
amount added from sodium citrate (1%, w/v) was
adjusted to 0.8 mL for 50 nm AuNPs and 0.6 mL
for 70 nm AuNPs. UV-Visible spectroscopy
(Shimadzu, UV3600i Plus) was used to confirm
the characteristic plasmon resonance peaks of the
synthesized AuNPs. Dynamic Light Scattering
(DLS) (Malvern, ZetaSizer Ultra) was used to
verify the size and distribution of AUNPs.

2.2. Cell culture

BEAS-2B cell line was cultured in Dulbecco's
Modified Eagle Medium (DMEM), while A549
cells were cultured in DMEM-F12 medium. Both
media were supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin.
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Cells were maintained at 37°C in a humid
atmosphere with 5% COs..

For A549 cell line, 7500 cells were seeded on
each round coverslip, and for the BEAS-2B cell
line, 5000 cells were seeded on each coverslip.
The coverslips were placed in 24-well plates and
allowed to grow until they reached 80%
confluency. All experiments were performed in
triplicate. Cells were incubated with AuNPs at a
concentration of 50 ug/mL for three different
time points: 30 minutes, 4 hours, and 24 hours.
Post-incubation, cells were thoroughly washed
with PBS to remove uninternalized AuNPs and
air-fixed in a desiccator for 24 hours. The next
day, dried cells were washed with deionized
water to remove salts from PBS and then re-dried
for AFM imaging.

2.3. AFM imaging

Fixed cells were imaged using a Nanosurf
CoreAFM. Imaging was conducted with a PPP-
NCLR (Nanosurf) cantilever in tapping mode to
obtain detailed topographic maps of cell surfaces.
Each scan consisted of 512 points per line at a
scan rate of 1 line per second. Three 100x100
pum? areas were scanned for each sample.

2.4. Surface roughness analysis

Surface roughness parameters and standard
deviation parameters were calculated using
Gwyddion 2.66 open-source software. Pre-
processing steps applied to the AFM images
included leveling data by mean plane subtraction,
polynomial row alignment, measurement range
normalization, and image sharpening using
Laplacian filtering.

3. Results and Discussion
3.1. AuNP characterization

UV-Visible spectra and DLS results of the
AuUNPs confirm that the synthesis achieved the
targeted sizes (Figure 1).

The synthesized AuNPs match the size-
absorbance peak results reported in the literature
(Figure  1A) [10].  Additionally, the
hydrodynamic diameter measurements obtained

using DLS confirm that the targeted AuNP sizes
were achieved (Figure 1B).
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o ——AuNP 50 nm
Q —

2 AuUNP 70 nm
2]
a
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o
[72])
Q
<
Wavelength (nm)
B 20 ——AuNP 20 nm
16 2162 32125 — AUNP50nm
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N
=12 71,08
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j =
8 3
£

1 10 100 1000

Size (d.nm)

Figure 1. AuNP characterization results. (A) UV-
Visible spectra and absorbance peaks. (B) DLS
distribution and hydrodynamic diameter results.

3.2. AFM imaging

AFM topography images were obtained after the
interaction of AuNPs with increasing diameters
with both cell lines at increasing time points
(Figures 2 and 3).

Figure 2 presents the AFM images of A549 cells
incubated with AuNPs of increasing diameters
and varying time points. Panel (A) shows the
control sample without AUNP treatment,
providing a baseline reference for cellular
surface topography. Panels (B-D) display the
topographical changes after 30 minutes of
incubation with 20 nm, 50 nm, and 70 nm
AUNPs, respectively, while panels (E-G) and (H-
J) depict the topographical changes after 4 hours
and 24 hours of incubation. The darker regions
observed in  A549 cell line represent
topographical changes and cellular responses
resulting from the interaction of nanoparticles
with the cell surface (Figure 2).
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Figure 2. AFM images obtained for A549 cell line based on increasing AuNP dlameters and incubation
times. (A) Control sample not treated with AuNP. (B-D) Images obtained after incubation with AuNP for 30
minutes, (E-G) 4 hours, and (H-J) 24 hours. Images for samples incubated with (B, E, H) 20 nm AuNPs, (C,

F, 1) 50 nm AuNPs, and (D, G, J) 70 nm AuNPs. Scale bars are 40 um.

The membrane structure observed in the BEAS- leading to indentations in A549 cell line, while
2B cell line in the control group and other such topographical changes are not observed in
samples shows significant differences compared BEAS-2B cell line [11].

to A549 cell line (Figure 3). As indicated in the

literature, cancer cells have a mechanically

"softer" structure compared to normal cells,

Figure 3. AFM images obtained for the BEAS-2B cell line based on mcreasmg AuNP dlameters and
incubation times. (A) Control sample not treated with AuNP. (B-D) Images obtained after incubation with
AUNP for 30 minutes, (E-G) 4 hours, and (H-J) 24 hours. Images for samples incubated with (B, E, H) 20

nm AuNPs, (C, F, 1) 50 nm AuNPs, and (D, G, J) 70 nm AuNPs. Scale bars are 40 um.
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For both cell lines, the data shows that when
AUNPs bind to or are internalized by the cell
surface, they cause indentations or flattening in
specific areas of the cell membrane. The
presence of nanoparticles on the cell surface can
induce  morphological changes such as
resorption, making certain areas of the cell
membrane appear thinner or collapsed [12].
These effects are observed as darker regions in
AFM images (Figure 2B-J, Figure 3B-J)
representing topographical depressions or lower
elevations, which are most likely caused by
nanoparticle-induced membrane deformation.
These depressions are more pronounced in
samples incubated with 20 nm AuNPs (panels B,
E, H), which aligns with the hypothesis that
smaller nanoparticles induce more significant
surface alterations due to higher cellular uptake.
As incubation time increases (panels H-J), the
topographical features become less pronounced,
suggesting that the nanoparticles are being
internalized, leading to a reduction in surface
roughness. This temporal trend supports the
notion that AuNP interactions with the cell
membrane evolve over time, causing initial
membrane deformation followed by nanoparticle
uptake.

As seen in the figures, the surface integrity of the
samples examined after air fixation was
preserved and suitable for obtaining mechanical
information.

3.3. AFM roughness analysis

The effect of AUNPs on the surface roughness of
A549 and BEAS-2B cell lines was investigated
using three important roughness parameters:
arithmetic mean roughness (Ra), root mean
square roughness (Rq), and maximum profile
height (Rt). The results provide detailed
information on the topographical changes caused
by increasing AuNP sizes (20 nm, 50 nm, and 70
nm) over increasing incubation times (30
minutes, 4 hours, and 24 hours) (Table 1).

The basic roughness parameters of the control
samples not treated with AuNPs (CtrlA and
CtrIB) reveal inherent differences in surface
topography between cancerous and non-
cancerous cells. BEAS-2B cell line (CtrIB)
exhibits higher basic roughness compared to

A549 cell line (ControlA), indicating that normal
lung epithelial cells have a more irregular
surface. This could be attributed to the altered
membrane properties of cancer cells, which may
facilitate higher interaction or uptake rates of
AUNPs in A549 cell line. In contrast, BEAS-2B
cell line shows more variability in roughness
parameters with larger AuNPs and longer
incubation times, reflecting different interaction
dynamics.

Table 1. Ra, Rq, and Rt values obtained from AFM
measurements. (Ctrl: sample not treated with AuNP,

other groups' names represent the incubation time
(30 min, 4 h, 24 h), AuNP diameter (20, 50, 70 nm),
and cell line (A549, BEAS-2B) respectively.)

Ra Rq Rt
CtrlA  70.53+27.73  91.08+34.87  358.3+116.6
3020A  116.4437.55  151.4450.97  674.3+203.8
0420A  130.1457.85 174.8462.12  828+318.7
2420A  105.9+53.95  141.1+59.8  538.8+240.6
3050A  117.7441.27  148.6+48.58  609.8+162.2
0450A  92.29+33.5  117.1+35.81  481.9+141
2450A  63.37+27.19  83.59+31.56  336.5+133.5
3070A  74.86+24.71  97.78+30.3  410.6+118.6
0470A  121.8429.81  152436.36  611.5+129.7
2470A  43.7+12.96  60.66+21.52  317.1497.7
CtrlB  79.72434.26  105.4445.27  424.5+158
3020B  85.17+48.15  117.5+51.14  404.7+220.6
0420B  115.2+51.89  156.8+67.98  763.9+314.2
2420B 1134423 138.4425.65 528.6+98.17
3050B  89.36+47.46  126.4+57.13  506.14271.7
0450B  77.98+43.5  111.1446.69  421.6+247.7
2450B  97.94+59.99  135.9+85.43  472.6+240.7
3070B  102.5+64.98  144.2476.27  509.5+277.1
0470B  93.44+52.49  126.7+56.69  444.24234.2
2470B  69.14+23.63  92.43+31.82  419.4+145.1
Small AuNPs (20 nm) caused the most

significant changes in surface roughness for both
cell lines. In A549 cell line, Ra, Rq, and Rt values
significantly increased after 4 hours of
incubation, indicating a high density of AuNPs
on the cell membrane surface. This trend is also
observed in BEAS-2B cell line, where roughness
parameters peak at 4 hours, reflecting similar
membrane interactions. At longer incubation
times (24 hours), a decrease in roughness is
observed in both cell lines, indicating AuNP
internalization and a subsequent reduction in
surface irregularities.

Larger AuNPs (50 nm and 70 nm) exhibit a
similar roughness change pattern, with initial
increases peaking at 4 hours. However, the
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magnitude of the change is less pronounced
compared to 20 nm AuNPs. Subsequently, a
decrease in roughness is observed at 24 hours,
indicating AuNP internalization. Notably, 70 nm
AUNPs show a significant reduction in roughness
at 24 hours, suggesting that cellular adaptation or
AUNP agglomeration may reduce the effective
interaction of particles with the cell surface.

The temporal dynamics of AuUNP interaction
reveal peak surface roughness at intermediate
incubation times (around 4 hours), indicating
optimal surface interaction and maximal
membrane residence time. As the incubation time
extends to 24 hours, roughness decreases,
aligning with the AuNP internalization process
[13]. This trend highlights a general mechanism
across both cell lines and AuNP sizes: AuNPs
initially reside on the cell membrane, increasing
surface roughness, and later internalize, reducing
surface irregularities. In A549 cells, roughness
values peak at 4 hours of incubation, suggesting
that the maximum nanoparticle-membrane
interaction occurs within this window, likely due
to the higher uptake efficiency of smaller, more
flexible cancerous cells. In contrast, BEAS-2B
cells show less dramatic changes in roughness,
possibly due to their stiffer, more structurally
stable membrane.

