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Prediction Score Measurements for Prognostic and Health Management 

Data Challenges 

 

Oĵuz BEKTAķ1 

 

Introduction  

In the evolving field of Prognostics and Healthcare Management (PHM), the search for 

accurate and reliable data has been a long-standing challenge (Javed et al., 2017). Over the 

years, the field has witnessed remarkable developments in both technology and methodology 

and PHM data challenges have served as a major source for innovation and progress in the field. 

Particularly, the performance measurements introduced by these data challenges have a very 

significant realm in the field of PHM. These metrics serve as benchmarks to measure the 

accuracy, effectiveness, and overall performance of prognostic systems. They provide a 

structured framework for evaluating how well a system performs in terms of predicting health 

and anticipating potential problems. Performance metrics are, in essence, a critical bridge that 

connects the theoretical concepts of PHM to real-world applications. 

This section discusses the importance of measuring performance through metrics and 

highlights the importance of these measurable indicators in assessing the effectiveness of 

prognostic systems. Through these metrics, PHM research can gain invaluable insight into how 

their systems are performing and whether they are on track to achieve predefined goals. 

In the following sections, this work delves deeper into the field of Prediction Score 

Measurements, drawing on a comprehensive analysis of various datasets published in the PHM 

space. Through this research, it is aimed to provide a clearer understanding of the key metrics 

used to evaluate the predictive capabilities of PHM systems and their vital role in achieving 

overall business goals. 

PHM 2014 Data Challenge 

The specifics of the 2014 Data and domain are not disclosed due to proprietary concerns 

(Garvey, D., and Wigny R. 2014). The datasets include Train ï Part Consumption, Train ï 

Usage, Train ï Failures, Test ï Part Consumption, Test ï Usage, and Test Instances.  

For the submission, the result file's line should indicate the threshold value that separates 

assets into low and high-risk categories based on their health scores. Low-risk assets have 

scores below this limit, while high-risk assets have scores above it. Also, the file should contain 

three columns: asset ID, calculation time, and health score. A health score of 0 represents a 

healthy asset, with larger values indicating more severe degradation. The test assets and times 

are designed to include a balanced sample of instances where assets either did or did not fail in 

the immediate future (within 3 time units). The scoring of submissions is based on the following 

formula (Garvey, D., and Wigny R. 2014). 

ὛὧέὶὩװ
ὒ

ὔ
װ װ

Ὄ

ὔ
 

 

 
1 vøÒÅÔÉÍ 'ĘÒÅÖÌÉÓÉ $ÒȢ, dÓÔÁÎÂÕÌ -ÅÄÅÎÉÙÅÔ ­ÎÉÖÅÒÓÉÔÅÓÉ 
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where: 

¶ N is the number of samples for both types (with and without immediate failure, 

making a total of 2N). 

¶ L is the number of samples without an immediate failure and classified as low 

risk. 

¶ H is the number of samples with an immediate failure and classified as high risk. 

¶ This score formula likely evaluates the performance of submissions in predicting 

asset failures based on the provided data. 

This score formula likely evaluates the performance of submissions in predicting asset 

failures based on the provided data. 

PHM 2015 Data Challenge 

This challenge involves predicting plant failures in advance using sensor data and fault 

codes (Justinian et al., 2015). Data includes sensor measurements, control signals, zone data, 

and fault events for multiple plants. The goal is to predict future failures of types 1-5 from past 

data. Training data is provided for around 30 plants, and test data for approximately 10 plants 

with missing fault information. Teams can submit predictions once a week, and the scoring 

system evaluates the accuracy of fault detection with a one-hour tolerance.  

The scoring system evaluates the performance of fault detection by giving credit for 

correctly identifying a fault within an hour of its occurrence (true positives, tp) while penalizing 

incorrect identifications (false positives fp and false negatives fn). The overall prediction score 

for a plant test file is determined using the following formula that takes into account a table of 

confusion scores for the first five fault codes (N=5) (Justinian et al., 2015). 

 

 ὛὧέὶὩװ
װ
В τz ὸὴװ װρπzὪὴװ Ὢὲװ  

PHM 2016 Data Challenge 

The PHM 2016 Data challenge (Propes and Rosca, 2016) focuses on predicting the 

removal rate of material during the Chemical-Mechanical Planarization (CMP) process. 

Participants can use physics-based or statistical approaches. The system involves a CMP tool 

with various components like a rotating table, polishing pad, wafer carrier, slurry dispenser, 

and dresser. The objective is to estimate the removal rate using provided data (Propes and 

Rosca, 2016). Training and test data sets are given, and submissions should include predicted 

removal rates for each wafer and stage. 

In the scoring process, the final score for all submissions will be determined by 

considering two main factors. The majority of the score, 90%, is attributed to the Mean Squared 

Error (MSE) accuracy (Propes and Rosca, 2016). Additionally, there is a 10% weight assigned 

to evaluating the physics-based modeling approach based on specific criteria, which include 

estimating the impact of dresser condition on the polishing pad removal rate (3%), estimating 

the effect of polishing pad condition on the removal rate (3%), and assessing the influence of 

other parameters on the polishing pad removal rate (4%). 

PHM 2017 Data Challenge 

The PHM 2017 Data challenge focuses on combining physics-based modeling and 

statistics for predicting vibrations in a conventional bogie vehicle (Rosca et al., 2017). The 
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system consists of a vehicle body, bogies, and wheelsets with various sensors to measure 

accelerations. The goal is to connect physical aspects to the data, considering variations in track 

conditions, vehicle parameters, and sensor data, including vertical accelerations, speed, mass, 

and track information. 

This challenge involves predicting faulty operation of a train car using sensor data. The 

data includes various sensor readings, vehicle parameters, and track information. The goal is to 

identify when the train car is faulty and, if so, determine which component is at fault. Training 

and testing data are provided for this task. 

In the competition, participants have their scores calculated based on two objectives. The 

first objective assesses the accuracy of predicting healthy and faulty operation of a car. The 

scores are calculated using an accuracy rate measure, and the final score is the sum of scores 

from both objectives. 

 

ὸὶόὩὖέίὭὸὭὺὩίὸὶόὩὔὩὫὥὸὭὺὩί

ὸὶόὩὖέίὭὸὭὺὩίὸὶόὩὔὩὫὥὸὭὺὩίὪὥὰίὩὖέίὭὸὭὺὩίὪὥὰίὩὔὩὫὥὸὭὺὩί
 

 

The second objective aims to measure the sensitivity in detecting specific faults by 

calculating the proportion of accurate predictions for each fault type divided by the total number 

of faulty instances. 

 

В ὸὶόὩὖέίὭὸὭὺὩίὭ

ὝέὸὥὰװὲόάὦὩὶװέὪװὪὥόὰὸί
 

PHM 2018 Data Challenge 

This data challenge focuses on analyzing the fault behavior of an ion mill etch tool used 

in wafer manufacturing (Bonatakis, 2018). The ion mill etching process involves steps such as 

wafer insertion, configuration, processing, and removal. It employs an ion source to generate 

ions, which are accelerated through electric grids, creating an ion beam that removes material 

from the wafer. A Particle Beam Neutralizer control system influences ion distribution. The 

wafer is cooled by a helium/water system, with various potential failure mechanisms, such as 

leaks and wear. The goal is to predict and schedule maintenance for these ion mills to prevent 

failures. 

The data challenge aims to create a model using time series sensor data from ion mill 

etching tools (Bonatakis, 2018). It has two main goals: 

¶ Detect and identify failures. 

¶ Predict the remaining useful life until the next failure. 

The predictions for time-to-failure should only rely on past and current time-series data, 

without trying to predict the exact failure point and then backtrack. 

Scoring is done by comparing a submitted time-to-failure (TTF) prediction with a correct 

TTF. Each prediction is given a sub-score based on specific rules. These sub-scores are added 

up for each prediction, divided by the total number of cells, and then summed for the entire file. 

A lower score indicates a better prediction. 
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(GT) Ground Truth 

TTF 

(SUB) Submission 

TTF  
Score 

Number Number exp(-0.001*GT)*abs(GT-SUB) 

NaN Number exp(-0.001*SUB)*SUB 

Number NaN exp(-0.001*GT)*GT 

NaN NaN 0 

PHM 2019 Data Challenge 

The data from PHM 2019 Data Challenge (Corbetta et al. 2019) is based on the work of 

Peng et al. (2015). Participants in this data challenge must estimate crack lengths in an 

aluminium structure subjected to dynamic tensile loading conditions. Data from piezo sensors 

and loading conditions were collected, and ground truth data for crack length is provided for 

testing. Participants must provide estimates for validation sets containing only sensor data and 

future load conditions. Model-based and data-driven approaches are encouraged. Validation 

data is released incrementally, and submissions are scored using a specified scoring function.  

In the challenge, the scenario includes measurements from piezoelectric (PZT) sensors 

attached to aluminium specimens subjected to fatigue testing. Cracks develop in the specimens, 

and failure occurs when a specific crack length is reached. Ultrasonic waves are used to detect 

these cracks, and the distance between the actuator and receiver is 161 mm. The goal is to 

predict crack lengths in lap joint structures. 

¶ Training Data: Six specimens (T1-T6) provide ultrasonic data, true crack length 

measurements, and loading profiles. 

¶ Validation Data: Two specimens (T7 and T8) offer ultrasonic data, but crack 

lengths must be predicted as they are not provided. 

¶ Performance Evaluation: Predicted crack lengths will be evaluated using an error 

function. Submissions are required for specific cycle numbers. 

The data is organized into folders by specimen, with description files, loading profiles, 

and sensor signals. Specimen T8 has variable amplitude loading. Crack length is measured as 

a percentage of full crack length at failure. Normalization will be applied for scoring, as the full 

crack length is unknown during submission. 

Time Penalty Function: 

ὝὭװ ὥװ ὦὼȟ 

ὥװ װὦװװςȟװ   װρπװ

This penalizes late-stage prediction errors more than early-stage ones in crack growth. 

ὃὭװ ÅØÐװ
ȿὼ ὼȿ

ὥ
ȟװװװὭὪὼ ὼ π 

 

This penalizes late-stage prediction errors more than early-stage ones in crack growth. 
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Asymmetric Penalty Function: 

ὃὭװ ÅØÐװ
ȿὼ ὼȿ

ὥ
ȟװװװὭὪὼ ὼ π 

ὥ װ ὥװ װ  װπȟװ

ὥ װ װὥװὥὲὨװπȢυװ  πȢςװ

The penalty for underestimating crack length is higher than for overestimation due to 

more severe consequences. 

Monotonicity Penalty Function: 

ὓὭװ װȿὼװװάzװװρװ ὼװ ȿװȠװὭὪὼװ ὼװ װ  πװ

ὓὭװ װὭὪὼװȠװװρװ ὼװ װ  πװ

άװ   ρπװ

Penalizing non-monotonic crack length estimates is necessary, especially when data-

driven methods produce results that don't align with the physics of crack growth. 

Overall Penalty Function: 

ὛὭװ ὝὭװ zװὃὭ zװὓ Ὥװ 

ὅόάόὰὥὸὭὺὩװὖὩὲὥὰὸώװὛὧέὶὩװ װ ὛὭ 

The score ranges from 0 to infinity, with a perfect score of 0 achieved when the prediction 

matches the ground truth. 

PHM Society Data Challenge 2021 

PHM Society Data Challenge 2021 focuses on predicting the remaining useful lifetime 

(RUL) of aircraft engines within a variable flight envelope and with multiple possible failure 

modes (Chao et al. 2021). Participants are tasked with creating a data-driven model using 

condition monitoring data to estimate RUL, using a subset of the N-CMAPSS dataset's (Arias 

Chao et al. 2021) run-to-failure degradation trajectories. The system under analysis is a 

commercial turbofan engine with six main components: fan, low-pressure compressor (LPC), 

high-pressure compressor (HPC), combustor, high-pressure turbine (HPT), and low-pressure 

turbine (LPT). The HPC and HPT are connected by the core shaft, while the fan, LPC, and LPT 

are connected by the fan shaft (May et al. 2010). The engine also includes various additional 

features like an inlet, rear nozzle, bypass duct, inter-stage bleed valve, guide vanes, and cooling 

bleeds. 

Model performance will be assessed using an independent validation dataset. The 

evaluation metric combines root-mean-square error (RMSE) and NASA's scoring function, 

with the formula: 

ίὧέὶὩװ װπȢυẗὙὓὛὉװ  ẗίװπȢυװ
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ὙὓὛὉװ װ
ρ

ά ᶻ
Ў

ᶻ

 

ίװ
ρ

ά ᶻ
ÅØÐ‌Ў

ᶻ

װ  װρװ

where: 

¶ ά  zis the total number of validation dataset 

¶ Ў  denotes the difference between the estimated RUL and the true RUL of the k 

sample 

¶ The value of Ŭ is 1/13 when RUL is underestimated and 1/10 otherwise. The s 

metric it produces is asymmetric and penalizes overestimation more than 

underestimation. 

PHM Asia-Pacific 2023 dataset: 

JAXA (The Japan Aerospace Exploration Agency) is working to enhance PHM 

technology for spacecraft propulsion systems (PHMAP, 2023). Limited telemetry was obtained 

in orbit due to sensor constraints and downlink capacity. They developed a numerical simulator 

to predict spacecraft propulsion system behaviour accurately under various conditions and fault 

scenarios. 

Experimental Scenarios: 

¶ A propulsion system using water pressurized to 2 MPa is employed with four 

solenoid valves (SV1-SV4) simulating thrusters. 

¶ Pressure data is collected at a 1 kHz sampling rate for 1200 ms, and solenoid 

valves are opened and closed to induce pressure fluctuations. 

Competition Goals: 

¶ Determine whether test data is normal or abnormal. 

¶ Identify the type of abnormality (bubble contamination, solenoid valve fault, or 

an unknown fault). 

¶ For bubble contamination, pinpoint the bubble's location among eight 

possibilities. 

¶ For solenoid valve faults, identify which of the four solenoid valves failed. 

¶ Predict the opening ratio for faulty solenoid valves (0% <= Opening ratio < 

100%). 

¶ Scoring: 

¶ Normal/abnormal classification: Up to 10 points. 

¶ Correct classification of abnormality type: Up to 10 points. 

¶ Correct identification of bubble location: Up to 10 points. 
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¶ Correct identification of the faulty solenoid valve: Up to 10 points. 

¶ Accurate prediction of the opening ratio for faulty solenoid valves:  

ÍÁØȿὸὶόὸὬװװὴὶὩὨὭὧὸὭέὲȿװ  πװςπȟװ

PHM North America 2023 Conference Data Challenge: 

PHM North America 2023 Conference Data Challenge focuses on estimating gearbox 

degradation under various conditions, emphasizing trust, robustness, and explainability metrics, 

along with the requirement for confidence measures in submitted results (PHMNA, 2023). 

Participants were required develop a fault severity estimate using provided data, including 

healthy and faulty states. They needed to generalize their models to unseen conditions and 

express confidence in their predictions. 

Various health states (ranging from 0 to 10), where 0 signifies a healthy state and 10 

represents the most degraded state, were submitted for scoring metrics. These 11 health states 

are ordinal, meaning that each successive state reflects more degradation. Although each health 

state can be assigned a probability between 0 and 1, the sum of all health state probabilities 

must not exceed 1, constituting a discrete probability distribution. 

The final part of the submission was reserved for indicating confidence in the discrete 

probability distribution, and it is a binary classification, with 0 denoting low confidence and 1 

denoting high confidence. It's important to note that high-confidence submissions carry more 

weight in the final scoring, whereas low-confidence submissions have a lower weight. 

Likewise, incorrect predictions with a high confidence level incur a more substantial penalty. 

The exact rewards or penalties depend on the discrepancy between the predicted label and the 

true label, as specified by a formula that takes into account the confidence factor and health 

state scores. 

ὛὧέὶὩ װ װ ὛὧέὶὩ װ

װ

װ

 

where, 

ὛὧέὶὩ װ ὧέὲὪὭὨὩὲὧὩὊὥὧὸέὶzװ ὴὶὩὨὭὧὸὭέὲὴὶέὦὥὦὭὰὭὸώ

װ

װ

zװװὬὩὥὰὸὬὛὸὥὸὩὛὧέὶὩ 

The confidence factor here is 0.2 for a reported confidence of 0 and 1 for a reported 

confidence of 1. 

Future of Metrics for Prognostic and Health Management 

In conclusion, the field of Prognostics and Healthcare Management (PHM) has made 

significant progress in technology and methodology, driven in part by data challenges. 

Performance metrics have become essential in assessing the accuracy and effectiveness of 

prognostic systems, connecting theoretical concepts to real-world applications. Future 

developments in the role and future of scoring functions will continue to be crucial in advancing 

the field of PHM by providing valuable insights into system performance and its alignment with 

predefined goals. 
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Major Oxēde And Trace Element Characterēstēcs Of The Bozdaĵ 

Formatēon Dolomētes (Konya Northwest, T¿rkiye) 

 

Ali M¿jdat ¥ZKAN1 

 

Introduction  

The aim of this study is to examine the dolostones (Middle Devonian-Lower 

Carboniferous) belonging to the Bozdaĵ Formation, located around the Sºĵ¿tºz¿-Ladik district 

in the northwest of Konya (Figure 1), according to their major and trace element properties.  

The study area is located in the K¿tahya-Bolkardaĵē belt, in the Konya region (Figure 1). 

The Bozdaĵ Formation, which forms the basis of the study area, is defined as consisting of 

massive bedded limestone, dolomitic limestone, dolostone, and calcitic dolostone (¥zkan, 

2016). The Bozdaĵ Formation dolostone types are defined as (1) dolomicrite, (2) euhedral 

dolomite disseminated in the micritic matrix, (3) crack and void fill dolomite, and (4) stylolytic 

dolomite (¥zkan, 2016).  

The Sr content (20-123 ppm) of the Bozdaĵ Formation dolostones is consistent with the 

Sr values of the burial dolostones. The Na content of Bozdaĵ Formation dolostones (122-371 

ppm) is also consistent with the Na content of burial dolostones. The Fe and Mn contents of 

Bozdaĵ Formation dolostones (0-4616 and 0-232 ppm, respectively) support the Fe and Mn 

contents of the burial dolostones. Major oxide and trace element properties of Bozdaĵ 

Formation dolostones indicate diagenetic alteration and insignificant terrigenous input. 

The Bozdaĵ Formation dolostones must have been formed late diagenetically at elevated 

temperatures in a medium-deep burial environment from partially evaporative, altered sea water 

with some meteoric water effect.    

 

Figure 1. Location (GoogleMaps) and geological map of the study area (modified from ¥zkan 

2016) 

Four measured stratigraphic sections were taken from the Bozdaĵ Formation by ¥zkan 

(2016). Stromatoporoid bioherms are also encountered in the Bozdaĵ Formation dolostones, 

which contain abundant fossils (mostly Amphipora).    

 
1 Assoc. Prof. Dr. Ali M¿jdat ¥ZKAN; Konya Technical University Faculty of Engineering & Natural Sciences 
Department of Geological Engineering. amozkan@ktun.edu.tr ORCID ID: 0000-0001-6686-327X 
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Major Oxide and Trace Element Properties of the Bozdaĵ Formation Dolostones 

Analysis results of 16 dolostone samples are given in Tables 1 and 2. Based on this 

analysis data, major oxide and trace element values and geochemical interpretation of the 

Bozdaĵ Formation dolostones were made. 

Table 1. Major oxide contents of dolostones in the Bozdaĵ Formation 

Sample SiO2 Al 2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO LOI 

A185 0.25 0.04 0.25 20.99 29.64 0.04 0.02 <0.01 <0.01 0.02 48.6 

A115 0.54 0.26 0.30 21.32 30.17 0.03 0.08 <0.01 <0.01 0.02 46.7 

A50 0.35 0.08 0.19 21.10 30.56 0.03 0.02 <0.01 <0.01 0.03 46.6 

A1 0.17 <0.01 0.31 20.83 29.93 0.04 <0.01 <0.01 <0.01 0.02 48.2 

B291 0.63 0.32 0.17 21.12 30.65 0.02 0.11 0.02 <0.01 <0.01 46.1 

B234 0.86 0.47 0.05 20.89 30.04 0.02 0.16 0.02 <0.01 <0.01 46.4 

B210 0.32 0.13 0.23 20.59 30.23 0.03 0.04 <0.01 0.01 0.01 47.0 

B77 0.30 0.13 0.66 21.48 30.53 0.02 0.04 <0.01 <0.01 0.01 46.6 

B6 0.17 0.05 <0.04 20.36 31.91 0.03 0.02 <0.01 0.01 <0.01 47.0 

C153 0.52 0.26 0.16 20.94 30.70 0.02 0.09 0.01 <0.01 <0.01 46.6 

C78 0.34 0.15 0.13 20.86 30.59 0.05 0.05 <0.01 <0.01 <0.01 46.9 

C22 0.36 0.13 0.47 21.12 30.10 0.02 0.05 <0.01 0.02 0.03 47.3 

D17 0.14 0.04 0.14 21.48 30.65 0.03 0.02 <0.01 <0.01 <0.01 47.2 

D11 0.16 0.07 0.10 21.35 30.53 0.03 0.02 <0.01 <0.01 <0.01 47.2 

D8 0.23 0.10 0.19 21.09 30.82 0.03 0.03 <0.01 <0.01 <0.01 47.0 

D4 0.30 0.15 0.20 21.38 30.77 0.02 0.05 <0.01 <0.01 <0.01 46.7 

 

Table 2. Trace element contents of dolostones in the Bozdaĵ Formation 

Sample Sr Ba Rb Fe Mn Al  Na 

A185 27.9 <1 0.3 1748 155 212 297 

A115 28.1 2 1.7 2098 155 1376 222 

A50 106.1 4 0.2 1329 232 423 222 

A1 24.8 1 <0.1 2168 155 0 297 

B291 55.8 5 2.1 1189 0 1693 148 

B234 66.5 2 2.6 350 0 2487 148 

B210 81.8 1 0.6 1609 77 688 222 

B77 20.1 2 0.6 4616 77 688 148 

B6 82.8 5 0.1 0 0 264 122 

C153 73.3 3 1.9 1119 0 1376 148 

C78 67.7 4 0.9 909 0 794 371 

C22 30.1 1 0.6 3287 232 688 148 

D17 54.7 2 0.1 979 0 212 297 

D11 83.2 2 0.2 699 0 370 297 

D8 66.4 2 0.5 1329 0 529 297 

D4 122.5 3 0.9 1399 0 794 148 
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In the mole %MgCO3-mol%CaCO3 graph, it is observed that there is a strong positive 

relationship between the MgCO3 content and the CaCO3 content (Figure 2). A positive 

correlation is observed between SiO2 and Al2O3 in the %SiO2-%Al2O3 graph (Figure 3). 

 

Figure 2. mol %MgCO3-mol %CaCO3 graph (from ¥zkan, 2016) 

 

 

Figure 3. % SiO2-% Al2O3 graph (from ¥zkan, 2016)   

 
In the %K2O-Rb graph, a positive correlation is observed between Rb content and %K2O 

(Figure 4). In the Fe-Mn graph, a positive relationship is observed between Mn and Fe content 

in dolomites, that is, as the Fe content increases, so does the Mn content (Figure 5). 
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Figure 4. %K2O-Rb graph (from ¥zkan, 2016) 

 

 

Figure 5. %Fe-Mn graph (from ¥zkan, 2016) 

 

In the Fe-Al graph, a negative relationship is observed between the Al content and the Fe 

content in the dolostones (Figure 6). A positive correlation is observed between the Sr content 

and the CaCO3 content in the dolostones in the Sr-CaCO3 graph (Figure 7). In the Sr-MgCO3 

graph, a positive correlation is observed between Sr content and MgCO3 content in dolostones 

(Figure 8). In the Sr-Mn graph, a negative correlation is observed between Sr content and Mn 

content in dolostones (Figure 9). In the Sr-Fe graph, a negative correlation is observed between 

the Sr content and the Fe content in the dolostones (Figure 10). In the Fe-MgCO3 graph, a 

negative correlation is observed between the Fe content and MgCO3 content in the dolostones 

(Figure 11). In the Fe-CaCO3 graph, a negative correlation is observed between the Fe content 

and the CaCO3 content in the dolostones (Figure 12). 
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Figure 6. %Fe-Al graph (from ¥zkan, 2016) 

 

 

Figure 7. %CaCO3-Sr (ppm) graph (from ¥zkan, 2016) 

 

 

Figure 8. %MgCO3-Sr (ppm) graph. Sr/Ca seawater: 0.0195, Sr/Ca the Bozdaĵ Formation 

dolostones: 0.0001-0.0006 (from ¥zkan, 2016) 
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Figure 9. Sr (ppm)-Mn (ppm) graph (from ¥zkan, 2016) 

 

 

Figure 10. Sr (ppm)-Fe (ppm) graph (from ¥zkan, 2016) 

 

 

Figure 11. %MgCO3-Fe (ppm) graph (from ¥zkan, 2016) 
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Figure 12. %CaCO3-Fe (ppm) graph (from ¥zkan, 2016) 

Geochemical Comments 

The positive correlation between mol% CaCO3 and mol% MgCO3 observed in the 

Bozdaĵ Formation dolostones (Figure 2) indicates dolomitization developed from evaporative 

waters. During dolomitization, as the Ca ions in the dolomite minerals move away from the 

environment, the ratio of Mg ions increases. Thus, the composition of the dolomite formed 

approximates that of the ideal dolomite (stoichiometric dolomite). However, the dolomites in 

our samples are in Ca-rich non-stoichiometric dolomite composition (Figure 2). Due to the 

semi-stable nature of the dolomites, they are expected to become more stoichiometric during 

progressive recrystallization (Gao and Land 1991; Malone et al. 1994, 1996; Kērmacē and 

Akdaĵ 2005). However, some researchers have suggested that Ca-rich dolomites may remain 

stable for long periods of time (Lumsden and Chimahusky 1980; Reinhold 1998; Kērmacē and 

Akdaĵ 2005). Ca-rich non-stoichiometric dolomite is generally expressed as a function of the 

Mg/Ca ratio of the dolomitized solution and the liquid/rock ratio during dolomitization. As 

these ratios decrease, non-stoichiometric dolomite rich in Ca is formed. The presence of calcian 

dolomites indicates that it is composed of a solution with a low Mg/Ca ratio. Non-stoichiometric 

calcian dolomite can easily form in a partially closed system under rock control (Sperber et al. 

1984; Tºrºk 2000; Kērmacē and Akdaĵ 2005). 

The Mg/Ca ratio in the Bozdaĵ Formation dolomites is 0.6, which refers to the non-

stoichiometric calcium-rich dolomites attributed to the basinal salty formation waters, which 

shows that the formation waters are enriched in calcium and depleted in magnesium with 

increasing temperature during burial.  

Concentrations of trace elements in dolostones; can be determined by the concentrations 

of these elements in the pore fluids, the degree of openness of the diagenetic system, and the 

effective distribution coefficient of trace elements between dolomite and water (Suzuki et al. 

2006).  

Although Fe2+ and Mn2+ are in lower concentrations than Na+ and K+ in meteoric waters, 

if Fe and Mn increase while Na decreases in samples, this is probably related to the continuous 

reduction of abundant organic matter (Mahboubi et al., 2002). In addition, reducing forms of 

Fe2+ and Mn2+ are found in carbonate minerals; therefore, an increase in Fe and Mn 

concentrations indicates that carbonates precipitate under reducing conditions (Land, 1986; 

Mahboubi et al., 2002; Adabi, 2009). The reducing conditions increase with increasing burial 

depth (Adabi, 2009).  
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Barnaby and Read (1992) emphasized that the positive correlation between Fe and Mn is 

a commonly observed feature in burial dolomites. The positive correlation between Fe and Mn 

observed in Bozdaĵ formation dolomites (Figure 5) indicates burial dolomitization.   

Primary oxic marine carbonates have been estimated to have <100 ppm Fe and <10 ppm 

Mn (Veizer 1983; Satterley et al. 1994), where levels of these elements reflect the degree of 

diagenetic enrichment. Fe (0-4616 ppm, average 1551.7 ppm) and Mn (0-232 ppm, average 

67.7 ppm) contents in the Bozdaĵ Formation dolostone samples also indicate diagenetic 

enrichment. 

It is difficult to determine whether Mg, Fe, and Mn are obtained from previous carbonates 

(Srinivasan et al., 1994). Rich Fe concentrations may be the result of primary formation from 

Fe-rich fluids (Srinivasan et al., 1994). Iron oxide incrustations are likely to form on detrital 

grains during atmospheric exposure (Srinivasan and Walker, 1993; Srinivasan et al., 1994), so 

they can be preserved as local sources of Fe under reducing diagenesis conditions. 

Alternatively, recrystallization of early fine-grained dolomites (poorly ordered and very low 

stoichiometric) during burial in the presence of compaction from basinal fluids (Mazzullo, 

1992) may contribute to increasing Fe2+ concentrations (Srinivasan et al., 1994). 