In this study, it was confirmed that cancerous
cells, due to their distinct mechanical properties,
exhibit more pronounced topographical changes
upon interaction with AuNPs, which can be
effectively captured through air-fixated AFM
imaging. Importantly, these findings reinforce
the potential of air fixation as an ideal
preparation method for AFM studies, particularly
when investigating membrane dynamics and
surface roughness in cancer research. The
compatibility of air fixation with AFM broadens
its applicability in nanomedicine, providing a
reliable  alternative to more traditional
preparation methods.

4. Conclusion

This study effectively demonstrates that
interactions between AuNPs and cell membranes
lead to significant topographical changes.
Initially, surface roughness increases due to the
presence of AuNPs on the cell membrane, and
later decreases as internalization occurs. These

findings provide valuable insights into the
behavior of AuNPs in biological environments,
emphasizing the importance of controlling AUNP
size and exposure duration to achieve desired
cellular interactions.

Additionally, the results highlight the
compatibility and advantages of air fixation for
AFM sample preparation. Air fixation offers a
balance of structural preservation and
measurement  stability, enabling  precise
topographical evaluation of AuNP interactions.
This presents the potential for air fixation to
become a valuable method for AFM studies,
particularly in contexts where high-resolution,
artifact-free imaging is critical.
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deformation parameters and quantum information processing.

1. Introduction

The spin-statistics theorem is a fundamental
principle in quantum field theory that bridges
quantum mechanics and statistical mechanics
[1]. It establishes an important connection
between the symmetry of particles (especially
their spin) and the statistical behavior they
exhibit in many-body systems. This theorem
states that particles with integer spin (bosons)
have symmetric wave functions, allowing
multiple particles to occupy the same quantum
state simultaneously. In contrast, particles with
half-integer spin (fermions) have antisymmetric
wave functions, enforcing the Pauli exclusion
principle that no two fermions can occupy the
same quantum state. These symmetrization or
antisymmetrization requirements are expressed
through commutation or anticommutation
relations in the second quantization framework,
which govern how the creation and annihilation
operators work for bosons and fermions,
respectively. This distinction in quantum
statistical behavior directly affects the number of
possible states a system can use; It affects the

collective statistical mechanical description of
the system by determining the set of occupancy
numbers and thus shaping macroscopic
properties such as thermal conductivity and
specific heat capacity.

In recent years, there has been increasing
research into quantum statistics, which departs
from the traditional classifications of bosons and
fermions. Building on the fundamental
contributions of Gentile and Green [2, 3],
researchers have developed various extensions
beyond these standard statistics. These include
parastatistics, fractional statistics, quon statistics,
anion statistics, and quantum group theory,
which have attracted great attention due to their
potential applications in various fields of physics.
In condensed matter physics, these statistics have
proven vital in elucidating phenomena such as
the fractional quantum Hall effect and the
behavior of anionic particles that are neither
fermions nor bosons, but exhibit unique
statistical properties [4].
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There are two important approaches to
investigate the statistics and thermodynamics of
intermediate states, each offering unique
perspectives and methodologies: One method
uses Tsallis' non-extensive statistics [5] and
generalized  entropies.  Tsallis  statistics
generalize standard Boltzmann-Gibbs statistics
by introducing a parameter g that modifies the
entropy formula [6]. The second method involves
the use of deformed quantum algebras [7-14],
leading to deformed thermostatistics functions
[15-39]. Deformed quantum algebras, such as
quantum groups or Q-deformed algebras,
introduce modifications to the standard
commutation relations of quantum mechanics.
These changes affect the formulation of
statistical mechanics, changing the distribution
functions and thermodynamic properties of the
particles.

In recent work, g-deformed theory has found
applications in a wide range of physics
disciplines and has contributed to various fields
such as: In ref [15], generalized thermodynamics
with g-deformed bosons and fermions has been
used to describe systems with non-trivial
quantum deformations, which are conventional
has worked in ways that extend beyond statistical
mechanics, Ref. [16]; g-deformed theory has
been applied to study Bose-Einstein
condensation, offering new insights into the
behavior of particles at extreme temperatures and
densities; Ref. [17], investigations into the
thermodynamic geometry of deformed bosons
and fermions have provided geometric insights
into the statistical properties of quantum systems
and phase transitions; Ref. [20] used thermosize
effects in models of g-deformed fermion gases,
investigating how quantum deformations affect
the thermodynamic properties and size scaling of
fermionic systems. Moreover, it has been studied
a two-parameter deformed boson gas model
based on commuting Fibonacci oscillators,
leading to a generalized Fibonacci energy
spectrum in [23,24]. Friedmann equations and
Einstein field equations incorporating the
deformation parameter g were derived in [25,26].
A quantum Otto cycle was analyzed using g-
deformed oscillators as the working substance
alongside classical thermal baths in [29]. Further,
g-deformed harmonic oscillators were utilized to
construct qubits and quantum gates in [30,31].

Investigations into a single particle's g-deformed
harmonic oscillator have focused on how
deformation influences statistical complexity,
including Shannon information entropy and
disequilibrium in [32]. A modified cosmological
scenario was proposed, featuring g-deformed
Friedmann and Raychaudhuri equations that
introduce effective dark energy components in
[33].

On the other hand, g-deformed qubits are
generalizations of traditional qubits in which the
algebra governing quantum states is replaced by
a deformation parameter g derived from quantum
groups [30,31]. These generalized states
introduce a deformation that changes how
quantum states interact and evolve. This leads to
changes in the energy spectra, quantum gate
operations, and overall dynamics of the qubits.
Such changes can create new avenues for
quantum state manipulation and lead to more
generalized forms of quantum systems with
potential applications in fields such as quantum
optics and condensed matter physics. In quantum
information theory, g-deformed qubits can be
used as a tool to better understand non-standard
entanglement  properties and  quantum
correlations.

Our aim in this work is to perform an analysis of
quantum algebraic properties associated with
three types of g-deformed boson oscillator
algebra models: the Arik-Coon (AC) model, the
Biedenharn-Macfarlane (BM) model, and the
Quesne model. These models represent different
mathematical formulations that incorporate
quantum deformations into the standard bosonic
oscillator algebra. We will also examine some
thermostatic properties of AC and BM models.
This will include the study of statistical
mechanics aspects such as their partition
functions, entropy formulations and
thermodynamic behavior. Understanding these
properties is crucial for applications in various
physical systems where quantum deformations
play an important role. As an application, we will
investigate the effect of the Quesne model in
quantum optics. Quantum optics deals with the
interaction of light and matter at the quantum
level [40-42]. For instance, in Ref. [40], photonic
structural designs have been emphasized to
enhance light-matter interaction in two
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dimensional material based optoelectronic
devices.
Moreover, understanding how g-deformed

patterns affect photon statistics, coherence
properties, and other optical phenomena can
provide valuable information about new regimes
of light-matter interactions. For example, in Ref.
[43], it was focused on the study of a multi-level
atom excited by a laser pulse in the form of a g-
deformed hyperbolic function. The dynamic
properties of a two-level system excited by a g-
deformed laser beam were analyzed. Also, the
optical properties of a three-level atom system
interacting with two electromagnetic fields were
investigated.

2. AC-type Oscillators Model

In this section, we investigate the quantum
statistical mechanical properties of g-deformed
boson oscillators, focusing specifically on Arik-
Coon (AC)-oscillators. The algebraic framework
of quantum AC-oscillators are characterized by
the g-deformed Heisenberg algebra, where the
creation and destruction operators are denoted a*
and a, respectively. The g-deformed Heisenberg
algebra associated with AC-oscillators is
expressed as [7, 44]

aa*—qa‘a=1
(2.1)
where N is the total number operator and q is the

deformation paramater. Also, the basic number is
given as

(2.2)

Furtheremore, the Jackson derivative (JD)
operator for the AC-oscilators is expressed as

1[f(gx)—
0," f(x) = ;| F2LE) 23)
which reduces to the ordinary derivative when g
goes to unity. The mean occupation number of

AC oscillators is defined as [44]

1 1 z lePei—q
n; = n
L' loggq z—1lePéi_g

(2.4)

where z = exp (u/kgT) is the fugacity and g =
1/kgT. Following the standard procedure [45],
one can esaily find

P 1
ot = 2 15/2(2 ), (2.5)
N _ 1

TS B h3/2(z, q), (2.6)

where A = h/(2mmkzT)"/? is the thermal
wavelength and the generalized Bose Einstein
functions h,(z, q) are defined as

w (@) w @'
_lel

=1 pn+1 i

ha(2,0) = | @)

The internal energy and the entropy of the AC-
oscillators gas can be found as [44]

3 kgTV
U=>="5hs;»(z,9). (2.8)
and
S _ ShsplEd) log z. (2.9)

Nkp 2 h3/2(2,9)

respectively. Also, from the thermodynamic
relation F = uN — PV, the Helmholtz free energy
can be derived as

hs/2(2,9)

F = NkgT |logz — ho2 )|

(2.10)

3. BM-type Oscillators Model

The symmetric g-deformed algebraic structure of
BM-type oscillators is characterized by the g-
deformed Heisenberg algebra, with the creation
operator c*, the annihilation operator and ¢, and
the total number operator N playing central roles.
In this framework, the BM-oscillators algebra is
defined as [8, 9, 15]

cc* —qc*c=q7 VN

—~

[N,c*] =c", [N, c] = —c, (3.2)

where q is the real deformation parameter. Also,
the operators have the following relations [15]
c*c = [N],

c*c =[1+N]. (3.2)
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The basic g-deformed quantum number is
defined as

[X] q -q7*

o= (33)

Moreover, the Jackson derivative (JD) operator
for the system is given as

D(q)f(x) _ [f(qx) f((flx)} (3.4)

q-q7*
for any function f(x).

To investigate the high-temperature properties of
the BM-oscillators model, we examine the
logarithm of grand partition function:
InZ = -Y;In(1 — ze P&) (3.5)

The mean occupation number is expressed by the
following form

ny = —In (el
L q-q7t z-1ePei—q )’

The pressure of the BM-oscillators model is
given as

(3.6)

kBT

—=%iIn(1 — ze —Beiy, (3.7)

This relation can be written by using Eqg. (3.4)

P
kT

= 55 952(2,9), (38)

where g-deformed h,,(z, q) function is defined as

l —-151
9@ ) = = S i — 2 G (39)
One can also derive the following
thermodynamic functions for a gas of BM-
oscillators: the particle density, internal energy,

and entropy, respectively

N

1
v /1_393/2(2’ Q) (3.10)
U =22 g52(2.9), (3.11)
S 505p@d) (3.12)

Nkp  2g3/2(2,9)

4. Quesne-type Oscillators Model
Quesne-oscillators algebra is defined as [46, 47]

qagay; —aza, =1, aga;—agza, =q V"1 (4.1)
where a; and a, are deformed creation and
annihilation operators, respectively, and they

satisfy in the following forms

aqgln >= \/WIn —-1>, (4.2)
agln >=/[n+1]ln+1 >, (4.3)

where a,|0 >= 0 and the g-basic number is
given as

(4.4)

Moreover,
expressed as

g-deformed coherent states are

|z >= [Eq((l -

Dalz2)] ™ 5o 7= ]I > (45)

where g-exponentials are E,(z) = [[z-o(1 +
q*z).