The infiltration of near-surface oxidized liquids into dolomites may explain dolomite 

dissolution and subsequent oxy/hydroxide precipitation (Nader et al., 2007). Near-surface 

waters, such as meteoric water, are generally oxidized and promote rapid precipitation of 

insoluble Fe-oxy/hydroxide and Mn-oxy/hydroxide (Lohmann, 1988; Nader et al., 2007). It is 

believed that the oxidation-reduction system results in the evacuation of Mn and Fe within the 

matrix dissolution porosity and subsequently controls their proper incorporation into and/or 

subsequent cement phases (Brand and Veizer 1980; Lohmann, 1988; Nader et al., 2007). 

Moss and Tucker (1995) stated that the low Sr (average 127 ppm) concentrations of the 

Cretaceous-aged shallow burial dolomites of southeast France may be due to the replacement 

of low strontium stabilized marine carbonates or the subsequent crystallization of dolomites. 

Therefore, we can say that the low Sr concentration (25-122 ppm, average 62 ppm) in the 

Bozdaĵ Formation dolostones developed as a result of burial recrystallization. 

Rao (1996) stated that the Na content in current dolomites varies between 100-2500 ppm; 

with low values of mixed zone dolomites, and high values of hypersaline dolomites. The Na 

content in old dolomites ranges between 114-982 ppm (Baum et al. 1985). Veizer (1983) stated 

that Na concentrations in old dolomites are expected to be above 600 ppm for hypersaline 

dolomites. A marine source without significant evaporation effects shows values much lower 

than 600 ppm (110-380 ppm; average 226 ppm). Marine burial dolomites contain about 300-

500 ppm Na (Holail et al. 1988). The Na content of Bozdaĵ formation dolomites (148-371 ppm, 

average 227 ppm) also indicates that there is no significant evaporation effect and that they are 

formed from seawater changed at high temperatures in the burial environment. 

The Fe/Al ratio in marine sediments depends on the geochemistry of the source rock and 

the absolute values of Fe and Al affected by the total amount of terrigenous material associated 

with the biogenic fraction (Lamy et al., 2000). The negative correlation, albeit weak, between 

Fe and Al in the Bozdaĵ Formation dolostones indicates that the dolomitization developed in a 

reducing environment. Therefore, this situation also indicates that terrigenous material input is 

low in the Bozdaĵ Formation dolomites. 

A strong positive correlation is observed between SiO2 and Al2O3 in the Bozdaĵ 

Formation dolomites. This shows a variable mixture of marine carbonates and clay minerals. 

Therefore, it indicates clay input to the basin during the deposition of the Bozdaĵ carbonates. 
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The strong positive correlation observed between Rb and K2O in the Bozdaĵ Formation 

dolostones indicates that the clays in the carbonates are of marine origin (Rao, 1989). Therefore, 

this feature supports that the Bozdaĵ Formation is of marine origin. 

The low Sr content and low Sr/Ca ratio of the Bozdaĵ Formation dolostones suggest 

altered sea water rather than meteoric water or evaporative concentrated brine. The low Sr 

content in the Bozdaĵ Formation dolomites and the positive correlation between Sr and CaCO3 

and MgCO3 indicate recrystallization. 

The negative correlation observed between Sr and Fe and Mn in the Bozdaĵ Formation 

dolostones, low Sr content, and high Fe and Mn content indicates a diagenetic alteration in the 

reducing burial environment. The negative correlation between Fe and Mn and CaCO3 and 

MgCO3 in the Bozdaĵ Formation dolomites also indicates the diagenetic alteration in the 

reducing burial environment. 

Most diagenetic brines are meteoric and marine mixed waters modified by burial 

processes, and they are usually unsaturated with calcite but supersaturated with dolomite 

(Lapponi, 2007). The dolomite-calcite balance changes towards higher Ca/Mg ratios at higher 

temperatures (Lapponi, 2007). The temperature increase during burial in sedimentary basins 

will increase the saturation level of dolomite relative to calcite in solution with constant Ca/Mg 

ratios (Lapponi, 2007).  

Mattes and Mountjoy (1980), Zenger (1983), and Mountjoy and Amthor (1994) have 

shown widespread replacement of limestones with an estimated depth of at least 1000 m. The 

most recommended fluid sources for burial dolomitization are magnesium-rich residual 

evaporitic brines, altered seawater, and shale compaction waters. Fluids can be transmitted to 

the dolomitization environment via porous aquifers or along faults by a series of transport 
mechanisms brought to the dolomitization environment by sediment compaction, thermal 

convection, and topographically or tectonically. 

Trace element (especially Na and Sr) contents of carbonate rocks are important in 

determining the salinity of the original fluids that formed the carbonates (Wanas, 2002). This 

is a view based on the fact that both hypersaline and marine carbonates are enriched in Na and 

Sr relative to their freshwater origin (Kinsman, 1969; Land and Hoops, 1973; Land, 1980; 

Morrow, 1988) (Wanas 2002). It is also known that the Na and Sr contents of carbonate rocks 

are also reduced by meteoric waters during their diagenesis (Land et al., 1975; El-Hinnawi and 

Loukina, 1993; Wanas, 2002). 

Wanas (2002) stated that the Na content of 1030-5120 ppm (mean=3008 ppm) is very 

similar to that of hypersaline or evaporitic dolostones (Land and Hoops, 1973; Mitchell et al., 

1987); He stated that the Na content of 520-890 ppm (mean=656 ppm) corresponds to the 

concentrations of marine and marine-meteoric water mix dolomites (Land et al. 1975; Holail 

1989). 

Wanas (2002) found that the Sr content of 387-610 ppm (mean=508 ppm) was close to 

the Sr content of marine-hypersaline dolomites (Land and Hoops 1973; Land 1980); He stated 

that 64-140 ppm (average=108 ppm) Sr content reached the content of old marine and marine-

meteoric water mix dolomites (Land 1980; Brand and Veizer 1980; Mitchell et al. 1987).  

Low Sr concentrations (<300 ppm) confirm an origin from seawater (Budd, 1997; Suzuki 

et al., 2006). Veizer (1977) stated that the approximate average of the Sr content of pre-

Quaternary limestones was around 320 ppm (Rao, 1989). The Sr ratios in the Bozdaĵ Formation 

dolostone samples are 20 ppm-122 ppm (mean=62 ppm), which is far below the rate stated by 

Veizer (1977). Therefore, he states that this loss is the result of meteoric diagenesis and/or 

recrystallization (diagenetic alteration during burial). 
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Milliman (1974) stated that aragonite in current marine carbonate deposits contains about 

2500 ppm Na and calcite contains about 250 ppm Na. During diagenesis, Na is gradually lost 

due to the increasing influence of meteoric waters (Rao, 1989). Therefore, the high (148-371 

ppm; mean=227 ppm) Na ratios observed in the Bozdaĵ formation dolomite samples indicate 

that the original rock is aragonite rather than calcite, as 6 out of 16 samples are higher than the 

current value despite diagenetic alteration. 

Milliman (1974) and Rao (1989) stated that <20 ppm Mn is present in recent aragonitic 

marine sediments. Oxidation conditions greatly inhibit the association of Mn in CaCO3, 

whereas under reducing conditions calcite may have several percentages of Mn (Shanmugam 

and Benedict, 1983; Rao, 1989). The Bozdaĵ Formation dolostone samples (7 out of 16 

samples) have Mn content of 77-232 ppm (average = 155 ppm for seven samples; mean = 68 

ppm for sixteen samples) and originally defined aragonite mineralogy, oxidation conditions 

during shallow marine deposition (in most samples). Mn was not observed) and was interpreted 

as reflecting enrichment under reduced conditions during burial.  
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Introduction  

Flysch are sedimentary units that are deposited in the deep marine environment, 

consisting of detritus carried and deposited by turbid currents, a type of density current. Turbid 

currents and turbidites can develop in any environment from deep marine to shallow marine 

and aquatic terrestrial environments. Every flysch is a turbidite, but not every turbidite is a 

flysch. For sediment to be flysch, it must be deposited in a deep marine environment. 

The study area is located in Orhaniye (Kazan) and its surroundings, located in the 

northwest of Ankara province (Figure 1).  

The Dikmendede Formation, which typically has flysch features, is mainly composed of 

sandstone-shale intercalation and also includes siltstone and lenticular conglomerates at some 

levels. Conglomerates in intermediate levels are green-gray colored, polygenic pebbly, 

medium-thick bedded, poorly sorted, tightly carbonate cemented, and gradually transitioning 

to sandstones.  

Green-greenish-gray-colored sandstones are thin-thick bedded, coarse-grained at 

conglomerate-sandstone transitions, and fine-grained at sandstone-shale transitions. Sandstones 

contain abundant sedimentary structures. Grey-green colored shales are alternated with 

siltstones at some levels, with good fissility. It is common to encounter plant fragments and 

coaled fragments in the siltstones.   

The Dikmendede Formation is intermediate turbidite in the Ta-Te interval of the Bouma 

sequence and forms the middle part of the deep sea fan. In other words, in terms of facies 

characteristics, it was developed in a deep sea fan system between the upper slope and the 

abyssal plain. The Dikmendede Formation was deposited in the back-arc trough of the 

Neotethys, which began to close in the Late Cretaceous, and volcanic inputs were occasionally 

added to the deposition (Sagular and Toker, 1990). 

Dikmendede Formation Sedimentary Structures 

Although there is no consensus among researchers, sedimentary structures are generally 

divided into four groups (1) Erosional, (2) Depositional, (3) Post-depositional/deformational, 

and (4) Biogenic.  

Erosional, depositional, deformational, and biogenic sedimentary structures were all 

observed in Dikmendede Formation. Quite large flute casts were observed at the base of the 

sandstones (Figure 2).  
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The flute casts are round/elliptical or pear-shaped. It is asymmetrical, deep, and rounded 

in cross-section, with the current upstream. They are generally 5-10 cm wide and 10-20 cm 

long and are found in groups directed in the same direction (Reading, 1996). The formation of 

flute casts occurs as a result of the sediment-laden streams forming small eddies as they pass 

over the settled mud and these small eddies prevent deposition in their location. Due to the 

formation of sedimentation on the edges of the eddies, the regions where the eddies remain as 

deep pits (Reading, 1996). The flute casts are seen at the base of the upper layer as a result of 

remaining as pits during the formation of the structure and these pits are subsequently filled 

with sand in the upper layer, and naturally, they indicate the substratum (Reading, 1996).    

 

Figure1. Location & geological map of the study area (modified from ¥zkan ve Ayaz, 2004) 
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Figure 2. Flute cast in turbiditic sandstones. A) The length of the flute cast is 20 cm and its 

diameter is 3.5 cm. (Inside Uzun­arĸē Creek). Scale, pencil: 14 cm. b) The length of the flute 

cast is 24 cm and its diameter is 6.5 cm.  

Again, bounce marks from the structures observed under the layer were also observed in 

the Dikmendede Formation (Figure 3). Impact structures develop as a result of the material 

carried by the stream hitting the underlying layer and creating pits by bouncing during the flow 

(Reading, 1996). If the impinging particle gets stuck in the layer, it is called the tool structure 

or the plug structure. The formed depression is drop-shaped and the thin edge of the drop points 

upstream (Reading, 1996). 

 

Figure 3. Bounce structures (green arrow) and rest traces (yellow arrow) were observed in 

the sandstones of Dikmende (Uzun­arĸē Creek interior). Scale, hammer length: 28 cm.    

Bedding and lamination structures were also observed in Dikmendede Formation (Figure 

4-7). The layer or lamination, which is the most characteristic feature of sedimentary rocks, is 

formed due to changes in the sedimentation pattern. These changes are generally sediment 

transport and/or grain size changes (Reading, 1996). A layer is called a layer thicker than 1 cm. 
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The thinner layers are on the millimeter scale and are called the lamina. In fact, the internal 

structure of a layer consists of laminae (Reading, 1996). Many layers form within hours or days, 

sometimes during turbid or storm currents, and in other cases over decades or even longer 

(Reading, 1996). After the layer is formed, the erosional structures on it are formed in the period 

before the next layer is deposited. In this period, tectonic events may also affect and deform the 

layers (Reading, 1996). Lamination mostly occurs as a result of the change in grain size or the 

change of grain composition between the laminae. In many cases, the lamina is the product of 

a single deposition and is geologically formed momentarily or over longer periods of time 

(Reading, 1996). It is formed in fine sands, silt, and clays by precipitation directly from 

suspension, slow-moving sediment clouds, or less dense suspension streams (Reading, 1996). 

 

Figure 4. Stratification, fissilite/lamination observed in the shales of the Dikmendede 

Formation (south of Uzun­arĸē Creek). Scale, hammer length: 28 cm. 
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Figure 5. Bedding, fissilite/lamination (south of Uzun­arĸē Creek) observed in the shales of 

the Dikmendede Formation (shale-flysch: although the shale is very thick, the sandstone is 

very thin). Scale, hammer length: 28 cm. 

 

Figure 6. The bedding, fissilite/lamination observed in the flysch (normal-flysch: sandstone 

and shale in approximately equal proportion) of the Dikmendede Formation. In addition, at 

this level, the deformation structure, the ball (yellow arrow), and the pillow (green arrow) 

structure were also observed. (south of Kuĸkonan Hill). Scale, hammer length: 28 cm.  
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Figure 7. Bedding and lamination were observed in the flysch of the Dikmendede Formation 

(southeast of Kuĸkonan Hill). Scale, hammer length: 28 cm.  

Another sedimentary structure observed in Dikmendede Formation is channel structures 

(Figure 8-10). Channels are much more organized structures than digging structures. They are 

usually waterways where the sediment is transported (Reading, 1996). They may have formed 

over long periods of time. Some large channels may be large enough to be mapped. Channels 

are generally filled with coarser material than the material in which they are formed or above 

and below (Reading, 1996). It may have residual pebbles or intraformational (derived from the 

same environment) pebbles at its base. Channels are formed in many environments, although 

they are well known to occur in the fluvial environment, they are frequently seen in glaciers, 

deltas, tidal plains, shelf margins, continental slopes, and submarine fans (Reading, 1996).  
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Figure 8. The turbiditic channel fill (southeastern of Kuĸkonan Hill) developed in a median 

fan environment consisting of a conglomerate-sandstone alternation of the Dikmendede 

Formation. Scale, human height: 180 cm.   

 

 

Figure 9. Normal grading was observed in the turbiditic channel fill developed in a median 

fan environment consisting of a conglomerate-sandstone alternation of the Dikmendede 

Formation (southeast of Gelinbattē Ridge). Scale, hammer length: 28 cm.    
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Figure 10. The imbricated structure observed in the turbiditic channel fill (south of Uzun­arĸē 

Creek) developed in a median fan environment consisting of a conglomerate-sandstone 

alternation of the Dikmendede Formation. The direction of the paleocurrent was measured 

from west to east at the lower level and from N25W to S25E at the upper level. Scale, hammer 

length: 28 cm. 

 

In addition, ball and pillow structures, which are deformation structures in Dikmendede 

Formation, were also encountered (Figure 6). Ball and pillow structures develop when the 

relatively coarser-grained sand-sized material overlying the fine-grained and not yet 

consolidated shale/mudstone sinks into the mudstone, and the load pattern first breaks away 

from the sand layer with the progression of the submersion and sinks completely into the mud 

(Reading, 1996). The spherical-shaped structures are called ball structures, and the ellipsoidal 

ones are called pillow structures (Figure 6).   

Another structure observed in Dikmendede Formation is biogenic structures formed by 

organisms (Figures 11 and 12). Sedimentary structures formed by organisms are fossil traces 

and are also called ichnofossils (Reading, 1996). Fossil traces are so specific to each type of 

organism that it can be understood which fossil left them. These traces disrupt the original 

sedimentary structures and even are bioturbation structures that can completely destroy the 

primary structure, bedding, or lamination (Reading, 1996). However, although it is not known 

exactly by which organisms many traces were made, we can at least understand the way of life, 

since creatures with similar life forms leave similar traces. The most important feature of these 

fossils is that they give us information about the depositional environment in which the 

sediment was formed (Reading, 1996). Because certain fossil traces are only found in certain 
sedimentary environments or at a certain water depth. Ichnofossils are divided into five basic 

groups; (1) feeding structures, (2) nesting structures, (3) crawl marks, (4) resting structures (5) 

scraping marks.   

 



 

35 

 

Figure 11. Trace fossil (Paleodictyon) (Dam Creek) representing the deep marine 

environment observed in the turbiditic sandstones of the Dikmendede Formation. Scale, pen 

length: 14 cm.  

 

 

Figure 12. Trace fossil (Dam Creek) observed in the turbiditic sandstones of the Dikmendede 

Formation. Scale, pen length: 14 cm. 

 

The model showing the sedimentation environment of turbidites belonging to the 

Dikmendede Formation is shown in Figure 13. This figure is taken from Shanmugam (2016) 

article. 
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Figure 13. Possible deposition model of Dikmendede Formation (from Mutti & Ricci Lucchi, 

1972; Shanmugam, 1985a & 1985b; Shanmugam, 2016).  
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Miniaturization of Photobioreactors (Micro Photobioreactors) For 

Bioprocess Development 

 

Baĸar UYAR1 

 

Introduction  

A bioreactor is a device or system that supports a biologically active environment under 

controlled conditions (Tredici, 2004). They are usually closed vessels containing a nutrient 

solution to support growth of microorganisms or enzymes to carry out biochemical reactions. 

Bioreactors are a necessary part of any biotechnology based production process whether it is 

for producing biomass or metabolites, biotransforming one compound into another or degrading 

unwanted wastes (Chisti, 2006). Design of bioreactors is a complex process that incorporates 

biological and engineering principles (van't Riet & Tramper, 1991).  

A photobioreactor is a specific type of bioreactor that can be defined as a culture system 

in which light has to pass through the transparent bioreactorôs wall to reach the cultivated cells 

that carry out a light-dependent biological process (Tredici, 2004). They are mainly employed 

for photosynthetic culture of microalgae and cyanobacteria. Photobioreactors require sunlight 

or articial illumination to operate. 

A bioproduction facility has a train of bioreactors ranging from 20 liters to 250 m3, or 

even more in certain processes. The most common operational practice starts with culturing 

microorganisms in the smallest bioreactor. After pre-determined batch time the content of this 

bioreactor is transferred to a larger bioreactor and this process is repeated until the largest 

bioreactor in the train, the production bioreactor, is reached (Chisti, 2006).  

Conventional laboratory bioreactors are mechanically complex systems of between 1 and 

15 liter volume. Early stage development of new bioproducts is usually limited by the number 

of processes that can be run in a short time due to availability of laboratory scale bioreactors. 

To overcome this bottleneck, smaller volume bioreactors have been developed. The 

microbioreactor is (arbitrarily) defined as a bioreactor with a volume of less than 10 ml 

(Applikon, 2015). Micro photobioreactor (also called miniature photobioreactor or mini 

photobioreactor) can similarly be defined as a photobioreactor with a very small (i.e. less than 

10 mL) volume. Those very small sized bioreactors are rapidly gaining market share in R&D 

laboratories due to many benefits they provide.  

This chapter is a guide to the central aspects of micro photobioreactors, with a focus on 

design, properties and applications for bioprocess development. A coverage of the literature 

was presented as a concise summary. The areas examined include: principles of bioreactor 

scaling down, motivation and requirement for development of these devices, challenges and 

limitations encountered during miniaturization process, critical review of available publications 

on the subject, and finally concluding remarks as well as a future scope for these systems.  
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Scaling Down Photobioreactors 

Scaling is the procedure to determine the design of a reactor from experimental data 

gained from a reactor operating at a different capacity. In scaling, the engineering objective is 

usually to maintain dimensional similarity as size is changed (McDuffie, 1991).  

For industrial bioreactor design, operation, control and optimization, the scale-down 

approach is often advocated to efficiently generate data on a small scale, and effectively apply 

suggested improvements to the industrial scale. In all cases it is important to ensure that the 

scale-down conditions are representative of the real large-scale bioprocess (Noorman, 2011).  

Ideally, an environment in which the production organism displays the same productivity 

and physiology as in the other (large or small) scale process should be established. To obtain 

such an environment, many different aspects (including physical properties, fluid dynamics, 

concentration gradients, used raw materials, process control strategy, etc.) need to match. 

However, in practice, it is impossible to keep all relevant scaling aspects constant at the same 

time. Furthermore, there is only a limited number of process operating conditions (stirrer speed, 

aeration rate, and volume) that may be manipulated to achieve the desired outcome. Therefore, 

scaling process typically narrows down to selecting one scale up/down parameter (e.g. 

volumetric power input, oxygen mass transfer coefficient, impeller tip speed) and adjusting the 

operating conditions to keep that parameter constant across scales (Tajsoleiman et al., 2019).  

In many cases for bioreactors, the objective must be to maintain mass-transfer coefficients 

for oxygen and carbon dioxide (McDuffie, 1991). 

On the other hand, in photobioreactor design, efficient light supply to the culture 

represents a major challenge. Therefore, scale transfer cannot be done using classical concepts. 

Instead, efficient delivery of light to the cells must be the central dogma. The ultimate goal is 

that light supply to the individual cells needs to be kept as equal as possible across different 

scales (Morschett et al., 2018). 

Additionally, cell growth, pH, and metabolites should also display similar profiles 

compared to larger scales photobioreactors to ensure micro photobioreactors could successfully 

mimic larger scale photobioreactors and give good predictive results (Delouvroy et al., 2015). 

Scaling up or down of a bioreactor is a process that involves trial-and-error, the amount 

depending on the type of bioreactor involved. To develop the most cost efficient industrial sized 

process, extensive scale-up data must be collected by repeating experiments at the lab and pilot 

scale level. Unfortunately, the collection is far more difficult than it would be in the chemical 

and petrochemical industries. The nature of working with living material makes contamination 

commonplace and reproducibility of data difficult to achieve (Harada et al., 1996).  

Microbioreactors are gaining popularity as a cost-effective approach to scale-down 

experimentation. However, realizing conditions that reflect the large-scale process accurately 

can be challenging. The scale-down factor between an industrial-size fermenter and a 

microbioreactor is extreme, which inevitably creates physical differences and limitations that 

complicate the recreation of large-scale conditions. The effect of this deviation on the process 

becomes apparent in different aspects. To be able to draw the correct conclusions from scale-

down experiments and to improve the experimental design of microbioreactor trials, it is 

important to be aware of these differences and to make a thorough characterization of the 

process, with mass balances, on-line monitoring, and off-line analysis of the strain morphology 

and metabolites (Tajsoleiman et al., 2019).  
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The Need For Microbioreactor Systems 

The development of a biotechnological production process can be simply described as a 

sequential workflow, starting from screening and selection of microbial strain which is further 

investigated under lab-scale bioreactor conditions, in which high level of process control can 

be enabled. Finally, the developed bioprocess is transferred to pilot and industrial scale. The 

need for increased experimental throughput under well controlled conditions gave rise to the 

development of microbioreactor systems (Hemmerich et al., 2018).  

The main motives to scale down bioreactors to obtain microbioreactors thus can be listed 

as: 

1) Increasing timeline pressures for research and development of bioprocesses which 

leads to rapidly screen and optimize cell culture process parameters 

2) Decrease use of consumables by avoiding resource intensive approaches such as the 

use of shake flasks and bench-top bioreactors  

3) Limited physical space for experimentation. 

4) The need to conduct large numbers of experiments (i.e. screening and optimizing 

studies). 

Those motives in turn have resulted in the scale down of bioreactors to obtain 

miniaturized versions that mimic regular sized microbioreactors to efficiently reduce 

bioprocess development time and costs (Tajsoleiman et al., 2019).  

Ultimately, the aim of microbioreactors is to replace shake flasks and lab-scale bioreactor 

systems for early and mid-stages of biotechnological bioprocess development (Hemmerich et 

al., 2018). 

Similarly, micro photobioreactors represent a potential platform technology for the high-

throughput, phototrophic cultivation of photosynthetic microorganisms (Ojo et al., 2015). 

It is also important to underline that working at such small scales allows using 

microorganisms from the same batch, at the same passage, thus increasing homogeneity and 

consistency in the results by reducing the intrinsic sample-to-sample variability which is a 

major drawback of biological systems (Perin et al., 2016).  

Ultimately, micro photobioreactors, or microbioreactors in general must satisfy two 

essential requirements to be actually useful: 

1) Reproducible culture performance across individual microbioreactors under identical 

operating conditions to prove that parallel work is possible.  

2) Abili ty to mimic culture conditions in larger scale photobioreactor designs to address 

scale-translation, that is, cross-system transferability of obtained data among micro 

photobioreactors and larger photobioreactors. 

Challenges and Limitations of Miniaturization Process 

Unlike chemical reactors in which chemical reactions take place, bioreactors contain 

living cells. Living things are more sensitive, fragile and unstable than chemicals. Therefore, in 

order to achieve the desired biological activity and to prevent unwanted biological activities, 

the process conditions should be controlled in a better and narrower range than the chemical 

reactors. 

The deviation in conditions results in more serious consequences than chemical reactors; 

deactivation of biomass may not be reversed. 
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Overall, designing a bioreactor is a complex engineering task, and requires attention to 

several aspects irrespective of the specific reactor configuration demanded by a given 

application (Chisti, 2006): 

1) The need to maintain monoseptic operation, 

2) Mixing to ensure suspension of the biocatalyst and attain a relatively homogenous 

envireonment in the bioreactor, 

3) Suppy of oxygen and removal of carbon dioxide, 

4) Supply of various other nutrients in such a way that the rate of supply does not limit 

the performance of the biocatalyst, 

5) Heat transfer for temperature control, 

6) Control of the shear stress levels in the bioreactor so that the biocatalyst is not damaged 

by various hydrodynamic forces. 

Unfortunately, there are further limitations to the design parameters that need to be 

addressed in case of photobioreactors (Uyar, 2016): 

1) The photobioreactor should be made of a highly transparent material to allow light 

inside (i.e. common bioreactor construction materials such as stainless steel cannot be used). 

Additionally, materials which promote cellular adhesion should be avoided to prevent biofilm 

formation on light receiving surfaces. Materials that can satisfy these requirements such as 

glass, polymethyl methacrylate, polycarbonate and low-density polyethylene have poor 

strength which causes the photobioreactor to be fragile, decreases its durability, and limits the 

maximum photobioreactor size. 

2) The photosynthetic microorganisms employed create a self-shading effect, which 

limits the light penetration into the depths of the photobioreactor. Consequently, maximum 

photobioreactor depth becomes limited and large areas are required for the photobioreactors. 

3) Solar illumination should be preferred since artificial illumination increases cost 

dramatically due to the electric consumption. Therefore, harsh outdoor conditions (i.e. wind, 

rain, temperature and pressure fluctuations) should be taken into account when designing 

photobioreactors to prevent premature failures. 

4) Due to the limited depth of the bioreactor and the nature of the construction material, 

mixing options are limited. Mechanical agitation cannot usually be used; possible mixing 

methods are either recycling the medium or air bubbling through culture medium. 

Finally, challenges introduced in the scale down of these systems to micro scale include: 

1) Accurate measurement and control of basic process parameters (pH, temperature and 

dissolved oxygen)  

2) Mimicking the fluid dynamics (mass transfer and mixing time) of the larger volume 

bioreactors (Applikon, 2015). 

3) Increased impact of wall growth due to the larger surface to volume ratio at small scale 

(Tajsoleiman et al., 2019).  

4) Taking samples is also increasingly challenging when reducing the scale of the 

experiments. In miniaturized reactors, fewer samples can be taken, with less volume per sample, 

compared with larger reactors (Rowland-Jones et al., 2017). The lower the sampling volume, 

the higher the probability that sampling errors (e.g., variation of the sample volume) might 

influence the result, and therefore the use of automatic sampling systems becomes increasingly 
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relevant when decreasing reactor volume (Tajsoleiman et al., 2019). Low volume also prohibits 

continuous sampling, which is another drawback of these systems (Benner et al., 2022). 