Now, we investigate the geometric and physical
properties of the new g-deformable coherent
state |z). To achieve this, we need to compute the
expectation values of various Hermitian
monomials involving the boson creation and
annihilation operators a* and a. These
expectation values can be expressed in terms of
derivatives of the function IV, (x) [25]

S A " Ng(x) —
< (a)'a" >= M) r=0,1,2.... (4.6)
The last equation can be rewritten as
< (a)a” >= (2)P2"SP7 (%) (4.7)
where
@) (0 — w (P2 xn
Sq () = Ng(x) Zn—o ([n+p]![n+r]!) n! (4.8)
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withr,p =0,1,2, ...

Moreover, in two dimensional surface, the metric
factor can be defined as [25]

_i _ [xNg(x !
wy(x) = —<N>= (—Nq(x)

(4.9
where primes indicate the number of times
differentiation is performed with respect to the
variable x. For x « 1, one can easliy reach

Wq(x)zq[l—%;mx+---]. (4.10)

On the other hand, the variance of the number
operator N is equal to its mean, which can be
evaluated using deviations from the Poisson
statistics [46]

2
(AN)3—<N>4

Q) = —1 (4.11)
From Eg. (4.6), it can be found

_ (M Nq’(x)>
Qe(x) =x (Nq, ®  MHw) (4.12)
For x « 1, we reach
Q) ~ — 18Dy 4 (4.13)

1+q

5. Possible application of Quesne-type
Oscillators Model to Quantum Optics

Unlike binary systems, ternary logic gates offer
more information carrying capacity in quantum
computing. Quitrits (three-level systems) can
encode more information than classical qubits,
which makes quantum circuits more efficient. In
quantum computers and quantum optics, qutrit
systems offer advantages such as lower error
rates, lower energy consumption, and more
efficient use of physical resources. In addition,
qutrit logic and ternary gates are an innovative
research area in quantum information processing
and are less studied in the current literature.

Therefore, the study of ternary gates within the
scope of the article is important for the
advancement of quantum technologies, both
theoretically and practically. In particular,

studying the effects of g-deformation on such
systems can lead to new discoveries.

In this section, we follow the Ref. [31] to
investigate the impact of g-deformation on quitrit
logic gates such as cycle, self-shift, controlled
cycle, controlled self-shift, Feynman, ternary
Toffoli, and Fredkin gates. These gates can be
expressed in the framework of angular
momentum states, where their operations
correspond to transformations in a quantum
system characterized by total angular
momentum. For example, the cycle gate
effectively permutes the qutrit states, while the
self-shift gate applies a shifting operation.
Utilizing the Schwinger representation allows us
to depict these gates in terms of ladder operators
acting on the angular momentum states. This
perspective provides valuable insights into how
g-deformation alters the algebraic structure and
functional properties of these gates.

These gates can be represented in the context of
angular momentum states as

Coli>=|n+i> (5.1)

Syli>=[2i+n> (5.2)

CC,lij >="2ij+n>+E2E 5> (53)
€Salij >=""2)i2j +n > + E2ED 5 > (5.4
FGlij>=|ii+j> (5.5)
TTGijk >=|ij i.j+k > (5.6)

i(3-1)

TFG|ijk >= "

jijk>+E0ED )k >(5.7)

In the context of qubits, quantum gates are
represented as unitary transformations acting on
a three-dimensional Hilbert space. A qutrit is a
quantum system with three possible states, and
can be represented [0 >, |1 > and |2 >. The
operators on the left side of equations (5.1) —
(5.7) above operate on these three quantum states
to reach a different quantum state. Also, |ij >
represents a two-qutrit state, which can be
expressed as |ij > = |i > |j >. The connection
between g-deformed operators and conventional
operators is specified as
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¢1-q7 N
ag =a /—;’(‘;_1) 2 (5.5)
* P1-aNp,
ag = /—N(q—l) a (5.6)

where ¢, and ¢, represent arbitrary constants, a
and a* indicate the standard annihilation and
creation operators, respectively. To create a
qutrit, the total angular momentum number j
must be equal to j = 1. Therefore, since m =
—j, ...,0, ...+ j, there are three different possible
states (]1—=1>=10>,(]10 >=|1 >, (|11 >
= |2 >). So, the g-deformed qutrit states can be
expressed using the creation operators from the
g-deformed algebra

10>, f_)q 10,0, > (5.7)
(a)q(@q 5 =

11 >,= %mlo2 (5.8)

12 >,= 45,5, > (5.9)

=7

where 0, and 0, are ground states of j and m,
respectively, and [n]! = [1][2] ... [n]. A general
formulation of g-deformed quitrits is

|x >,= GG

a7 xIME-0n

Using Eq. (5.6), Eq. (5.10) can be re-written as
-q~M1 2 % *
lx >q= (\/% a1>
b3—q N2, @ 1 ~ ~
(J%Q T 010> (5.11)

Egs. (5.1)-(5.7) can be re-derived by using Eq.
(5.11). To meet the requirements of these
expressions, it’s essential to establish the
arbitrary parameters. Let’s demonstrate how to
find these parameters using an example

10,0, > (5.10)

C1]0 >,= |1 > (5.12)

q

In Eq. (5.11), if we put x = 0 to find |0 >, and
x =1tofind |1 >/, we reach

p3—qa Negy $3—q N2g, &R
Gy (xf N2(q—1) aZ) (\j N2(q—1) a)J_lo 0

¢1—q Nig, ¢3—q N2gp, 5 A
<\/ Ny(g—1) al) (x} N2(g-1) )|0 02> (5.13)
From the relation a* n+1
can find ¢, =¢, = ¢p; =¢,. Similarly,

arbitrary parameters can be obtained using Egs.
(5.2)-(5.7) for other gates.

Following Ref. [30], it can be determined qutrit

gates by utilizing g-deformed three-level
quantum states

Cng = YicoIn+j >4 4<Jl (5.14)
Sng = Xiz012j + 1 >q ¢<Jl (5.15)
CCng = X2 jg 2|1+ 1 >q o<J ]

+Z” 0(2 l)(l+1)|l]>q q<l]| (5.16)
CSnq = X202 [0 2 + 1 >q o<l

+X7)- 0w| 1] >qq<ijl (5.17)
FGy =7 0lii+]>qq<jil (5.18)
TTG, = Y2 _olij i.j+k>qq<kji| (5.19)
TFGy =32, 0" ikj >q < kjl

+ 320 E 8 i j ke > (< ki (5.20)

To build the g-deformed quantum ternary gates,
we must identify the parameters ¢. In the Eqg.
(5.14), if we take n = 1, we get

Cig =11 >44<0|+12 >4 4<1]
+ 410 >4 4< 2| (5.21)
where we use the orthogonality relation < j|i >
= §;;. Now, we consider that C;, act on the state
|1 >, such that
Cigl1 >4=12 >4 (5.22)
Based on the orthogonality relation, it becomes
clear that the only remaining term is the second
term of Eq. (5.21). Thus, the parameters can be
obtained from the orthogonality condition
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q< 1|1 >q=< 0102|a2 < Nz(q—l)

Ps—a N1gs
N (\J N1(q-1) >
$1-aNigy | .
<\] Ny (-1 >a1<
In the last Eq., one can find ¢, = ¢, ¢p3 = ¢y,
¢s = ¢, and ¢, = ¢pg. Similary, for cases

C1ql2>4=10>, and C14|0 >,=]1 >,
q< 2|2 >4 and ;< 0]0 >, can be obtained.

¢7—q_N2¢8>

$3—q N2\ 7 =
m) a2|0102 > (523)

5. Conclusion

In this article, we present a comprehensive
analysis of g-deformed boson oscillator algebras,
focusing particularly on their thermo-statistical
properties and their relationship to quantum
optics. In the second section, we examine AC
oscillator algebras. This analysis examines the
thermo-statistical properties of these algebras in
detail and investigates how these algebras
modify the thermal behavior of quantum
systems. In this context, we provide a
comprehensive assessment of how thermo-
statistical parameters are modified by these
algebras, examining how different thermal
properties and temperature-related behaviors of
quantum systems are affected. In the third
section, we focus on the BM oscillator model.

This section examines the thermo-statistical
properties of the BM model in detail. In this
context, we delve into various thermo-statistical
quantities, such as internal energy and entropy,
and investigate how these quantities differ from
classical systems. The fourth section is devoted
to Quesne oscillator algebras, which have not
received sufficient attention in the literature. In
this section, we discuss the theoretical
framework and practical applications of Quesne
algebras, especially in the context of quantum
optics. We discuss the mathematical properties of
Quesne algebras, their effects on quantum states,
and their potential applications in quantum
optical systems. We also evaluate possible
application scenarios on how these algebras can
be used in quantum optics and innovative
approaches in this field. In the last section, we
construct g-deformed qubits by exploiting g-
deformed angular momentum states, which

allows wus to investigate their distinct
characteristics. We study the effects of logical
qubit gates on these g-deformed qubits to
understand how their deformation influences the
performance of quantum operations.

Although there are similarities in structure
between the arbitrary parameters obtained with
Reference 31 and the parameters obtained in
Section 5, the main difference lies in the
deformation algebra used. The arbitrary
parameters obtained in Section 5 depend on the
g-deformation parameter and the properties of
these parameters differ from the parameters
obtained in Reference 31. This difference arises
due to the use of quantum algebraic properties of
the Quesne oscillator system in our work.
However, in Reference 31, different deformed
quantum algebra is used. Our findings aim to
contribute to the broader landscape of quantum
information processing, offering new pathways
for enhancing computational efficiency and
enabling innovative quantum technologies.
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elastic-foundation model. In this context, the Moment Distribution Method (MDM)
must be applied to account for the elastic foundation. To achieve this, the internal
forces acting on the ends of both exterior and interior walls are transferred to the
beam-like bottom slab of the culvert, which rests on an elastic soil bed. Subsequently,
the secondary internal forces are determined by refining the structural parameters,
taking into account the characteristics of the elastic soil bed. This study presents the
development and application of an Artificial Neural Network (ANN) model to
predict the shear capacity of box culverts on elastic soil under traffic loading
conditions. The proposed model is trained and validated using a comprehensive
database of beam on elastic foundation solutions. The input parameters include the
geometrical and mechanical properties of the culvert and the soil, as well as the
loading conditions. The results of the ANN model show R? values of 0.9633 and
0.9581 for the training and testing sets, respectively, indicating the model's excellent
accuracy. These findings suggest that the ANN model can reliably predict the shear
capacity of culverts.

1. Introduction

Box culvert installation is a commonly used
methods on roadways to provide drainage across
roads. According to the literature, there are
various procedures for installing reinforced
concrete box culverts. Embankment culverts are
often the focus of initial finite element analyses
and are typically characterized by their
installation process. These culverts are usually
positioned on pre-existing or constructed soil and
then covered with backfill material [1]. A box
culvert buried at shallow depths beneath
roadways can experience deflections due to the
dynamic impact of traffic loading and the vertical
pressure exerted by the soil fill. The model,
configuration, and magnitude of the traffic load

affect the culvert’s response. Vertical soil stress
increment, horizontal soil pressure, the culvert’s
self-weight, and wheel load are the major forces
encountered in a culvert.

Yankelevsky [2] examined the behavior of arigid
box culvert when buried in a non-linear medium,
exploring various factors. The research focuses
on design aspects such as compressibility,
stiffness, settlement, displacement due to trench
wall slope, and depth-related stress variations.
Kim and Yoo [3] indicated that sloping soils
excavated for trench installation maintain higher
resulting pressure than those with vertical walls.
Beaver et al. [4] utilized a quantitative method to
evaluate the structural and hydraulic
performance of over 47,000 culverts installed

Cite as: Y. Tuskan, D. Yildirim Uncu, “Shear Capacity Prediction of Extremely-Loaded Box Culvert on Elastic Soil Using Artificial Neural Network”, Sakarya
University Journal of Science, 28(5), 1103-1114. https://doi.org/10.16984 /saufenbilder.1281213

@ (DD This is an open access paper distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International License.


https://orcid.org/0000-0001-7090-2235
https://orcid.org/0000-0001-8660-2114

Sakarya University Journal of Science, 28(5) 2024, 1103-1114

and managed by the Utah Department of
Transportation.  Their  culvert inspections
primarily included metal, concrete, and plastic
culverts up to five feet in diameter, with numeric
performance ratings determined. Pimentel et al.
[5] investigated the pressure distribution on the
top slab of culverts and observed a significant
reduction due to soil-structure interaction.
Bennett et al. [6] concluded that the geometry of
the structure affected the pressure on the culvert
under a high embankment. Abolmaali and Garg
[7] conducted an assessment on the shear
capacity of precast reinforced concrete box
culverts.

The study involved subjecting six full-scale 2.4
m (8 ft) span box culverts to failure under the
AASHTO HS-20 wheel load. Each culvert
underwent incremental loading until failure, with
crack initiation and propagation meticulously
identified and recorded at each load stage. In
some specimens, the absence of top slab
compression distribution steel during fabrication
was noted; however, experimental evidence
suggested that this factor had a insignificant
impact on the culvert's performance.

3D numerical analyses of culverts conducted by
Petersen [8] showed that the pavement spread the
load and shielded the culvert. Wood et al. [9]
compared measured demands with predicted
values using analytical tools during load testing
of box culverts and found that pavement stiffness
plays an important role in reducing live loads on
the culvert’s roof. The effect of the wheel loads
from traffic is a significant factor in the
performance of culverts installed at shallow
depths. Additionally, the live load carrying rating
must be determined to assess the culvert’s load
capacity. Three major factors influence load
capacity: culvert load capacity, dead load
demand, and live load demand for moment and
shear [10]. Wood et al. [11] studied both a 2D
direct-stiffness structural-frame model and a 2D
linear-elastic  finite element  soil-structure
interaction model.

The culvert structure is designed as a rigid frame
using the Moment Distribution Method (MDM),
a well-known method to determine the final
distributed moments based on the relative
stiffness of the slab and vertical walls [12]. MDM

calculations, which involve successive cycles of
computation, can be stopped after several
iterations, providing a very accurate approximate
analysis. In this method, each element of rigid
box-type culvert, such as the top and bottom
slabs, and the interior and exterior walls is treated
as a beam-like element, with the corners of the
box clamped.

The MDM requires the fixed-end moments at the
top slab of the culvert from the uniform
surcharge load, referred to as critical vertical
pressure, the fixed-end moments at the bottom
slab from uniform vertical earth pressure, and the
fixed-end moments on the exterior walls from
lateral earth pressure due to cohesionless soil.
These moments are then distributed and carried
over accordingly [13].

TEC TEM TiC
i
< : ]
WTEC WTIC
WEM WM
WBEC WBIC
pi . £
BEC BEM BIC

Figure 1. Internal forces at the corners and mid-
spans of each elements of culvert

The primary internal forces related to the wall top
interior corner (WTIC), top exterior corner
(TEC), top interior corner (TIC), top exterior
mid-span (TEM), and wall top exterior corner
(WTEC) are calculated by considering the fixed-
end moments and external loads (Figure 1).
Finally, the diagrams for normal forces (kN),
shear forces (kN) and moments (kN.m) are
determined at the corners and mid-spans of each
elements of the culvert.

2. Shear Capacity Prediction of a Box Culvert
Under Critical Live Load as per Beams on
Elastic Foundaiton Approach Using Artificial
Neural Network

The computational model of a beam on an elastic
foundation is frequently used to solve various
engineering problems, particularly in
geotechnical applications. In this case, the MDM



Yesim Tuskan, Dilay Yildirim Uncu

results need to be adapted to the elastic
foundation. For this aim, the internal forces at the
ends of the exterior and interior walls are applied
to the beam-like bottom slab of the culvert
resting on an elastic soil bed. The secondary
internal forces are calculated by refining the
structural factors, taking into account the elastic
soil bed.

2.1.  Vertical pressure calculation by
Boussinesq Method on top slab of box culvert
subjected to traffic load

Boussinesq [14] solved the problem of tension
arising from a single load on the surface in a
linear, elastic, homogeneous, isotropic, and
semi-infinite  medium. According to this
solution, the vertical stress at any depth below the
earth’s surface due to a single surface load is
expressed follows:

3 1 P

%= on 1+ (t/2)252 22

(1)

where P is the point wheel load (Truck geometry:
H30-S24, Wiruek=300 kN, wheel loads; Pfront=3
tons, Prear=Pmidale=12 tons, s=75 cm, t=34 cm), r
is radial distance from point wheel load and z:
soil depth above the box culvert.

For practical purposes, it can be assumed that the
stress approaches zero at a finite depth. A grid
system was established on the platform, and the
stress at the considered depth for each grid point
was determined by applying the superposition of
wheel loads from trucks travelling in the two
different directional lanes on the same platform
roadway. This was done by integrating the
equation for a line load over a uniformly loaded
rectangular area. The following equation
provides the desired stress superposition [15].

oz
2mn,/(m? + n2 + 1) (m?+n? +2)

1
= o (E) (m? +n? + 14+ m?n?) (m? + n?2 + 1)

2mn,/(m? + n? + 1)

(m? +n? + 1 — m?n?)

()

+ arctan

Where o,; superposition of vertical pressure
subjected to each wheel load at the considered
depth z, q,; the contact stress at the surface
{P/(s.t)}, m=x/z, n=y/z, x-y; length and width of

the uniformly loaded area and z; depth from
surface to point where stress increase is desired
[16].

2.2.  Lateral earth pressure acting on side
walls of box culvert

According to Coulomb’s theory, the active
coefficient factor of active lateral earth pressure
in cohesionless soil were calculated by using Eq
3a and 3b:

sin?(B+0)
14 [sn(@+8) sin(0-0) |, (3a)
+ sin(B-6) sin(a+B)

(3b)

KA=
sin?p sin(B-6)

Oh :KAYS (Z+heq)

Then the increase in horizontal pressure due to
live load was obtained from Eq 4:

AP:KAh 'Ysh {AP:(jz} (4)

€q
where K,; active lateral earth pressure
coefficient, § is angle of internal friction of soil,
@; batter angle of wall; g is angle of friction
between the wall and the cushion, «; slope of the
cushion top surface, ys; unit weight of soil, z;
depth below the surface of earth at pressure
surface (heq should be added to the original soil
depth z in case of surcharge loads). a; vertical
pressure due to surcharge load, AP; constant
horizontal earth pressure due to live load
surcharge and h,,; equivalent height of soil for
traffic load.

2.3 Elastic soil under box culvert

The Winkler method [17] assumes that the
reaction forces at each point of the foundation
under external loads are proportional to the
deflection of the beam at that point, following
Hooke’s law (Figure 2).
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Figure 2. Beam on elastic foundation

The elasticity of the foundation, characterized by
Winkler’s constant, K which includes the effect
of the width of the beam, the force called the
modulus of the foundation Ko. 4 are described by
the following equations 5 and 6 [18]:

K=K,-B 5)
ol K

N 6

A= | o= (6)

In this study, internal forces such as moments and
shear forces at the lower ends of the baffle and
side walls are calculated by using the Moment
Distribution  Method (MDM) and are
subsequently applied to the unit width of the
lower slab over elastic soil bed, in accordance
with the following equations.

Moments and shear forces equations of unit
width beam-like slab on elastic foundation for
concentrated load can be expressed as:

1 . . .
M = o BI(J[?, e {2sinhAx - sinAx(sinhAl -
cosAa - coshAb — sinAl - coshAa - cosAb) + (coshAx -
sinAx — sinhAx * cosAx) - [sinhAl(sinAa - coshAb —
cosAa * sinhAb) + sinAl(sinhAa - cosAb — coshAa -

sinAb)]}
(7)
B(X) 1

Q(x) QP m{(COSh)\X - sinAx + sinhAx -
cosAx) (sinhAl - cosAa - coshAb — sinAl - coshAa -
cosAb) + sinhAx - sinAx[sinhAl(sinAa - coshAb —
cosAa - sinhAb) + sinAl(sinhAa - cosAb — coshAa -

sinAb)]} @
8

Moments and shear forces equations of unit
width beam-like slab on elastic foundation for
concentrated moment can be expressed as:

_ _ms® 1 ; .
Meom = —M8yy = (sinh2Al—sin2Al) {sinh2x

sinAx[sinhAl(coshAb - sinAa + sinhAb - cosAa) +
sinhAl(sinhAa - cosAb + coshAa - sinAb)] — [(coshAx -
sinAx — sinhAx - cosAx) (sinAl - cosAb - coshAa +
sinAl - coshAb - cosAa)]}

©)
Quom = —AMBGy = —7\1 — 1 {(coshXx -
M — (sinh2Al-sin2Al)

sinAx + sinhAx - coslx) [sinhAl(coshAb - sinAa +
sinhAb - cosAa) + sinAl(sinhAa - cosAb + coshia -
sinAb)] — 2sinhAx - sinAx(sinAl - cosAb - coshAa +
sinhAl - cosAb - cosAa)}

(10)

Concentrated load and concentrated moment in
accordance with integral of a beam on an elastic
foundation are described by the following
equations:

M(x), ;=M\, (11)
0 Mo om0 s
Q) =Mou= 7 MBou=Mbdou (12)
® _ pia®
Mg = PLo B = Plyp (13)
Qx = PB(X) (X) (14)

3. Case Study

The observed rigid two-cell box-shaped culvert
is aligned perpendicularly to the two-lane
highway. The cushion material lies under a 250
mm asphalt concrete pavement.