5) Evaporation. When applying aeration to a bioreactor, there is a significant rate of 

evaporation from liquid systems. This is especially relevant for fermentation processes that are 

typically operated above environmental air temperatures and run for days or weeks. This leads 

to considerable loss of water in the off-gas, and this affects the volume dynamics (Tajsoleiman 

et al., 2019). Even though that is a common operational problem in all aerated bioreactors, 

larger bioreactors can be equipped with a condenser to recycle water vapor to minimize water 

evaporation. The condenser is a simple heat exchanger through which cool water passes and 

allows water vapor in the exit air stream of bioreactor to condense on the inner condenser 

surface. Unfortunately, condensers are not practical to use in microbioreactors. On the other 

hand, evaporation is more prominent in case of micro photobioreactors, due to additional heat 

input by illumination, and more importantly, longer duration of the bioprocess, and therefore 

should be given serious consideration (Morschett et al., 2017, Ojo et al., 2015). Photosynthetic 

microorganisms growth modes are photoautotrophy, photoheterotrophy, or a mixture of those 

(mixotrophy). All those modes result in lower growth rates than that in pure fermentative mode, 

which means longer bioprocess durations. Evaporation which may not be significant for short 

fermentations in bioreactors thus becomes considerable in photobioreactors. Evaporation 

results in liquid volume decrease, which may affect sensor readings, mixing and 

hydrodynamics, light distribution and cause osmotic stress on the microorganisms due to 

increasing culture osmolarity. On the other hand, evaporation also results in the increase of 

concentrations of the culture medium components which may cause inhibition / toxicity on the 

cells. Due to these consequences, evaporation rate should be monitored and controlled in micro 
photobioreactors. There are several effective methods suggested to decrease / eliminate 

evaporation in micro photobioreactors. Those are lowering aeration rate to the required 

minimum, using humidified air for aeration, or using semipermeable membranes at air exits to 

trap water vapor inside. Finally, adding distilled water to compensate lost liquid can also be 

considered (Silk et al., 2010). One or a combination of those methods can be employed to 

control evaporation effectively. Morschett et al (2017) managed to decrease evaporation rate in 

micro photobioreactors down to 0.56% per day, which can be regarded as non-interfering and 

liquid loss can be neglected, enabling long term phototrophic cultivation in micro 

photobioreactors (Morschett et al., 2017). Similarly, Ojo et al (2015), reported that under typical 

culture conditions only 8ï10% of liquid in the micro photobioreactor was lost over 3.5 days of 

cultivation and claimed that this level of evaporation is considered to have minimal impact on 

the growth of microalgae (Ojo et al., 2015). Finally, Toulope (2019) reported that when 

humidified air was used for aeration instead of dry air, there was noticeable 72% reduction in 

the evaporation rate at similar conditions. He also reported a minimum of 3.2% loss of culture 

medium per day due to evaporation (Tolulope Victor, 2019). 

6) Illumination. The main difference between microbioreactors and micro 

photobioreactors is the illumination of the latter and placement of lamps is a key design factor. 

Commercial microbiorectors are usually stacked on a plate in a form of cassette, which allows 

high density stacking of those microbioreactors and the overall equipment can be very compact 

to use on a bench or desk. Top of microbioreactors are usually crowded with measurement and 

control equipment such as pH, temperature sensors, air inlets outlets, mixing shaft, sampling 

ports etc. Therefore illumination of micro photobioreactors from the top is not practically 

possible. Side illumination is preferred in available commercial units, however this 

configuration limits stacking of micro photobioreactors, as all the micro photobioreactors need 

to receive ample light, resulting in lower bioreactor density in the overall system. This 

bottleneck persists and needs more attention. Illumination from below may be the most suitable 
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solution here, considering that the micro photobioreactors are not heavy and have limited height 

(Morschett et al., 2017). 

Micro Photobioreactor Systems 

According to the web of science database, the first publication to use the term 

microbioreactor date back to 1992. The interest grew exponentially until around 2010, and then 

stabilized at an average of 40 publications per year from then onwards. This is a reflection of 

the enormous progress made in the field of microbioreactor systems recently. As a result, a 

variety of different microbioreactor systems covering a broad technological range and a wide 

field of application became available commercially (Hemmerich et al., 2018). Their superior 

experimental throughput initiated a rapid spread and they are nowadays routinely applied in 

upstream process development and were proven to be valuable tools (Morschett et al., 2018). 

Another survey of about 500 publications revealed that, of the various cultivation techniques; 

19% used a volume below 100 ml, 5% a volume below 10 ml and 3% below 1 ml. Among the 

small-scale devices are shake-flasks, test-tubes, microtiter plates, miniaturized bioreactors and 

specific devices for animal cells such as spinner-flasks, roller bottles, T-flasks etc (Kumar, 

Wittmann & Heinzle, 2004). It should also be noted that all necessary specifications and desired 

properties have not yet been realized and great efforts in fundamental and applied research are 

still ongoing. 

The first article to use the term micro photobioreactor was published in 2015, and since 

then, only a handful followed, which indicates novelty and potential of the field. Commercial 

availability of micro photobioreactors still lacking although recently several prototype systems 

have been developed mainly relying on microfluidic chips or microtiter plates (Morschett et al., 

2018). 

Notable studies were summarized below: 

Morschett et al (2016, 2017) employed micro photobioreactors in microalgae cultivation 

to overcome the laborious and slow early-stage parameter optimization which they saw as a 

major drawback. A micro photobioreactor system supported by a liquid-handling robot for 

automated medium preparation and product quantification was used to enable highly efficient 

execution of screening applications. The resulting platform was used for medium optimization 

of a lipid production process using microalgae toward maximum volumetric productivity. 

Within only four experimental rounds, lipid production was increased approximately threefold. 

They concluded that the integration of parallelized microscale cultivation supported by 

laboratory automation proved to be a fruitful tool for the accelerated development of 

phototrophic bioprocesses in a very timely and material efficient manner. Micro 

photobioreactor system used had 48 independent wells of 1 mL volume each. They were sealed 

with an gas-permeable seal for evaporation reduction. Micro photobioreactors were placed in a 

closed incubation chamber for indirect temperature control. The system relied on bottomside 

illumination with a set LEDs. Mixing was provided by continuous shaking. Cultivation 

processes can be monitored quasionline applying non-invasive optical measurements during 

continuous shaking. Regarding growth homogeneity, strict control of the process conditions 

enabled a high comparability between the distinct micro photobioreactors (5.2% fluctuation in 

biomass formation) (Morschett et al., 2017, Morschett et al., 2017). Micro photobioreactor 

cultivation showed a very good comparability to the laboratory-scale photobioreactors (80-

1000 mL flask/tubular/panel photobioreactors) especially during the exponential growth phase, 

while the small scale helped prolonging this phase due to superior light supply and mixing 

characteristics. Overall, photo microbioreactors may be regarded as a proper replacement for 

phototrophic cultivation in shake flasks or test tubes (Morschett et al., 2017). 
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In another study, Ojo et al (2015) described the development and characterisation of a 

novel orbitally shaken micro photobioreactor system consisting of 24 parallel wells, suitable 

for the batch cultivation of microalgae. Obtained results demonstrated the application of the 

micro photobioreactor for rapid optimisation of phototrophic culture conditions and 

establishment of high cell density cultures. Each micro photobioreactor unit had a working 

volume of 4 mL and was illuminated by a cool white LED from the side. Mixing was achieved 

using an incubator shaker equipped with temperature, humidity and CO2 sensors coupled to a 

control unit. The micro photobioreactor platform allowed 20-fold reduction in material 

requirements compared to current shake flask systems. The authors claimed that generally, 

evaluation of biomass concentration at the tested conditions showed good reproducibility across 

the 24-micro photobioreactors and in essence, use of the micro photobioreactor for parallel 

microalgae cultivation showed consistent and reproducible results. However, the ability to 

mimic culture conditions in larger scale photobioreactor designs has yet to be shown (Ojo et 

al., 2015). 

More recently, Busnel et al (2021) developed a miniaturized, small-scale photobioreactor 

to characterize microalgal growth under controlled conditions. The system consisted of 6 mini 

flat photobioreactors operated independently in parallel, with a volume of 75 mL each, thus 

cannot exactly be classified as micro photobioreactor as defined here but more of a transition 

between lab scale photobioreactors and micro photobioreactors. The system permitted 

screening of (i) microalgae species performance; (ii) medium composition; (iii) growth 

temperature; (iv) illumination conditions (continuous or day/night cycles) in reliable conditions. 

Under the same operating conditions, the difference between biomass productivity and the 

pigment contents of microalgae in different micro photobioreactor units did not exceed 5%; 
confirming the reliability of the micro photobioreactor system by conducting parallel 

experiments in each photobioreactor cell. Moreover, continuous cultures of microalgae were 

run in both this system and 1 L Airlift flat-panel photobioreactor under the same culture 

conditions to confirm reliability in the determination of areal biomass productivity. Similar 

results were obtained in the two photobioreactors with a variance of less than 5% (Busnel et al., 

2021).  

Perin et al (2016) constructed a micro photobioreactor system of very small scale (75 Ĭ 

50 mm), composed of 45 wells (40 ɛl of working volume each) linked in columns by a network 

of microfluidic channels to grown microalgae cells. The wells were covered with a thin (~1.5 

mm) PDMS layer to turn them into real independent growth chambers. The design of the micro 

photobioreactor followed specific criteria such as: (i) support of cultures of microalgae in a no-

shear environment, (ii) high-throughput studies with biologically relevant numbers of 

replicates, (iii) compatibility with on-line imaging, (iv) ease of retrieval of the cell samples for 

eventual post-processing analyses, and (v) capability to generate stable concentration gradients 

over the culture area in case fluid flow is applied. When compared to traditional methodologies 

(i.e. flask culture), the data generation capability of this platform is dramatically increased 

which demonstrate its suitability for high-throughput studies. Algae consistently show faster 

growth rates, thus cutting the duration of the experiments of about 30 %. In addition, the 

capability of simultaneously testing multiple variables (i.e. cell density and light intensity), on 

9 levels and with 5 replicas each was possible. The authors stated that reproducing the same 

experimental campaign using standard techniques would dramatically lengthen the timespan, 

increase the risk of operator-related errors, increase nutrients and chemicals usage by several 

orders of magnitude (Perin et al., 2016). 

Tolulope (2019) claimed that the shaken well-type micro photobioreactors might not be 

truly representative of the large scale pneumatic photobioreactors due to the different 

engineering environment thus making scale-up difficult. Thus, he performed the design, 
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fabrication and engineering evaluation of a miniature pneumatic photobioreactors which 

mimics conventional large scale pneumatic photobioreactors such as airlift and bubble column 

devices, for heterotrophic and phototrophic microalgae cultivation. The prototype 6-well micro 

photobioreactor consisted of four bubble columns and two airlift columns, with 15 mL working 

volume for each. Comparison of the different configurations showed that the bubble column 

micro photobioreactor had the highest mass transfer coefficient and the best performance in 

microalgae culture frowth compared to air lift micro photobioreactor. Overall, the micro 

photobioreactor was established as a tool for phototrophic, heterotrophic, and mixotrophic 

culture of microalgae for rapid and early stage evaluation at small scale (Tolulope Victor, 2019). 

Concluding Remarks and Future Scope 

In recent years, micro photobioreactors have evolved as promising tools to accelerate 

phototrophic bioprocess development and the acquisition of physiological data of 

microorganisms. They are especially useful for tasks such as microbial strain or media 

screening. However, significant technological advances are still needed and no commercial 

systems are available as of yet.  

Micro photobioreactors allow production of large experimental datasets easily in 

comparably short times compared to traditional bench scale systems, shifting the bottleneck of 

bioprocess development to the processing of relevant information. 

The up/down scaling of photobioreactors has additional light-based challenges such as 

light availability, self-shading, photoinhibition, and light-emitted heat in addition to the ones 

that exist for conventional bioreactors.  

Ideally, the micro photobioreactor should be able to exactly simulate the cultivation 

conditions of the projected industrial-scale photobioreactor. Thus, the design depends on the 

geometry of the larger scale photobioreactor to help minimize deviations between scales. Shake 

flasks, micro channels, microtiter plates, miniaturized bubble columns, and small-scale stirred 

tanks belong to the established examples to micro photobioreactors.  

Mathematical modeling and computer simulation can be used as practical tools for the 

analysis and design of mPBRs at different scales. They can complement experimental 

information where quantitative measurements are challenging. 

The current trend is towards automation of these systems and integration of more relevant 

hardware for process monitoring and control. These developments will reinforce the use of 

micro phorobioreactor systems for bioprocess development. 
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Quantum Chemical, Molecular Docking, and Hirshfeld Surface Analysis 

Studies of 8-Bromo-9-hydroxy-7,7-dimethyl-11-methylenespiro[5.5]undec-

1-en-3-one Molecule Isolated from Algae 

 

Cem C¿neyt ERSANLI1 

 

Introduction  

The term algae, derived from the Latin word for seaweed, refers to living organisms that 

can be found in fresh, salty, and even bitter waters, as well as on animals or plants, in moist and 

illuminated caves, and even on snow. Algae are found in various regions around the world. 

They are categorized into five primary groups according to their colors: brown algae, diatoms, 

blue-green algae, green algae, and red algae. There are studies in the literature related to the 

algae flora in aquatic environments (Gºn¿lol, Tezel Ersanli & Baytut, 2009; Tezel Ersanli & 

Hasirci Mustak, 2013; Tezel Ersanli & Gºn¿lol, 2014; Hasirci Mustak & Tezel Ersanli,  2015; 

Tezel Ersanlē & Hasērcē Mustak, 2017; Tezel Ersanlē & ¥zt¿rk, 2017; Baytut, G¿m¿ĸ & Ersanlē, 

2018; G¿m¿ĸ, G¿m¿ĸ & Tezel Ersanlē, 2023). In recent years, algae have been used as 

promising biosorbent materials in research related to biosorption and bioremediation (Deniz & 

Tezel Ersanli, 2016a, 2018b, 2018c) for their potential use as a source of nutrition (Serrano et 

al., 1998). Furthermore, studies in the literature have explored the potential of natural 

macroalgae consortia as biyosorbents (Deniz & Tezel Ersanli, 2016b, 2018a, 2020a, 2020b, 

2020c, 2021, 2022, 2023). Laurencia dendroidea J. Agardh (synonym, Laurencia scoparia J. 

Agardh) is a marine species and is belonging to Florideophyceae, Rhodophyta. Taylor (1960) 

presented their distribution in Atlantic Islands, N. America, Central America, Caribbean Islands 

and S. America. John et al. (2004) also recorded it in Africa, Senegal (Taylor, 1960; John et al., 

2004; Guiry & Guiry, 2012). Laurencia dendroidea is a red algae species belonging to the 

Rhodomelaceae family. Red algae predominantly comprise seaweed species, but also include 

genera of free-living unicellular microalgae. They are predominantly found in marine eco-

systems but can also thrive in freshwater and terrestrial environments. Unique characteristics 

of these algae encompass the lack of flagellate stages, the absence of centrioles, and the 

presence of accessory phycobiliproteins arranged in phycobilisomes. Chlorophyll a is the 

special type of chlorophyll found in these algae. The primary storage compound is floridean 

starch, an Ŭ-1,4-glucan polysaccharide, stored in the cytoplasm. Unlike Chlorophyta, where 

starch grains are located within chloroplasts, in red algae, starch grains are exclusively found 

in the cytoplasm. Most rhodophytes primarily undergo photoautotrophy. The class 

Florideophyceae encompasses all multicellular genera, both in marine and freshwater habitats. 

The cell wall in Florideophyceae is composed of over 70% water-soluble sulfated galactans 

such as agars and carrageenans. These substances hold significant commercial value in the food 

and pharmaceutical sectors owing to their capacity to create gels (Barsanti & Gualtieri P., 

2006). 

In this study, the structure of a chamigrene-type metabolite (spiro[5.5]undecane derivative) 

isolated from Laurencia scoparia has been identified. A non-sesquiterpene named mailione, 

C14H19BrO2, was detected previously in Laurencia cartilaginea (Suescon et al., 2001). 

Quantum chemical calculations provide useful information on the electronic, spectroscopic and 
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optical properties of molecular systems, including structural properties such as bond lengths, 

bond angles and torsion angles, primarily to supplement experimental data. They offer insights 

into chemical processes that are difficult, time-consuming, and/or expensive to determine 

experimentally. In fact, some studies indicate that theoretical methods can yield more precise 

data than experimental methods. Theoretical calculation data always serve as guiding, 

supporting, and illuminating information for experimental data. Therefore, in order to support 

the experimental data of the BHDMU (Suescon et al., 2001) available in the literature, the 
BHDMU was optimized using the Density Functional Theory (DFT) method and the 6-

311G(d,p) basis set with the Gaussian 03W program (Frisch et al., 2004). The BHDMUôs three-

dimensional structure was visualized using the GaussView 4.1.2 program (Dennington, Keith 

& Millam, 2007) to validate experimental data. The optimized structure was then compared 

with X-ray diffraction results, analyzing geometric properties such as bond lengths, bond 

angles, and torsion angles. Furthermore, a comparative study was conducted by overlaying the 

BHDMUôs X-ray and optimized geometries. Electronic properties such as ionization potential 

(I), chemical hardness-softness, electronegativity (ɢ), electron affinity (A), electrophilic and 

nucleophilic indices, HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) energies and the energy gap (ȹE) between these orbitals were 

studied. Additionally, total energy, dipole moment, Mulliken atomic charge values, and 

thermodynamic properties were calculated in the gas-phase and five varied solvents (benzene, 

dichloromethane, acetone, dimethyl sulfoxide, water). Molecular electrostatic potential (MEP) 

maps were generated to identify electrophilic and nucleophilic regions in the structure. Finally, 

molecular docking and Hirshfeld surface analysis were performed for the investigated 

BHDMU. 

Results and Discussion 

Crystal Structure 

The elucidation of the crystal structure of the spiro[5.5]undecane derivative, 8-bromo-9-

hydroxy-7,7-dimethyl-11-methylenespiro[5.5]undec-1-en-3-one molecule (BHDMU), 

separated from the red algae Laurencia scoparia, was carried out by Suescon and colleagues 

using X-ray diffraction (Suescon et al., 2001). The chemical diagram, experimental, and crystal 

structures of the BHDMU are illustrated in Figure 1. 

 

Figure 1. a) Chemical Diagram, b) Experimental (X-Ray) Structure, c) Crystal Structure 

The experimental X-ray single crystal structure of the studied BHDMU is available at the 

Cambridge Crystallographic Data Center under the code CCDC 162566. It has a closed formula 
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of C14H19BrO2, a molecular formula weight of 299.20 g/mol, and an orthorhombic unit cell in 

the P212121 crystal structure. The presence of intermolecular O2-H2OéO1 interactions was 

observed (Suescon et al., 2001). 

Geometric Optimization 

The BHDMU, acquired from the Cambridge Crystallographic Data Centre with the code 

CCDC 162566, was subjected to theoretical computations in the gas-phase at its ground state. 

The B3LYP method (Becke, 1993; Lee, Yang & Parr, 1988) and DFT using the 6-311G(d,p) 

basis set (Foresman & Frisch, 1996) implemented through the Gaussian 03W software package. 

The optimized geometry of the BHDMU was visualized using GaussView 4.1.2 (see Figure 2). 

 

Figure 2. Optimized Geometry of the BHDMU 

Through geometrical optimization, the spatial configurations of atoms and molecular 

structure were elucidated and theoretical calculations were used to determine bond lengths, 

bond angles, and torsion angles. These calculated parameters, along with specific experimental 

values, are detailed in Table 1. 

Table 1. Selected Variables 

 Experimental Theoretical 

Bond Length (¡) 

Br1-C8 1.975 (7) 1.9878 

O1-C3 1.231 (7) 1.22540 

O2-C9 1.409 (8) 1.41763 

C9-C10 1.522 (9) 1.53433 

C10-C11 1.495 (9) 1.50148 

Bond Angle (o) 

O1-C3-C2 122.1 (8) 121.894 

O1-C3-C4 121.9 (8) 122.771 

C1-C6-C11 111.0 (5) 110.652 

C11-C6-C5 109.9 (5) 108.663 

C11-C6-C7 108.1 (5) 108.310 

C9-C8-Br1 107.8 (4) 107.098 

C7-C8-Br1 112.5 (4) 112.788 

O2-C9-C10 107.8 (5) 107.160 

O2-C9-C8 114.0 (6) 113.920 

Torsion Angle (o)   

O1-C3-C4-C5 -146.7 (6) -148.177 

C1-C2-C3-O1 176.3 (6) 179.586 

C1-C6-C7-C14 -54.4 (7) -54.786 

C14-C7-C8-Br1 63.7 (6) 61.923 
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C13-C7-C8-Br1 -56.5 (6) -57.834 

C6-C7-C8-Br1 -175.3 (4) -177.270 

C7-C8-C9-O2 65.6 (7) 66.855 

Br1-C8-C9-O2 -62.2 (6) -60.785 

Br1-C8-C9-C10 177.7 (5) 178.143 

O2-C9-C10-C11 -75.4 (8) -77.001 

Another method for comprehensive comparison involved overlaying the molecular 

skeleton obtained from theoretical calculations onto the X-ray diffraction structure, resulting in 

a root mean square error (RMSE) of 0.046 ¡ for the theoretical calculation (Figure 3). This 

discovery shows that the DFT/B3LYP/6-311G(d,p) calculation faithfully reproduces the 

geometry of BHDMU in question. It is very important to emphasize that the experimental 

results were obtained in the solid phase, while the theoretical calculations were performed in 

the gas-phase. The RMSE value can be attributed to the lack of intermolecular coulombic 

interactions with neighboring molecules in the gas phase, a factor present in the crystal lattice 

observed in the experimental results. 

 

Figure 3. Atom-Atom Alignment: Calculated Structure (Shown in Red) Superimposed on 

X-Ray Structure (Shown in Blue). Hydrogen Atoms Excluded for Clarity 

The molecular structure of the BHDMU exhibits C1 point group symmetry. It comprises 

36 atoms and is anticipated to have 77 normal modes of vibrations within the same a species 

under C1 symmetry. 

HOMO -LUMO Energies and Electronic Properties 

Frontier Molecular Orbitals (FMOs), namely HOMO-LUMO kinetic stability, elucidate 

electron transitions as well as electrical and optical properties. Analyzing the electron density 

distribution of a structure provides valuable insights into ionization potential, electron affinity, 

chemical hardness/softness parameters, electrostatic potential, and the shapes of molecular 

orbitals. The molecular orbitals are referred to as HOMO-LUMO. Here, HOMO represents the 

moleculeôs tendency to donate electrons and is the highest energy occupied orbital. LUMO, on 

the other hand, signifies the moleculeôs tendency to accept electrons and is the lowest 

unoccupied orbital. In this study, Gaussian 03W program was used to calculate the EHOMO and 

ELUMO energy values for BHDMU using the same method and basis set. By examining the 

electron density distribution based on the calculated EHOMO and ELUMO energies, ȹE, I, A, ɢ, ɖ, 

Õ, S, and w parameters were calculated in both gas-phase and five varied solvents, as presented 

in Table 2. The formulas for these parameters are as follows: ɢ=(I+A)/2, Õ=-(I+A)/2, ɖ=(I-A)/2, 
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S=1/2ɖ, w= Õ2/2ɖ, (where: I and A represent ionization potential, electron affinity, respectively); 

I=-EHOMO, A=-ELUMO, respectively (Koopmans, 1933; Perdew et al., 1982; Parr & Pearson, 

1983; Senet, 1997; Geerlings, Proft & Langenaeker, 2003; Sch¿¿rmann, 2004). Upon 

investigating the BHDMU in the gas-phase and five varied solvents, the dielectric constant 

value correlated with an increase in the negativity of Etotal, EHOMO, and chemical potential 

values, as well as an expansion of the ȹE, chemical hardness, electrophilicity index, 

electronegativity, and dipole moment parameters, while ELUMO and chemical softness 

parameters exhibited a decrease. 

Table 2. Theoretically Calculated Electronic Structure Variables 

B3LYP/6-311G(d,p) 

 In gas-phase (Ů =1) In solution-phase 

  Benzene (Ů = 

2.27) 

Dichloromethane (Ů = 8.93) 

Etotal (Hartree) -3269.66849377 -3269.6732607 -3269.67770589 

EHOMO (eV) -7.0992 -7.2555 -7.3781 

ELUMO (eV) 0.5853 0.5108 0.4392 

DEHOMO-LUMO  7.6845 7.7658 7.8173 

Chemical hardness (h ) 3.8422 3.8829 3.9086 

Chemical potential (ɛ)  -3.2569 -3.3721 -3.4695 

Electronegativity (ɢ) 3.2559 3.3721 3.4695 

Chemical softness (S) 0.1301 0.1288 0.1279 

Electrophilicity index (w) 1.3804 1.4643 1.5398 

Dipole moment (Debye) 2.2978 2.5824 2.8345 

 In solution-phase 

 Acetone (Ů = 20.49) DMSO (Ů = 46.7) Water (Ů = 78.39) 

Etotal (Hartree) -3269.67882090 -3269.67934272 -3269.67951133 

EHOMO (eV) -7.4015 -7.5060 -7.5849 

ELUMO (eV) 0.4218 0.4120 0.4117 

DEHOMO-LUMO  7.8233 7.9180 7.9966 

Chemical hardness (h ) 3.9116 3.9590 3.9983 

Chemical potential (ɛ)  -3.4899 -3.5470 -3.5866 

Electronegativity (ɢ) 3.4899 3.5470 3.5866 

Chemical softness (S) 0.1278 0.1263 0.1251 

Electrophilicity index (w) 1.5568 1.5889 1.6086 

Dipole moment (Debye) 2.8970 2.9264 2.9359 

When the energy gap (ȹE) of a BHDMU is large, the electron distribution undergoes 

minimal changes, resulting in low polarization. A small ȹE indicates significant changes in the 

electron distribution and high polarization. In Table 2, if the ȹE is greater than 1.5 eV, it 

signifies that the BHDMU is thermodynamically stable and robust. Furthermore, the BHDMU 

does not undergo self-reactions, dimerization, or polymerization. The ȹE in the gas-phase is 

7.6845 eV. This substantial energy range indicates the moleculeôs stable structure. The HOMO 

and LUMO distributions obtained theoretically with the B3LYP method are depicted in Figure 

4. 
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Figure 4. HOMO and LUMO Distributions 

Mulliken Charge Distribution  

The Mulliken charge distribution method is widely used due to its ability to provide 

extensive information about the moleculeôs polarity, electronic structure, dipole moments of 

atomic structures, charge distribution on atoms, donor and acceptor pairs facilitating electron 

transfer in the molecule, and various properties of molecular structures (Mulliken, 1955). This 

method is based on obtaining molecular orbitals through linear combinations of atomic orbitals. 

However, this distribution does not precisely reflect the electronegativity of each element (Reed 

& Weinhold, 1985; Reed, Curtiss & Weinhold, 1988). In some extreme cases, it can assign 

negative electron population to an orbital or calculate more than two electrons in a single orbital. 

Consequently, Mulliken charges are used not only for quantitatively predicting experimental 

results but also for making qualitative predictions. To calculate the atomic charges of the 

BHDMU, Mulliken density analysis was performed using the same method (Table 3). 

According to these results, negative charges are mainly concentrated on oxygen (O) and carbon 

(C) atoms, which have the highest electronegativity in the studied BHDMU. 

Table 3. Atomic Charges of BHDMU in Gas-Phase and Various Solvent Media (e) 

Atom 
In gas-phase 

(Ů = 1) 

In solution-phase B3LYP/6-311G(d,p) 

Benzene 

(Ů=2.27) 

Dichloromethane 

(Ů = 8.93) 

Acetone    

(Ů = 20.49) 

DMSO      

(Ů = 46.7) 

Water            

(Ů = 78.39) 
Br1 -0.094522 -0.111683 

 

-0.122704 

 

-0.125441 

 

-0.126717 

 

-0.127128 

 
O1 -0.303344 -0.332207 

 

-0.354866 

 

-0.360231 

 

-0.362693 

 

-0.363482 

 

O2 -0.383193 -0.389412 

 

-0.400021 

 

-0.402852 

 

-0.404203 

 

-0.404643 

 

C1 -0.035841 -0.031194 -0.026813 -0.025683 -0.025150 -0.024977 

C2 -0.101486 -0.107345 -0.112273 -0.113522 -0.114107 -0.114296 

C3 0.206631 0.211832 0.217079 0.218392 0.219004 0.219201 

C4 -0.213121 -0.213769 -0.214631 -0.214816 -0.214898 -0.214924 

C5 -0.188413 -0.187357 -0.187190 -0.187089 -0.187033 -0.187014 

C6 -0.236929 -0.239385 -0.242541 -0.243395 -0.243803 -0.243936 

C7 -0.179671 -0.180220 -0.180842 -0.180994 -0.181066 -0.181090 

C8 -0.255357 -0.253932 -0.253682 -0.253602 -0.253560 -0.253546 

C9 0.095357 0.096907 0.098491 0.099040 0.099322 0.099417 

C10 -0.163410 -0.164527 -0.166426 -0.167000 -0.167285 -0.167380 

C11 -0.019590 -0.024263 -0.024633 -0.024675 -0.024687 -0.024690 

C12 -0.149194 -0.154580 -0.163976 -0.166647 -0.167946 -0.168373 
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C13 -0.218750 -0.221639 -0.224662 -0.225514 -0.225925 -0.226060 