A parametric study is conducted to assess the
effect of the soil parameters, burial depth, box
culvert dimensions (mm), and traffic load (kN)
(Figure 3).

[=] =
o~ [y

300
260

20

20 120 20 120 20
300

Figure 3. The cross-section of the box culvert
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The culvert extends under the sloping
embankment area on each side of the road. The
embankment has a dry unit weight of about 18
KN/m?3, a saturated unit weight of 21 kN/m?® and
shear strength parameter of ¢=40°, c=5 kN/m?,
with K,=50000, E=3x10" kN/m?, and 1=6.6x10*
m*. The wheel spacing of design vehicle (Figure
4) was 1.8 m. (6 ft.) according to Hzo-S24 truck
axle loads. Since truck types with long rear axle
distances are generally more common, the
distance between the rear axles was chosen to be
long.

p
(=) () e
N/ \
0.4W tons 04w[ 12 _Jtons 0.1w[_3 Jtons

0.4w[_12_Jtons
k

04W[ 12 Jtons 0.aw[_3 Jtons
N|

4.25-9.00 meters - 4.25 meters

Figure 4. Hzo-Sz4 truck axle loads

3.1. Critical vertical pressure subjected to
wheel load and uniform surcharge load

Although the front axial load is much lower than
those of rear axles, its contribution is included in
calculating the superposition of all wheel loads
of two design trucks by Boussinesq’s [14]
equation.

In this study, a 300 kN-load per wheel is
considered for two design trucks with three axles
each, traveling in opposing directions. It was
determined that the second case has the highest
vertical pressure. Therefore, the maximum
pressure over the culvert is calculated as 2.27
kN/m? and is taken as uniform surcharge load in
design (Figure 5).

N
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o

" —«+— Case |

g 200 | —=— Casell
~ 1,50 Case Il
g
—': M M *»
§ 1,00 N\ ——Case IV
2 \
g Case V
@ 050 ™ \w/ \

000 F—¥ — Y ¥

12,75 8,50 4,25 0,00 -4,25 -8,50-12,75
Distance (m)

Figure 5. Stress distributions on the axis according
to the loading conditions

To determine the extreme loading conditions for
tridem-trucks traveling simultaneously in two
lanes, five possible passing scenarios are
considered as Case I: The front axles overlapped
at one line, Case Il: The middle axles overlapped
at one line, Case Ill: The mid-spans of trailer
lengths overlapped at one line, Case 1V: The rear
axles overlapped at one line and Case V: The
cross axles overlapping (Figure 6).

The critical vertical pressure can be calculated
using Eq 2. The vertical pressure combinations
from the wheel loads were evaluated for the five
possible passing conditions of trucks (Figure 6).
The different distributions of wheel load
recommended by proposed scenarios caused the
vertical pressure concentration affecting the top
slab shear resistance of the culvert. For the
highest wheel load concentration, the stress was
greatest between the edge and the center, as
shown in Figure 6.

An analytical solution to the beam problem on an
elastic foundation is investigated to obtain the
improved final bending moments and shear
forces from the secondary structural analysis, as
presented in Figure 7.
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Figure 6 The situations of the truck passing positions and relevant stress distribution: a) Case I:
The front axles overlapped at one line, b) Case Il: The middle axles overlapped at one line, c)
Case I1I: The mid-spans of trailer lengths overlapped at one line, d) Case IV: The rear axles
overlapped at one line and e) Case V: The cross axles overlapping

150

100

/

Shear Forces (kN/m)

o

0,5

Figure 7. Shear diagram of box culvert as beam on
elastic foundation
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The diagrams for normal forces (kN), shear
forces (kN) and moments (kN.m) are presented
in Figure 8 (a, b, c) respectively.

The overall results for the beam on elastic
foundation analysis, including the input
parameters such as the geometrical and
mechanical properties of the culvert and soil, as
well as the loading conditions, along with the
output parameter of the shear capacity of the top
slab, are summarized in Table 1.
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Figure 8. (a) The normal forces (kN), (b) shear forces (kN) and (c) moments (KN.m)

Table 1. Results of shear capacity on box culvert used for training and testing set

Data Depthof  Heightof  Width of Tr(‘)'f‘t(gsss Soil  Soil unit V}’:aecf'
Number (E:J)S?r:‘lonr']]) (;L)JI(V;:;) (I;;Jl(vrgg) slab (ts) al;n(;tlon weight (WL) FSshear
(mm) gle (9) ™ (kN)

1 700 1100 1100 110 30 18 30 1.08

2 750 1100 1100 110 30 18 30 1.17

3 800 1100 1100 110 30 18 30 1.259

4 850 1100 1100 110 30 18 30 1.345

5 900 1100 1100 110 30 18 30 1.428

Training 6 950 1100 1100 110 30 18 30 1.507

Set 7 1000 1100 1100 110 30 18 30 1.582

8 700 1200 1200 120 30 18 30 1.115

9 750 1200 1200 120 30 18 30 1.208

10 800 1200 1200 120 30 18 30 1.299

112 950 1100 1100 110 40 19 40 1.447

113 800 2000 2000 200 40 19 40 1.315

114 850 2000 2000 200 40 19 40 1.404

115 900 2000 2000 200 40 19 40 1.489

116 950 2000 2000 200 40 19 40 1.57

117 1000 2000 2000 200 40 19 40 1.645

_ 118 700 3000 3000 300 40 19 40 1.125

Testing Set

119 750 3000 3000 300 30 19 40 1.218

120 800 2000 2000 200 30 19 40 1.315

121 850 2000 2000 200 30 19 40 1.404

122 900 2000 2000 200 30 19 40 1.489

140 1000 3000 3000 300 40 19 40 1.655
4. Artificial Neural Networks engineering [21,22]. These complex
relationships are estimated by artificial neural
Artificial Neural Networks (ANNs) are networks with high accuracy [23-26]. In this

sophisticated computational models inspired by
the behavior of the human brain and nervous
system.  Emerging artificial  intelligence
techniques have shown great sensitivity in
predicting actual values without lengthy
observational processes [19,20].

At this point, artificial neural networks (ANNS)
have clear advantages in addressing complex
non-linear problems in the field of civil
the optimum weight combination of these
neorons of feed-forward neural networks with
various combinations of network and training
parameters, including number of hidden layers is
the back-propagation (BP) algorithm [27] Feed-

regard, ANNs offer several advantages over
more conventional computing techniques.

A typical ANN architecture is constitutes by
layers including an input layer, one or more
hidden layer(s) and an output layer. Each layer
basically contains a number of neurons working
as an independent processing element and
densely interconnected with each other. The
method most commonly used for finding

forward neural network is trained by a fastest BP
algorithm called Levenberg-Marquardt [27]
Levenberg-Marquardt was used to improve the
speed and general performance of BP [27]. An
activation function governs a summing process
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by multiply inputs by its weights. Training
process terminates its cycles with a minimal sum
squared error.

ANNs have a natural property for storing
experiential knowledge of data and making it
available for use of the problem solving as an
interconnected group of artificial neurons [27].
According to above mentioned definitions, an
ANN is considered one of the most powerful
techniques inspired by the human-brain
information process in soft computation method
[28].

The assignment of the ANN architecture is
difficult task to obtain. Currently, there is no
analytical way of defining the network structure
as a function of the complexity of the problem to
achieve the desired accuracy.

An optimal ANN architecture is considered as
the one yielding the best performance in terms of
error minimization, while retaining a simple and
compact structure [27]. Specifying the network
architecture and detecting the optimal values for
the connection weights of a training algorithm
constitutes two main issues concerning the
implementation of the ANN. The architecture
arranged in a sequence of layers, one for the
input, one for hidden layer and one for the output
was used for ANN model (Figure 9).

Figure 9. The ANN's architecture

Data from several scenarios were determined by
utilizing an ANN architecture consisting of one
input layer, one hidden layer, and one output
layer. The data derived from the several shear
capacity calculations have identified that, even
by using one hidden layer, any complex function
in a network can be solved [29]. Thus, one hidden

layer was selected in the ANN model using 10
hidden neurons provides the most accurate and
minimum error.

Developing an optimum ANN architecture is a
time-consuming operation because of the
insufficient nonlinear relationship between input
and output layers of the small structures [30].
However, a large structure provides a complex
problem and requires a significant amount of
time to train without well generalization. The
literature shows that the number of neurons in the
hidden layer (Nnn) has a significant effect on the
system's nonlinearity [31]. Thus, Nhn is the key
factor for a proper mapping in which data flows
between the input and output layers, resulting in
good predicting using ANN.

=
o
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Figure 10. MAPE-N, relation of the ANN
architecture.

The prediction performance and the influence of
the Nnn has been evaluated using mean absolute
percentage error (MAPE). The minimum MAPE
has been reached in the combination with Npm =
10, showing the optimum architecture (Figure
10).

Table 2. Details of the parameters used for the ANN

model
Data Model Minimum  Maximum Mean
Type Parameters Value Value Value
Depth of
cushion (hy) 700 1000 850
(mm)
Height of
Input culvert (H) 1100 3000 1754.29
(mm)
Width of
culvert (B) 1100 3000 1754.29
(mm)
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Thickness of

top slab (tw) 110 300 175.43
(mm)
Soil friction 30 0 35
angle (o)
Soil unit
weight (1) 18 19 18.50
Wheel load
(WL) (kN) 30 40 35
Output FSshear 1.03 1.72 1.38

Subsequently, the data classification of the ANN
model is based on the use of 80% of the data for
training and 20% for testing, as suggested by
Shahin et al. [32]. The network capacity is
characterized by testing phase results
emphasizing data generalization. In the model,
LM algorithm is utilized to assemble the ANN
model, while applying log sigmoid as the transfer
function. The details of the parameters examined
throughout the ANN analysis are dedicated in
Table 2 for proposed scenarios.

5. Results and Discussion

Based on different scenarios of extreme loading
of reinforced concrete culvert with different
geometries and soil conditions, the ANN values
modeled by multi-layer perception were shown
in Figs. 11 and 12. An overall good agreement
between ANN model and conventional results of
beam on elastic foundation has been found.
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Figure 11. The comparison of the computed FSshear
of top slab values with the predicted FSshear OF top
slab values from the ANN model for training
samples
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Figure 12. The comparison of the computed FSshear
of top slab values with the predicted FSghear O top
slab values from the ANN model for testing samples

Subsequently, the performance of the ANN was
evaluated in Table 3 with four factors: coefficient
of determination (R?), mean absolute error
(MAE), variance accounted for (VAF) and mean
square error (RMSE) to predict the accuracy of
the proposed ANN model. The suitability of the
model was verified with the ranges of
performance indices.