C14 -0.238333 -0.237526 -0.237019 -0.236795 -0.236673 -0.236632 

H1 0.122601 0.134058 0.141263 0.143058 0.143892 0.144160 

H2 0.109049 0.113557 0.114922 0.115119 0.115190 0.115210 

H4A 0.139517 0.146412 0.149894 0.150723 0.151105 0.151228 

H4B 0.133005 0.126609 0.125896 0.125662 0.125548 0.125510 

H5A 0.113141 0.117675 0.125739 0.128029 0.129141 0.129506 

H5B 0.134417 0.132385 0.134661 0.135188 0.135427 0.135503 

H8 0.179235 0.182312 0.190758 0.193143 0.194299 0.194679 

H9 0.132660 0.135200 0.139725 0.140907 0.141468 0.141651 

H10A 0.133936 0.139545 0.139305 0.139009 0.138835 0.138774 

H10B 0.126416 0.129412 0.137270 0.139563 0.140686 0.141055 

H12A 0.099349 0.110158 0.114261 0.115173 0.115583 0.115713 

H12B 0.105324 0.111144 0.113838 0.114538 0.114869 0.114976 

H13A 0.131945 0.130209 0.128176 0.127511 0.127178 0.127067 

H13B 0.106994 0.104818 0.108394 0.109379 0.109853 0.110008 

H13C 0.115253 0.116122 0.117694 0.118141 0.118358 0.118429 

H14A 0.116453 0.117685 0.117530 0.117455 0.117414 0.117400 

H14B 0.098999 0.104720 0.109752 0.111110 0.111757 0.111968 

H14C 0.135500 0.135895 0.129740 0.127820 0.126862 0.126544 

H2O 0.245374 0.252385 0.257892 0.259296 0.259955 0.260169 

The Mulliken atomic charge value of carbon atom C8 was calculated to be higher compared to 

other carbon atoms, mainly due to the significant electronegative properties of its neighboring 

atoms. All hydrogen atoms exhibit a clear positive atomic charge. The H2O atom has the 

highest positive atomic charge, calculated as 0.245374 e in the gas-phase. Negative charges are 

concentrated on the oxygen atoms, which have the highest electronegativity. As seen in Table 

3, oxygen atoms O1 and O2 have higher negative values compared to other atoms, indicating 

the presence of hydrogen bonding between O2-H2OéO1 molecules. Upon investigation in the 

gas-phase and varied solvents, it was observed that as the solvent polarity increases, the 

negativity of atomic charge values for atoms in the moleculeôs structure becomes more 

negative, and the positivity becomes more positive (Table 3). 

Thermodynamic Properties 

Due to the complexity of studying heat effects in thermodynamics, many compounds lack 

known values for heat formation. This situation emphasizes the importance of quantum 

chemical methods in theoretical calculations. By examining quantum chemical results for heat 

effects, decisions can be made regarding the occurrence of chemical reactions. Thermodynamic 

quantum chemical data are widely used in studying the reaction mechanisms of compounds. 

The thermodynamic characteristics of the studied BHDMU were calculated under gas-phase 

conditions at 298.15 K and 1 atmosphere pressure. Gaussian 03W program using the same 

method and the same basis set. The results are presented in Table 4. 
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Table 4. Thermodynamic Properties Calculated at 298.15 K in Gas-Phase 

Parameter  B3LYP/6-311G(d,p) 

Zero-point   

Vibrational energy, Evib (kCal/Mol)  190.69655 

Rotational constants (GHz) X 0.75543 

 Y 0.22555 

 Z 0.20481 

Thermal energy, Etotal (kCal/Mol)   

Total  201.134 

Vibrational  199.356 

Rotational  0.889 

Translational  0.889 

Heat capacity (Cv) (Cal/Mol.K)   

Total  66.702 

Vibrational  60.740 

Rotational  2.981 

Translational  2.980 

Entropy (S) (Cal/Mol.K)   

Total  128.209 

Vibrational  51.748 

Rotational  33.487 

Translational  42.973 

The same calculations were performed in the temperature range 100-1000 K. The results 

are presented in Table 5. As shown in Table 5, these parameters increase with increasing 

temperature, indicating that the thermal energies of molecular vibrations increase with 

temperature. 

Table 5. Thermodynamic Characteristics at Various Temperatures Using the B3LYP/6-

311G(d,p) Method 

T (K) Cv (Cal/Mol.K) S (Cal/Mol.K) H (kCal/Mol) 

100.00 24.417 80.139 1.566 

200.00 46.022 105.190 5.305 

298.15 66.702 128.209 11.030 

400.00 87.172 151.309 19.087 

500.00 104.442 173.119 28.893 

600.00 118.633 193.821 40.270 

700.00 130.274 213.318 52.932 

800.00 139.950 231.630 66.657 

900.00 148.103 248.832 81.269 

1000.00 155.040 265.014 96.634 

Quadratic equations were used to establish correlation relationships between heat 

capacities, entropies, enthalpy changes and temperatures as shown in the following equations. 
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The factors of agreement (RĮ) for thermodynamic properties were 0.99976, 1 and 0.99953, 

respectively. The corresponding temperature dependent correlation plots are shown in Figure 

5. 

Figure 5. Temperature Variation of Theoretically Calculated Thermodynamic Properties for 

the BHDMU 

Cv (T) = -1.7164+0.2648T-1.08602x10-4T2        R2  = 0.99976                 (1) 

S (T) = 54.15291+0.26508T-5.41501x10-5T2        R2 = 1                (2) 

H (T) = -2.89997+0.02784T+7.26446x10-5T2           R2 = 0.99953                 (3) 

These equations can be utilized in subsequent studies involving the BHDMU. For example, 

when investigating the interaction of the BHDMU with another substance, these 

thermodynamic properties can be derived from the aforementioned equations. These properties 

can be used in further studies to determine the change in the Gibbs free energy for the reaction. 

Molecular Electrostatic Potential (MEP) Surface Analysis 

MEP provides insights into the local polarity of a molecule (Pearson, 1989). MEP surfaces 

serve as a valuable tool for explaining the reactivity, structural activity, and hydrogen bonding 

of molecules. MEP is described using a color-coding system. Red regions (-) represent 

negatively charged electrostatic potential areas, indicating the pull of protons (due to lone pairs, 

 ́bonds) by the high electron density of the molecules. The blue regions represent areas of 

electrostatic potential with (+) positive charges, indicating that protons are repelled by the 
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atomic nucleus in areas where the electron density and nuclear charge are not perfectly 

balanced. The MEP surface map of the structure optimized with the B3LYP method is shown 

in Figure 6. 

 
Figure 6. (a) MEP, (b) MESH, and (c) MEP Contour View of the BHDMU 

Negative regions are observed around the oxygen atoms in the BHDMU compound (O1 

and O2; -0.05388, -0.03245 a.u., respectively), indicating the presence of hydrogen bonding 

between the O2-H2O...O1 molecules. Electron-rich red lines are localized around the oxygen 

atoms, whereas regions with high hydrogen density are shown by greenish-yellow lines. 

Molecular Docking (MD) Studies 

The significance of MD methods in molecular structure analysis has become increasingly 

evident, reflected in the rising number of research studies in the literature. MD stands out as 

one of the most useful techniques for deciphering the binding geometry between macro 

molecules and small molecules. In these studies, particularly in protein-ligand binding 

simulations, MD proves uniquely advantageous, accelerating biochemical and pharmacological 

research. It facilitates the calculation of crucial data such as binding affinity, binding pose, and 

binding geometry. The surge in computer-aided drug designôs popularity has driven the demand 

for innovative software, making the MD method applicable across diverse disciplines. 

Schiff bases find versatile applications spanning biology, physics, chemistry, 

pharmacology, and more. Their imine structure endows them with a wide array of properties. 
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Literature studies undeniably confirm the anticancer and antitumor properties of Schiff bases, 

evident since their synthesis. Furthermore, Schiff base complexes with metals emerge as 

promising ligand candidates. An MD analysis was performed on the complex containing Kelch-

like ECH-associated protein 1 (KEAP1) and nuclear factor erythroid 2-associated factor 2 

(NRF2) (PDB ID: 2flu). The Keap1-Nrf2 signaling pathway plays an important role in both 

systems, providing insights into oxidative stress and cancer pathogenesis. (Cheng et al., 2021). 

Oxidative stress refers to the imbalance in a biological systemôs ability to neutralize reactive 

oxygen species and by-products generated during reactions or repair processes (Preddy & 

Watson, 2010). This imbalance can result in various biological damages, including DNA base 

damage and strand breaks, potentially causing significant disruptions in organismsô vital 

processes. Keap1 functions as a negative regulator of the Nrf2 protein, which in turn governs 

the expression of protective proteins against oxidative damage induced by injury or 

inflammation in cells. Absence of oxidative stress, Keap1 inhibits Nrf2 activation, keeping Nrf2 

in the cytoplasm. However, when Keap1 is subjected to stress or mutations, this inhibition is 

disrupted. Consequently, Nrf2 relocates to the nucleus, activating cytoprotective genes. 

Literature studies have substantiated Keap1 mutations in certain lung cancer patients 

(Padmanabhan et al., 2006). The MD study involving BHDMU and the Keap1-Nrf2 complex 

was done using Autodock Vina 1.5.6 software (Trott & Olson, 2010). The findings from this 

analysis are detailed in Table 6. 

Table 6. MD Results between BHDMU and Keap1-Nrf2 Complex 

MODE 
AFFINITY 

(kCal/Mol) 
RMSD l.b. RMSD u.b. 

1 -7.9 0.000 0.000 

2 -7.8 3.504 6.451 

3 -7.7 2.993 6.007 

4 -7.5 2.235 4.832 

5 -7.3 2.284 5.174 

6 -6.9 5.477 8.402 

7 -6.8 5.651 8.566 

8 -6.7 5.245 6.937 

9 -6.7 5.705 7.703 

According to Table 6, the MD process resulted in 9 different binding modes for the 

BHDMU. Among these binding modes, the best binding mode was observed to be mode 2, with 

a binding affinity of -7.8 kCal/Mol. Considering the interaction of Schiff base ligands with 

proteins, this score appears to be a sufficiently good value. According to Table 6, the MD 

process resulted in 9 different binding modes for BHDMU. Among these binding modes, the 

best binding mode was observed to be mode 2, with a binding affinity of -7.8 kCal/Mol. 

Considering the interaction of Schiff base ligands with proteins, this score appears to be a 

sufficiently good value. 
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Figure 7. MD Results for the BHDMU and Keap1-Nrf2 Complex 

Figure 7 depicts the outcomes of the MD analysis between the BHDMU and the Keap1-

Nrf2 complex, highlighting the optimal binding mode and amino acid interactions. The binding 

mode shown in Figure 7.a illustrates the precise localization of the compound within the active 

site of the Keap1-Nrf2 protein. Figure 7.b provides insights into the specific interactions 

occurring between the BHDMU and adjacent amino acid residues in the macromolecular 

structure. In particular, a hydrogen bond is observed between the oxygen atom of BHDMU and 

the amino acid residue ILE:559. Upon closer examination of the docking results, it becomes 

apparent that the distinctive -C=N (imine) structure in the BHDMU significantly contributes to 

its remarkable physical and chemical properties. Existing literature supports the notion that 

Schiff base ligands engage with the active regions of proteins, leveraging their superior 

conformational features to enhance the physical and chemical characteristics of the resulting 

structure. 

Hirshfeld Surface (HS) Analysis 

HS analysis is a novel approach for the graphical exploration of all intra- and 

intermolecular contacts within a crystal structure, providing detailed quantitative insights 

(McKinnon, Jayatilaka & Spackman, 2007; Spackman & Jayatilaka, 2009). In this study, the 

crystallographic information file (.cif file) of the crystal lattice of the BHDMU molecule, whose 

structure was elucidated by Suescon et al. in 2001, was used as an input file in 

CrystalExplorer17.5 (Turner et al. 2017) to perform HS analysis of the structure. The aim was 

to understand the packing nature of molecules within the crystal lattice and confirm all 

interactions within the BHDMU. This analysis visualized all intermolecular and intramolecular 

interactions (Spackman & McKinnon, 2002; McKinnon, Jayatilaka & Spackman, 2007; 

Spackman & Jayatilaka, 2009; Spackman et al. 2021) and provided insights into the normalized 

contact distance (dnorm), distance to the nearest nucleus outside the HS (de), distance 

corresponding to the nearest nucleus inside the surface (di), shape index, curvedness, and 

fragment patch maps related to the studied BHDMU, as shown in Figure 8. 



 

60 

 

Figure 8. HS Maps for the Investigated BHDMU, Including (a) dnorm, (b) di, (c) de, (d) Shape 

Index, (e) Curvedness, and (f) Fragment Patch 

For the BHDMU, the indices corresponding to dnorm, di, and de surfaces were obtained 

within the ranges of -0.5083 to 1.3017, 0.8027 to 2.5360, and 0.8015 to 2.4529 ¡, respectively. 

Shape index, curvedness and fragment patch were observed in the ranges -1 to 1, -4 to 4 and 0 

to 13, respectively (Figure 8). The shape index indicates planar .́..́  interactions between 

molecules. These interactions are represented in HS by adjacent blue and red triangles in the 

shape index. The red points observed on the HS (dnorm) provide information about bond 

strengths based on color concentration, with darker red points indicating stronger hydrogen 

bonds compared to lighter red points. When examining the red regions on the dnorm map in 

Figure 9, illustrating intermolecular contact regions of the studied BHDMU, it is noted that the 

oxygen atom involved in the O-HĿĿĿO contact is prominently featured. 

 

Figure 9. dnorm HS Map Illustrating the Intermolecular Contact Regions of the Investigated 

Molecule 

Figure 9 displays the packing arrangement of the investigated molecule on the dnorm HS. 

Two-dimensional (2D) fingerprint plots based on HS analysis represent a way to characterize 

and summarize the contact types of all interactions between molecules (Spackman & 



 

61 

McKinnon, 2002). The two-dimensional representation of the Hirshfeld surface, resembling a 

fingerprint and composed of blue dots, is drawn with di values given on the y-axis and de values 

on the x-axis. All interactions are depicted through separate 2D fingerprint plots for each 

interaction, along with their relative contributions to the HS, as shown in Figure 10. The 

dominant interaction, accounting for 64.0% of the fingerprint plot, was found to involve H---H 

interactions as a result of the high abundance of hydrogen atoms on the molecular surface. 

Contributions on the HS are primarily attributed to HéH/HéH (64.0%), OéH/HéO 

(18.3%), BréH/HéBr (12.8%), CéH/HéC (2.4%), CéBr/BréC (1.3%), and 

BréO/OéBr (1.2%) interactions. 