Table 3. Performance indices (R?, RMSE, MAE and

VVAF) of the ANN and model

Mod 2 RMS MA VA

el Daa R E E F
Trainin  96.3 95.2

ANN g se_t 3 0.82 0.43 8
Testin 95.8 94.7

g set 1 1.23 0.76 5

It is noted from the results of the ANN model has
the R? value of 0.9633 and 0.9581 for training
and testing set, respectively indicating a perfect
accuracy of the proposed model in this study.

6. Conclusion

In this study, the efficiency of the ANN model to
predict the shear capacity of top slab (FSshear) has
been investigated and compared. To achieve this,
the FSshear Values were computed by changing the
applied wheel load, soil friction angle, box
culvert geometry and fill conditions from road
level and utilized in the simulation of the ANN
model. The input parameters used in the ANN
model are five geotechnical parameters
containing geometry component of box culvert
(H, B, and tis), soil condition (¢ and 7yseil) and
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traffic condition (wheel load, WL) with depth of
cushion (hf). The output parameter of the model
is the computed shear capacity of top slab
(FSshear) by using beam on elastic foundation
approach.

It can be concluded that the ANN model
developed in this study can be used for the
estimation of the FSsnear Value and so for the
determination of the top slab shear capacity of
extremely loaded reinforced concrete culvert on
elastic soil.

In conclusion, the suitability of the model has
been rigorously evaluated through
comprehensive performance index evaluations,
and the findings confirm the model's outstanding
accuracy, demonstrating its potential as a reliable
method for the chosen rear axle distance.
However, for future research efforts, it would be
appropriate to investigate comparative analyses
with different axle distances using various soft-
computing methodologies.
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Architectural design needs structural systems to survive.

Structural systems on planets encounter load factors that are different from the load
factors on Earth. Choosing the optimum structural system is important for the
structures planned to be built on planets to survive under the effects and loads of the
environment and to adapt to human physiology. Some of the different types of
structural systems used on Earth are featured in the literature for building a structure
on planets. An evaluation system has been created to determine the correct system
type for the first settlements on planets among the prominent structural system types
and to narrow down the selection area of these system features. In line with this
evaluation system in this study, a structural system model that stands up to harsh
environmental conditions and protects human health is proposed for the first
settlements on the planets. It is aimed that the evaluation system will be developed
in the light of research emerging from developing technologies and can be used in
future studies.

1. Introduction

Due to the rapid depletion of Earth's resources
and advancements in technology, the search for
life on other planets has introduced the concept
of planetary architecture. Planetary architecture,
which encompasses the design and construction
of structures, aims to enable livings to work and
live healthily on planets for extended periods.

On Earth, structures protect living beings from
potential environmental effects. However,
planetary  environmental  conditions  are
significantly harsher and more unusual than
those on Earth. The goal is to shield the
occupants of buildings constructed in these harsh
conditions from environmental impacts.

The extreme environments of planets profoundly
influence the architecture and structural systems
of buildings. While on Earth, structural systems

are designed with conventional factors such as
dead and live loads in mind, on other planets,
factors such as gravity, radiation, pressure, dust,
temperature, and cost are critical in selecting the
structural system.

There are numerous studies being updated daily
on the types of structural systems that can
withstand the harsh environmental conditions of
planets and the materials that compose these
systems.  With  continually  advancing
technological developments, discussions about
the selection of structural systems suitable for
planetary conditions will persist. Creating an
evaluation system to determine the optimal
structural system for planetary structures
accelerates the decision-making process among
options, facilitates understanding the behavior of
structural ~ systems under  environmental
influences, and highlights the superiority of
different systems.
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2. Harsh Environmental Conditions of Planets

While Mars, where life is predicted to exist, is on
average millions of kilometers away from Earth,
the Moon is on average 384,400 kilometers away
from Earth (Figure 1) [1, 2]. Transporting
materials, workers, and equipment over these
vast distances is quite costly [3]. When
determining the structural system for planned
constructions, it is important that the structural
elements transported from Earth to these planets
are small in volume and light in weight.
Additionally, it is crucial that the materials used
in the construction are locally sourced.

Figure 1. Distance between Earth and planets

The gravitational force, which is considered
constant on Earth at an average value of 9.80665
m/s?, varies on other planetary surfaces [4]. On
the Moon, this value is one-sixth of Earth's
gravitational acceleration (1.62 m/s?), while on
Mars, it is one-third of Earth's acceleration [5, 6].
Structural system design in different gravity
environments is a concept for which knowledge
and experience are limited on Earth. However,
with decreasing gravity, the weight of structures
built on other planets will be less than those built
on Earth (Figure 2). Consequently, much thinner
and lighter structures can be designed, and larger
spans can be achieved [7]. This is because the
load-bearing capacity of structures will be
greater than on Earth [6]. As the load-bearing
capacity increases with decreasing gravity, the
materials used in the design of structural systems
do not need to be as high-strength as those used
on Earth [8].

48cm

Figure 2. Comparing the gravity of planets

Radiation that harms human health and
electronic equipment is limited on Earth by the
atmospheric  layer. However, since the
atmospheric layers surrounding other planets are
very thin or non-existent, they cannot limit these
harmful rays. There is no atmospheric layer on
the Moon, while Mars has a very thin atmosphere
(Figure 3) [5, 9]. To build a livable structure in a
planetary environment that cannot limit harmful
radiation, the radiation effect on the building's
structural system must be mitigated. Although
radiation does not create a direct load on
structural systems, radiation protective layers
added to structures for human health can create
an additional load [5].

In various studies carried out for planets, the
shielding method is used to provide protection
from radiation [10]. Different materials are
considered for shielding to protect the building
from radiation. Regolith, the soil covering the
surface of planets, is the local material
considered for radiation protection [11]. To
provide radiation protection equivalent to Earth's
atmosphere, the structural system must be
covered with a 5-meter thick layer of regolith
[12]. Another material planned for shielding on
planets is water. Water is considered an effective
radiation shield due to its chemical properties.
For protection equivalent to Earth's atmospheric
standards, a 10-meter thick water column is
required [8].

The temperature factor, which is evaluated in
structural system design on Earth, is crucial in the
high temperature difference environments on
other planets.
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Figure 3. Radiation effect on Earth and Planets

On the Moon, where life is predicted to exist, the
temperature varies between -310°F (-190°C) and
+279°F (137°C), while on Mars it ranges
between -89°C and -31°C (Figure 4) [13]. Such
extreme temperature differences can cause
effects on structural systems such as thermal
stress, expansion, contraction, and fatigue,
impacting the strength and durability of the
structure. Therefore, various precautions must be
taken during and after the construction phase.
Large temperature differences also affect the
material selection and form of the structural
system. For this reason, in selecting materials for
the structural system, it is important to use
materials that have low thermal expansion
properties, do not exhibit deterioration,
shrinkage, or expansion within a certain
temperature range, and can adapt to large
temperature changes. This is essential for
building habitable structures on planets [8, 13].

(7

Figure 4. Temperature values of the Earth and
planets

The pressurized environment required for livings
to survive is maintained on Earth by the influence
of the atmospheric layer [14]. However, the open
air pressure on Mars and the Moon, where
habitable structures are planned, is significantly
lower [15]. To avoid the negative effects of low
pressure on humans and to establish long-term
living habitats on these planets, pressurized
living spaces (Pressure Vessels) must be created.
These structures will need to maintain a sea-level
pressure of 101.3 kPa [16]. In pressurized
structures, tensile forces will occur on the outer
surface due to the internal pressure (Figure 5)
[17].

Figure 5. Pressure effect on Earth and planets

Unlike the Earth's environment, the surface of
planets has a layer of fine particles. These fine
particles adhere to surfaces, causing permanent
damage to construction equipment and exposed
surfaces [6]. They accumulate on the surface and
lead to the corrosion of structural system
elements and electronic equipment [8, 18].This
factor is crucial in determining the form of the
structural system. As the surface area of the
structure increases, the impact surface of these
particles also increases [19]. Circular forms that
reduce the accumulation of dust particles on the
surface can be utilized in planetary structures
[20].

3. Structural Systems Planning on Planets

To establish long-term settlements in the harsh
environmental conditions of planets, the
structures must ensure the safety of their users
and create healthy environments. To determine
the structural system of these structures, various
suggestions have emerged that can adapt to the
challenging variables of planetary conditions.

3.1. Steel systems

Steel, which is used on Earth as a high-
performance, lightweight, ductile building
material that can span large spans, can also be
used for the structural systems of structures on
planets. Iron-nickel (FeNi) meteorites found on
Mars remain on the surface of Mars without
oxidation due to the existence of an atmosphere
consisting of carbon dioxide (CO2) and the
absence of water [21].Studies on the use of steel
systems with high tensile strength under
planetary conditions continue.

Research continues to ensure that steel systems
with high tensile strength can be used under
planetary conditions. It is important how steel,
which can be produced from local resources on
Mars, responds to the planet's environmental
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conditions. Steel production on the Moon is also
an issue that needs to be investigated. Designed
by ABIBOO Studio (A global design company)
and SONet (The Sustainable Offworld Research
Network), the Mars City named “NUWA”,
which is planned to be built in 2054, is a self-
sufficient sustainable city. This city is intended
to be built using steel obtained by processing
iron-nickel meteorites, the local material on
Mars, with carbon dioxide. Steel will be the main
material in the structure to be built with the lava
tube system (Figure 6-7) [22, 23].

0 e

i - o T
Figure 7. Niiwa City [23]

3.2. Concrete, reinforced

concrete systems

regolith and

Concrete consists of mineral materials such as
aggregate and gravel combined with cement and
water as binders. Reinforced concrete systems
are created by reinforcing concrete, known for its
high resistance to compression, low cost, and
proven methods, with steel elements. To be used
as a building material in harsh planetary
conditions, concrete requires special
modifications to maintain its bearing strength
under extreme conditions. The durability,
continuity, vapor permeability, tensile and
compressive strength, thermal expansion, and
UV resistance of a habitable structure built with
concrete on planets must be evaluated and
designed for these harsh conditions [8].

The low gravitational force of planets affects the
load on the structural system. High temperature
fluctuations increase the thermal stress on the
concrete, and the high radiation environment
complicates construction conditions and may
affect the integrity of the structure. Harsh
environmental conditions will require rethinking
processes such as pouring, curing, and
compaction of concrete [24].

To produce concrete in planetary environments,
it is important to utilize local materials found on
planets. For standard concrete to be produced,
aggregate, water, and cement must be sourced or
manufactured. Producing waterless concrete is
crucial to ensure that the concrete made from
local resources is not affected by temperature
differences [8].Three types of concrete stand out
for use on planets.

Sulfur concrete (Figure 8) is a type of concrete
made from sulfur aggregates and plastic, without
water and cement [25, 26]. Compared to standard
concrete, it offers “Fast curing time, waste
management, recycling opportunities, high
resistance to acids and radiation, the possibility
of concreting at sub-zero ambient temperatures,
fast setting time, low electrical and thermal
conductivity, water resistance, high freezing
resistance, and high wear resistance™ [27]. Since
Mars and the Moon are rich in sulfur, the use of
sulfur concrete is recommended. Sulfur concrete
is twice as strong as standard concrete and has a
much shorter curing time [3]. However, like
standard concrete, sulfur concrete has weak
tensile strength. The use of elements that can
absorb the tensile force of concrete under
planetary conditions, which is reinforced with
steel elements for tensile strength on Earth, has
yet to be discovered.

Magnesium concrete is not widely preferred as a
structural system material on Earth due to its high
cost. However, it can be used on planets. It is
suitable for the extreme conditions of planets due
to its properties of not conducting heat, cold, or
electricity [26].
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Figure 8. Sulfur concrete [28]

Polymer concrete (Figure 9) uses polymer
materials as binders. “Polymer concrete
materials are used in various applications due to
their superior properties such as fast curing, high
compressive strength, high rigidity and strength,
resistance to chemicals and corrosion, ability to
form complex shapes, and high vibration
damping properties™ [25, 29]. It has 2-4 times the
compressive strength and 3-6 times the tensile
strength compared to conventional concrete [25].
However, to produce this concrete on planets,
polymer materials would need to be transported
from Earth [8].

5 4 AT 47 B
Figure 9. Polymer Concrete [30]
3.3 3. D printed systems

The 3D printing system creates three-
dimensional shapes from a malleable material
[31]. Applications using 3D printing systems
take less time than traditional methods.
Structures created with these systems have no
restrictions on span or length, allowing for
unlimited building forms. Since robots construct
the structure in this system, the need for labor
decreases  significantly.  However, this
technology is still evolving. Although material
and labor costs are low with 3D printing, the
equipment is costly. By using this developing
system with concrete materials, the 3D concrete
printing (3DCP) method has emerged [20, 31]. In
structures built with the 3D printing system,
vertical elements are created by spraying

concrete material with the help of a pump and
layering the material.

Different studies have been carried out to build
habitable structures on planets with the 3D
printing system. Designed by Al SpaceFactory
(A company developing  manufacturing
technologies for space exploration), "Marsha" is
planned to be built on Mars with 3D printing
systems. The structure, rising in an egg-like
vertical form, is printed with printing material
derived from natural materials (Figure 10) [32,
33]. A different study, the "Mars Ice House"
project, which envisions creating a habitable
structure by printing water ice with 3D printing
systems, was designed by SEARch+ (Space
Exploration  Architecture) and  Clouds
Architecture Office (Figure 11) [34].

Figure 11. Mars Ice House [34]

3.4. Pneumatic (Inflatable) systems

Pneumatic (Inflatable) systems are created by
using membrane materials to absorb tensile
forces on the structure, which are then inflated
with air supports. The basic working mechanism
of this system relies on the membrane material
becoming structural through the pressure
difference on its surfaces. To withstand the stress
on the membrane material, it is additionally
supported by different structural systems such as
columns and cables [35].

Considering the harsh environmental conditions
of planets, pneumatic structural systems are
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suitable for transportation from Earth to
planetary environments due to their low mass-to-
volume ratio and foldable feature [36]. They are
resistant to the tensile forces that occur when the
structure is pressurized in low-pressure
environments [37]. This system, which is
suitable for spherical geometric forms, can also
be configured into free forms such as cylinders,
cones, and tori [36].

It is crucial that the membrane material, the main
element of pneumatic systems, is suitable for the

harsh conditions of the planet and has the
strength to carry the loads imposed on it. Simple
membrane fabrics are not suitable for use in
planetary conditions, so layered or composite
solutions are preferred [8]. Organic polymer
materials are lightweight and can be easily
shaped [38]. Aramid fabrics composed of organic
polymers are used in aerospace applications [39].
Different types of aramid fabrics, known for their
high strength, lightness, durability, and heat
resistance under planetary conditions, are listed
in Table 1 along with their properties.

Table 1. Characteristics of Different [40-43]

Kevlar Vectran Nomex Twaron
Temperature Resistance  -40°/429° -40°/330° -40°/250° -40°/300°
Thermal expansion Low Low Low Low
UV Resistance Available Available Not available  Available
Tensile Strength(MPA)  2800-4100 1100-3200 400-500 2500-3500

In the studies carried out, there are suggestions
for structures with pneumatic structural systems
that are intended to be used on planets. A
cylindrical structure with a pneumatic system
was designed by Kriss Kennedy and his team
[35]. The “Space Nomad” project, created from
three-layer membrane materials, was designed
for Mars [44]. The “Mars Ice Home” project was
created with pneumatic systems and was
achieved by filling the pockets of the membrane
material with water (Figure 12) [45]

Figure 12. Mars Ice Home [45]

3.5. Mixed systems

The systems intended to build structures against
the harsh environmental conditions of planets
have both advantages and disadvantages. To
mitigate these disadvantages, hybrid systems

have been developed, combining rigid and
flexible systems for planetary construction.
Flexible  structures are vulnerable to
environmental effects such as meteorite impacts
and radiation. While rigid structures are more
effective against these environmental effects,
flexible structures are more resistant to the loads
created by internal pressure compared to rigid
structures [46]. By combining these systems,
which have complementary strengths and
weaknesses, mixed structural systems for
buildings can be created.

Different design suggestions have emerged to
create livable spaces on planets for buildings
with mixed structural systems. “TransHab”,
which is one of the examples of mixed structural
system buildings, is a design model with an
inflatable outer shell and a rigid core inside [47].
Another mixed structural system structure
proposed for planetary settlements is the "Hive
Mars" project. It is formed by pressurizing an
egg-shaped pneumatic system into the outer shell
built with 3D systems (Figure 13) [48, 49]. The
"Lunar Habitation ESA" project, which is
planned to be built on the lunar surface and
designed by Foster and Partners, was created by
adding the regolith layer on top of the dome-
shaped pneumatic system with 3D printing
systems (Figure 14) [50, 51].Another

1120



Serra Celik Kiratli, Ali Osman Kurusgu

construction proposal using hybrid systems
"Mars X-House V17, was created by covering
two pneumatic (Inflatable) systems in the inner
center with a 3D-printed protective radiation
shield (Figure 15) [52, 53].

Figur 14. Lunar Habitation ESA [50]

Figure 15. Mars X-House V1 [53]

4. Evaluation of structural systems

To determine the structural system of a structure
to be built on planets, a building material that can
safely carry loads, withstand environmental
conditions, is cost-effective, has a suitable
modular geometric form, and possesses high
strength with low thermal expansion is needed
[17]. Understanding the different environmental
conditions of planets is essential to creating a
suitable  environment for users. When
determining the structural system of buildings,
important variables include the structure's
function, geometry, loads, material, and cost.

Using a scoring system to choose a structural
system in planetary environments, where there
are various variables and alternatives with
respective advantages and disadvantages,
facilitates the decision-making process. This
evaluation system aims to select an appropriate
system by assessing numerous sub-variables to
decide on the structural system suitable for
planetary conditions. As information about
planets is continually developed and updated, the
structural system alternatives and factors in the
scoring system will evolve over time. In the
scoring system, structural system types are
compared against factors affecting their
selection, and as a result of the comparison, the
systems are rated from 1 to 5. A rating of 5
indicates that the structural system is efficient
and preferable against the factor, while a rating
of 1 indicates that it is weak and not advisable.
Ratings of 2, 3, and 4 are intermediate evaluation
scores. These scores for the factors will be
explained specifically for each structural system.

4.1. Cost of the structure

Various variables affect the cost of a structure
planned to be built on planets. Transporting
building materials from Earth to the planetary
environment and the construction process on the
planet itself significantly impact the cost. The
types of structural systems prominent for use on
planets are evaluated according to the factors
shown in Figure 16.
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Figure 16. Evaluation of structural systems
according to cost factor

e Mass: Pneumatic systems are the lightest
(5 points). Steel systems carry less
material from Earth (4 points). 3D
printing systems are rated intermediate (2
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points) due to the size of the equipment
that must be transported to the planets
(Figure 16).

e Volume: 3D printing systems can create
unlimited volumes (5 points). Steel
systems can span large areas (4 points).
The volumes that pneumatic systems can
create are limited (3 points) (Figure 16).

e Simplicity: Pneumatic systems are the
simplest in construction (5 points). Steel
systems are more complex than
pneumatic systems in terms of material
production (3 points), and our experience
with them is limited. 3D printing systems
are the most challenging (1 point) (Figure
16).

e Construction Time: Pneumatic systems
arrive from Earth to the planets almost
ready (5 points). 3D printing systems,
built through robots, are faster than steel
systems (4 points). Steel systems are
slower (3 points) (Figure 16).

e Construction Equipment: Pneumatic
systems can be constructed almost
without the aid of equipment (5 points).
Steel systems require equipment for
material production (3 points). Bringing
3D printing system robots from Earth is
challenging (1 point) (Figure 16).

4.2. Loads of the structure

Loads refer to the forces acting on a structure. A
building withstands these loads thanks to its
structural system. The environmental conditions
of planets affect the load characteristics acting on
the structure.

The durability of structural systems depends on
environmental conditions, structural loads, and
material properties. When choosing a structural
system, the differences in environmental
conditions between Earth and other planets affect
the loads on the structures. For example, wind
formation is not very common on the Moon and
Mars due to the lack of a significant atmosphere
[9]. Therefore, wind load can be ignored when

creating structures on these planets. However,
dust storms that affect the structure similarly to
wind are a significant consideration. This dust
load is important for ensuring resistance to
external influences. Dust should not accumulate
on the structure, and designs that protect
structural system elements should be considered.
The form of the building and any indentations on
the structure influence the structural system's
exposure to dust load. Additionally, the
durability of habitable structures is crucial to
prevent them from being affected by the dust
load. Rigid structural systems are more resistant
to this load compared to flexible systems.

2
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Figure 17. Evaluation of structural systems
according to dust load factor

e Dust: Since 3D printing systems are rigid
systems, they are resistant to wear (5p).
Since steel systems are rigid systems
(3p). It is more durable compared to
pneumatic systems (2p) (Figure 17).

Gravity load, which determines the amount of
dead load on the structure on Earth, dominates
the choice of structural system. Unlike on Earth,
on planets, the pressure load is the determining
factor, not the gravitational load. Tensile forces
occur on the surface of the structure, which must
be pressurized in order to create a healthy
environment for its users.
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Figure 18. Evaluation of structural systems
according to pressure load factor

e Pressure: It is usable because it is
resistant to the tensile forces of
pneumatic systems (5p). The steel
material used in steel systems is resistant
to tensile (3p), however, 3D printing
systems are not efficient without
additional supports (1p) (Figure 18).

Flexible structural systems are more affected by
radiation compared to rigid structural systems.
Proposed methods of protection from radiation
on planets will create an additional load mass on
the structure [16]. It is important that the
structures to be built can bear this load.
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Figure 19. Evaluation of structural systems
according to radiation load factor

e Radiation: 3D printing systems carry the
incoming load to protect from radiation
(5p). The strength of steel systems
without coating with additional coatings
is low (2p). Pneumatic systems cannot
handle the shielding load even without
support elements (1p) (Figure 19).

4.3. Material of the structure

It is important to determine the structural system
before considering system materials on planets.

The evaluation system used to propose a
structure for the first settlements on planets
suggests that economical (inflatable) flexible
systems are advantageous according to cost and
load factors. However, it will be important to
compare this system with the ready-made
capsule systems sent from Earth to planets for
construction. The different effects of these two
systems have been evaluated.

e Cost: Capsule systems (2p), created with
high technological possibilities, are much
more costly to produce compared to
pneumatic structural systems (5p) (Figure

20).
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Figure 20. Comparison of Pneumatic Systems and
Capsule Systems

e Transport: Transport and installation of
capsule systems (1), which are planned to
be sent ready-made from Earth to the
planetary environment, are quite difficult
and costly compared to pneumatic
systems (4p). According to Dr. Ibrahim
Giliven, an associate professor in the
Department of Mechanical and Nuclear
Engineering in the VCU College of
Engineering, the cost of transporting 1
pound of weight to the moon is currently
around $100,000 (Figure 20).

e Modularity: In the planetary
environment, which is quite open to
developments and changes, capsule
systems (1p) are closed to adaptations
compared to pneumatic systems (5p)

(Figure 20).
e Maintenance and repair: Repair and
maintenance of high-tech  capsule
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systems (1p) are quite complicated
compared to pneumatic systems (5p)
(Figure 20).

e Load Transfer: Capsule systems (5p) are
advantageous compared to pneumatic
systems (2p) in carrying heavy loads
(Figure 20).

e High Technology: Capsule systems (5p),
produced with advanced technological
systems, are more resistant to harsh
conditions compared to pneumatic
systems (1p) (Figure 20).

As a result of the evaluation, pneumatic systems
are advantageous compared to capsule systems.
In this regard, when material selection is made, it
is important that the membrane material, which
is the structural element, is selected in
accordance with the environmental conditions of
the planet. Studies have shown that aramid
fabrics consisting of organic polymers are used
on planets [54]. Aramid fabrics recommended for
use were also evaluated. (Figure 21).
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Figure 21. Evaluation of the properties of materials

e Temperature resistance: Kevlar fabric
material has the widest temperature range
(5p) as it can withstand -40°/429°.
Vectran (4p) based on -40°/330° range
respectively. Twaron (3p) based on -
40°/300° range. Nomex (2p) is rated
based on the -40°/250° range (Figure 21).

e Thermal expansion: Since the thermal
expansion feature of the membrane
fabrics intended to be used is at a low
level (4p), they are scored equally (Figure
21).

e UV degradation: Kevlar, Vectran and
Twaron (4p), a membrane with uv
degradation resistance. Nomex that does
not have this resistance is rated as (1p)
(Figure 21).

e Tensile strength: Kevlar (2800-4100
mpa) has the highest tensile strength of
the membrane fabrics that become
structural by pressurization (5p). Tensile
strength value respectively twaron (2500-
3500 mpa) (4p). vectran (1100-3200
mpa) (3p). nomex is rated as (400-500
mpa) (2p) (Figure 21).

In addition to making the membrane fabrics of
structures with pneumatic structural systems
resistant to radiation, it is important to provide
shielding around the structure to ensure the
health of living things and the resistance of the
structure. In order to provide shielding on
planets, the materials that have been highlighted
in the research carried out so far have been
evaluated (Figure 22).
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Figure 22. Evaluation of the properties of radiation
protective materials

e Radiation protection: regolith requires a
depth of 5m to provide protection
equivalent to the Earth's atmosphere (5p).
The water must be 10m deep to provide
protection from there (3p) (Figure 22).

o Availability: since the surface layer of the
planets is covered with its native material,
regolith (5p). Water is not directly present
on the surface (3p) (Figure 22).

o Simplicity: regolith found on the surface
of planets can be used directly (5p). In

1124



Serra Celik Kiratli, Ali Osman Kurusgu

order to use water, its form must be
transformed into ice (3p) (Figure 22).

e Light transmittance: Water is a material
that transmits light (5p). The regolith
does not allow light into the structure (1p)
(Figure 22).

4.4. Geometry of the structure

Geometric form is an important factor in
determining a structural system. The harsh
conditions of the planets are effective in the
formation of the geometric form of the structure.
Straight or arch geometries are used in the
openings we will pass through to create
structures in these harsh environments. Crossing
the opening straight is not as effective as arch
geometry in terms of load transfer. As seen in the
Figure 23, arches are more resistant to tensile and
pressure forces than straight opening transitions.

| by

Figure 23. Arches and straight opening transitions

There are different geometric forms proposed to
build structures in the harsh environmental
conditions of the planets. Rectangular, spherical,
cylindrical and conical forms intended to be used
on planets are evaluated according to their
various features in the figure 24.
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Figure 24. Evaluation of building forms

e Spherical form: although its surface area
is small, it is large in volume (5p). It is
difficult to wuse this large volume
efficiently (3p). It is relatively easy to
produce a tested geometry form (4p). It
transfers the loads acting on it to the
ground evenly (5p). Also, the form is not
a good choice when considering modular
additions (1p) (Figure 24).

e Cylindrical form: the surface area it
covers is quite small compared to the
volume (4p). It is very efficient in terms
of volume (5p). It distributes the loads
acting on it equally (5p). It is a geometric
form (4p) suitable for modular additions.
It is relatively easy to produce a tested
geometry form (4p) (Figure 24).

e Rectangular form: surface area to volume
ratio is inefficient compared to other
forms (3p). It allows efficient use of the
volume it creates (5p). Suitable for
modular additions (5p). They are simple
because they  form  symmetrical
geometries (5p). Considering spherical
forms, charge transfer is incomplete (2p)
(Figure 24).

e Conical form: the volume narrows as it
rises, making it difficult to use it
efficiently (2p). To obtain large volumes,
the surface area must increase
considerably (2p). It does not allow
modular additions (1p). It is a complex
structural form (1p). It cannot transfer the
load to the ground efficiently (1p) (Figure
24).

4.5. Building proposal

As a result of the evaluation, it is important to be
able to build fast, simple, and functional
structures in the first settlements on planets. The
types of structural systems envisaged for use in
these initial settlements were evaluated
according to cost, load, material, and geometric
form criteria. The evaluation concluded that
mixed (hybrid) systems, which incorporate 3D
systems, would be more appropriate for use in the
settlement phase after the first planetary
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settlements. Transporting capsule structures,
planned to be built on Earth using high
technological means and then transported to the
planet's surface, is very costly. Studies have
determined that the cost of transporting 1 pound
(0.45359237 kilograms) of weight to the moon is
currently around $100,000. and sending it to
Mars will cost much more [55].

Therefore, pneumatic (inflatable) structural
systems, which are light, foldable, and can be
built very quickly, were deemed suitable for the
first settlements on planets. These systems will
be transported to planets by folding them into
small volumes and built on the planet's surface.

Figure 25. Building proposal plan

When evaluating aramid fiber fabrics, which are
the main material of pneumatic structural
systems, Kevlar Aramid Fiber and Twaron
Aramid Fiber, intended for use in the planetary
environment, received close scores. To make an
evaluation between these two options, their costs
were compared, and Kevlar Aramid fabric was
deemed appropriate due to its affordable cost [56,
57] . It is recommended to use a hybrid form
created with cable support elements to benefit
from the advantages of both spherical and
cylindrical geometries, which yielded close
results in the scoring of the geometric form of the
structure.

It is deemed appropriate to cover the Kevlar
aramid fabric, which meets the tensile stresses
that will occur when the pneumatic system is
pressurized to sea level pressure (1013.25
millibars), with a layer of regolith, the surface
material of planets, to protect against the
negative effects of radiation, meteorites, and
temperature. Studies have shown that a three-
meter deep regolith layer provides the protection
equivalent to Earth's atmosphere [58].

Additionally, the protective regolith layer added
to the structural system also creates thermal
comfort within the building. The regolith layer
surrounding the structural system can keep the
temperature inside the structure constant at +2
degrees [28]. The floor of the structure created
with a pneumatic system will be separated from
the planet's surface thanks to its air layer feature.
There should be a regolith layer on the upper
layer of air, providing good insulation with low
thermal conductivity, as on all other surfaces of
the building. This regolith layer separates the
ground of the structural system from the planet's
surface.

Figure 26. Building proposal section

Light does not penetrate the structure covered
with regolith, the surface material of planets. To
protect the psychological and physical health of
users, they need surfaces that allow light
transmission. In this building proposal, aimed for
use in the first settlements on planets, the regolith
layer will be pierced with air-locked systems to
allow natural light into the volume. To create a
skylight that transmits light while maintaining
pressure and radiation control, the space between
the double-layered transparent P\VC membrane
material will be filled with water, which has
radiation protection properties, acting as a
cushion and sealing the openings [59]. To allow
modular joints and increase research on planets,
it is recommended to use input and output
elements designed specifically for pneumatic
systems, ensuring they do not disrupt the
pressurization within the structure (Figure 25, 26,
27).
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Figure 27. Building proposal

5. Conclusion

In this study, which aims to create a structural
proposal for the first settlements on planets, a
scoring system was developed to select and
compare criteria. This scoring system aims to
mathematically grade all stages in the structural
system selection process. Based on this system,
it was determined that the primary system to be
used in the first settlements should be Pneumatic
(Inflatable) systems, transported from Earth to
planets. To increase the usable volume area, the
proposed structure, combining cylindrical and
spherical forms, should be supported with cable
elements to bear the loads. It is recommended to
cover the structure with regolith to protect the
main structural system and living organisms
from the damaging effects of the planetary
environment.

The building model proposed as a result of the
evaluation is still at the conceptual stage. With
advancing technological steps, planetary
environments need to be tested in more detail.
The evaluation system is designed to keep pace
with developing technology. Based on further
studies, additional criteria can be added to this
evaluation system, or obsolete criteria can be
removed.

This research simplifies and objectifies the
process of determining the structural system for
the frameworks of structures to be built on the
planets where we plan to travel and settle
permanently in the near future. It is intended that
this evaluation system can serve as a foundation
for future studies on structural system selection
on planets.
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