 

Figure 10. Two-Dimensional Fingerprint Plot Illustrating the Main Intermolecular 

Interactions of the Investigated Molecule 
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Conclusion 

In this study, quantum chemical calculations were performed using the Gaussian 03W 

program to elucidate the structural, electrical, and electronic properties of the BHDMU. The 

geometrical, electrical, and electronic properties of the molecule were theoretically investigated 

using the DFT/B3LYP/6-311G(d,p). The obtained minimum energy structures were compared 

with the experimental values obtained using the X-ray method available in the literature, and it 

was found that the geometric parameters of the molecules are in good agreement with the 

experimental values. To determine the stable structure, geometry optimization was performed 

first. As a result of this optimization, bond lengths, bond angles and torsion angles of the 

molecule were determined. The experimental values obtained were compared with the 

calculated geometric parameters since the structure of the investigated molecule had previously 

been determined by the X-ray diffraction method. It is important to emphasize that the 

experimental results correspond to the solid phase, while the theoretical calculations are based 

on the gas-phase. In the solid state, the effect of the crystal field, coupled with intermolecular 

interactions, leads to molecular interconnections, resulting in differences in bond parameters 

between calculated and experimental values. Consequently, the moleculeôs FMO energies and 

total energies were computed. The ȹE and the molecular parameters including I, A, ɢ, ɖ, Õ, S, 

and w were calculated both in the gas-phase and in five varied solvents. According to Mulliken 

charge analysis, it was observed that O1 and O2 atoms have higher negative values compared 

to other atoms, indicating the presence of hydrogen bonding between O2-H2OéO1 molecules. 

Mulliken charge analysis in the gas-phase and varied solvents revealed that as the solvent 

polarity increases, the negativity of atomic charges in the moleculeôs structure increases if they 

are negative and decreases if they are positive. Correlations between statistical thermodynamics 
and temperature were also established. The thermodynamic parameters were found to increase 

with rising temperature due to the intensification of molecular vibrations. The MEP map 

confirmed the presence of intramolecular O-H...O interactions. MD studies were carried out for 

BHDMU. HS analysis was performed to examine the intermolecular interactions of the 

BHDMU under investigation. Additionally, 2D fingerprint plots were generated to determine 

contributions to the HS area. It was found that the most significant contribution to the HS area 

was due to hydrogen abundance in the BHDMU, indicating HĿĿĿH interactions (64.0%). 
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Introduction  

Belonging, primarily a concept related to understanding human relationships, refers to 

the sense of "relatedness," "affiliation," and "belongingness." It is fundamentally a concept 

understood through association and represents an individual's effort to integrate with what they 

desire to belong to (Karip et al., 2020). 

Bowlby argues that establishing close relationships with one's environment is a 

fundamental necessity for development in order to sustain one's life. Bowlby emphasizes that 

emotional bonds form the foundation of development, and initially, the individual has a primary 

need to establish close relationships with their family (Karip et al., 2020, Erĸanlē & Ko­yiĵit, 

2013). 

In the literature, it is expressed that individuals living with a functional/healthy family 

have no difficulty in expressing themselves, are open to communication, and demonstrate a 

more respectful attitude towards themselves and others (Muyibi at al., 2010). 

In terms of an individual's psychological well-being, feeling loved, respected, and having 

a sense of belonging play a significant role. However, the absence of a sense of belonging can 

negatively impact an individual's mental health, leading to behavioral and adjustment problems 

(Duru, 2007). 

In this context, it does not seem feasible to expect that the work and interpersonal 

relationships of individuals who lack a sense of belonging to the environment they find 

themselves in would be the same as those who possess a sense of belonging. Insufficient sense 

of belonging can adversely affect an individual's life circumstances. 

When individuals cannot fulfill their need for belonging adequately, they may experience 

emotional problems such as depression, anxiety, and loneliness (Uysal at al., 2015). 

For example, Beyer (2008) found that students experiencing a lack of belongingness have 

a higher risk of rejection, alcohol/substance use, school absenteeism, a tendency towards 

violence in the school environment, and depression (¥zgºk, 2013). 

Also, Melor et al. (2008) aimed to examine the subjective states of loneliness and the 

need to belong with a sample of 436 volunteer participants selected from the Australian Unity 

Wellbeing database. In this study, the authors collected data from participants through a 

questionnaire that included the Personal Well-Being Index, the UCLA Loneliness Scale, the 

life satisfaction measure, and the satisfaction with personal relationships measure included in 

the Need to Belonging Scale. They then talked in detail about the implications for these 

subjective situations. 
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According to Maslow's hierarchy of needs theory, with the onset of adolescence, 

important needs such as belonging, status, commitment, and a high sense of self emerge for 

individuals (Alptekin, 2011). 

Maslow (1987) defines the sense of belonging as a need for being accepted, recognized, 

valued, and significant by others (Karip et al., 2020). 

Similarly, Frey and Wilhite (2005) define the environment where a sense of belonging is 

felt as an interactive network of relationships characterized by intense interest, love, and respect 

(Alptekin, 2011). This definition emphasizes the importance of interactive relationships in the 

development of a sense of belonging. According to Frey and Wilhite, for an individual to feel 

a sense of belonging to a group, community, or environment, there needs to be intense 

experience of interest, love, and respect in that environment. This collective of relationships 

allows individuals to feel accepted, valued, and significant. 

Mavili et al. (2014) developed a measurement tool to determine the belonging of 

individuals to their families in their study. At the end of the study, a five-point Likert-type scale 

consisting of a total of 17 items thought to represent family belonging was obtained. Later, this 

scale was applied to 1579 university students studying at different universities in Konya and 

the results were analyzed. 

The environment where emotions are expressed significantly influences an individual's 

style of emotional expression. When people perceive their environment as healthy and peaceful, 

they can express their emotions more freely. This environment helps individuals relax 

psychologically (Karip et al., 2020). 

Individuals know that in order to express their emotions, they need to feel safe and be met 

with understanding by the people around them. In a healthy environment, individuals are 
encouraged and supported to express their emotions. This occurs in an environment where 

emotional burdens can be shared and emotional expressions are accepted. 

With an increase in the sense of belonging, individuals can achieve better emotion 

regulation. They can make sense of their emotional experiences, express them, and manage 

them appropriately. This helps individuals control their emotional states more effectively. 

The strengthening of a sense of belonging makes an individual's daily life more 

productive. It enables maintaining emotional balance, establishing positive relationships, 

seeking and providing support, and coping with emotional challenges. This improves the 

individual's quality of life and helps them cope with stress. 

The sense of belonging can also play an important role in coping with problems. Feeling 

a sense of belonging to a community or environment provides support and assistance to the 

individual. Connecting with others, working together, and being in solidarity enable access to 

more resources and support for problem-solving. The sense of belonging enhances the 

individual's problem-solving skills and helps them find more effective solutions. 

In conclusion, it is believed that an increased sense of belonging enhances emotional and 

situational control and makes an individual's daily life more productive. Similarly, it can be 

said that a sense of belonging can contribute to coping with problems. 

Literature Review 

Concept of Belonging 

The sense of belonging is an inherent emotion that emerges with human existence and is 

intertwined with human identity. From primitive societies to modern developed societies, the 



 

69 

need for individuals to feel a sense of belonging has always been present. In primitive societies, 

the need to be a member of a group and to belong to that group arose due to reasons such as 

establishing a settled order, meeting housing needs, and ensuring defense and security (Levett 

at al., 2007). 

Need for Belonging 

The need for belonging has been described as a fundamental requirement by various 

theories and theorists. Bowlby argued that establishing close relationships is a fundamental 

prerequisite for human development to ensure survival, and emphasized the crucial role of close 

emotional bonds in development. According to Bowlby, the individual has a primary need to 

establish a relationship with the family. The need for belonging expresses the desire of 

individuals to form social connections, be accepted, and participate in relationships. This need 

influences the formation of identity and self-esteem. The family is where individuals establish 

their first and most fundamental social relationships, shaping their sense of belonging and social 

connections (Ecke at al., 2006). 

Human Needs and Theoretical Approach to Belonging (Maslow's Theory) 

Maslow developed a theory that explains human needs in a hierarchical structure, and 

within this theory, the sense of belonging and the need for it also hold an important place. 

Maslow's hierarchy of needs theory has gained broad acceptance in the literature and has been 

used in numerous studies (Yusufoĵlu & Cerev, 2019). 

 

 

Figure 1. Maslow's Hierarchy of Needs 

When examining Maslow's Hierarchy of Needs Pyramid theory, developed by Maslow in 

1943, it can be seen in the literature review that the introduction story refers to the research 

findings conducted by a psychologist in a clinical setting (Walsh, 2011). Clinical studies have 

shown that individuals set specific goals in their lives and shape their lives accordingly. The 

self-actualization stage in Maslow's theory encompasses the fulfillment of goals in one's life 

and the needs that arise in pursuit of these goals (Kula & ¢akar, 2015). 

It is known that individuals have ongoing needs throughout their lives and set goals based 

on these needs, which establishes the theoretical order of the hierarchy. Within Maslow's 

Hierarchy of Needs Pyramid, needs are divided into specific categories and levels. For an 

individual to move to the upper level of the hierarchy, it is expected that their needs in the lower 

level have been met to a sufficient extent (¢oban, 2021). 

When examining Figure 1, it is noteworthy that the first two levels of the theory primarily 

focus on physiological needs, while the subsequent levels focus more on sociological and 

psychological needs. Since humans are social beings and need to fulfill their basic physical 
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needs in order to socialize, it is not possible for them to concentrate on the higher levels without 

prioritizing these lower levels (¢oban, 2021). 

A study conducted by Sirgy (1986) focuses on life satisfaction and human development 

perspectives. This study was conducted by incorporating factors that balance individual 

development and life satisfaction into Maslow's hierarchy of needs theory (Kula & ¢akar, 

2015). 

Material and Method 

This research was conducted using data obtained through surveys filled out by students 

actively enrolled at S¿leyman Demirel University during the 2022-2023 academic year. The 

"Sense of Belonging Scale" was used in the study and administered to participants selected 

through simple random sampling. The sample size was n=180, with a confidence level of 95% 

and a margin of error of 5%. The scale consisted of two parts: the first part collected participants' 

demographic information, followed by an 18-item questionnaire. Data processing and analysis 

were performed using the Statistical Packages for the Social Sciences (SPSS) software. 

Independent Samples t-test was employed for variables with two groups, and One-Way 

Analysis of Variance (ANOVA) was used for variables with more than two groups. When 

examining the results of the variance analysis, groups showing significant differences were 

identified, and in cases where the variances were homogeneous, Tukey's test was used for 

interpretation, while Tamhane's test was utilized in cases of heterogeneous variances. 

Findings and Discussion 

The descriptive statistics table of the participants based on the administration of the Sense 

of Belonging Scale to S¿leyman Demirel University students is presented in Table 1. 

Table 1. Descriptive Statistics 

Variable Group Frequency % 

Gender Female 

Male 

99 

81 

55.0 

45.0 

Age 18-22 

23+ 

106 

74 

58.9 

41.1 

Place of Residence Apartment 

House 

Dormitory 

34 

126 

20 

18.9 

70.0 

11.1 

Educational Status Undergraduate 

Graduate 

144 

36 

80.0 

20.0 

Level of Education Bachelor's Degree 

Master's Degree 

Associate's Degree 

101 

29 

50 

56.1 

16.1 

27.8 

Class Level 1 

2 

3 

  4+ 

25 

75 

37 

43 

13.9 

41.7 

20.6 

23.9 

Monthly Income Level 2000-2500 

2501-3000 

3001-3500 

3501+ 

39 

18 

20 

103 

21.7 

10.0 

11.1 

57.2 
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Table 2. Gender Analysis Results 

Variable Factor Group n ● Std. (p) 

Gender Sense of 

Belonging 

Female 99 2,47 0,75 
0,166 

Male 81 2,56 0,70 

                         

H0: There is no statistically significant difference in the sense of belonging among the 

gender groups of the participants.  

H1: There is a statistically significant difference in the sense of belonging among the 

gender groups of the participants.  

The calculated significance (p) value from the analysis is determined as 0.166. Therefore, 

the H0 hypothesis is accepted. Based on the findings, it is concluded that there is no statistically 

significant difference in the sense of belonging between females and males at a 95% confidence 

level. Detailed result are given in table 2. 

In addition, the results obtained when Table 2 is examined can be summarized as follows: 

While the average of the sense of belonging among women is 2.47, this value is 2.56 among 

men. We can say that men have a slightly higher sense of belonging than women. However, the 

p value was found to be 0.166. This is higher than the 5% (0.05) threshold. Therefore, we can 

conclude that this difference between gender groups is not statistically significant. Standard 

deviation values show the distribution of participants' answers. The distribution of answers on 

the sense of belonging among women (0.75) is slightly higher than that of men (0.70). That is, 
the answers to the sense of belonging among women are somewhat more variable. In 

conclusion, based on these data, it was concluded that there was no statistically significant 

difference in sense of belonging between men and women. This means that gender does not 

have a determining effect on the sense of belonging on this scale. However, there is a small 

difference between the averages in both gender groups.Table 3. Age Analysis Results 

Variable Factor Group n ● Std. (p) 

Age Sense of 

Belonging 

18-22 106 2,56 0,72 
0,979 

23+ 74 2,43 0,74 

                        

H0: There is no statistically significant difference in the sense of belonging among the age 

groups of the participants. 

 H1: There is a statistically significant difference in the sense of belonging among the age 

groups of the participants.  

The calculated significance (p) value from the analysis is determined as 0.979. Therefore, 

the H0 hypothesis is accepted. Based on the findings, it is concluded that there is no statistically 

significant difference in the sense of belonging among the age groups at a 95% confidence 

level. Detailed result are given in table 3. 

In Table 3, the results obtained regarding the sense of belonging of the participants 

according to their age groups are given. Considering Table 3, while the average sense of 

belonging is 2.56 among the participants aged 18-22, this value is 2.43 among the participants 

aged 23 and over. We can say that participants aged 18-22 have a slightly higher sense of 

belonging than participants aged 23 and over. However, the p value was found to be 0.979. This 

value is much higher than the 5% (0.05) threshold value generally used in scientific studies. 

This means that the difference between age groups is not statistically significant. That is, the 
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H0 hypothesis was accepted. On the other hand, the standard deviation values show the 

distribution of the participants' answers. The distribution of responses on sense of belonging 

was similar between both age groups, but the 23 and older group was slightly more variable 

(0.74 vs 0.72). 

In conclusion, based on these data, it was concluded that there was no statistically 

significant difference in sense of belonging between age groups. This means that age has no 

decisive influence on the sense of belonging on this scale. However, there is a small difference 

between the averages between the two age groups. 

Table 4. Place of Residence Analysis Results 

Variable Factor Group n ● Std. (p) 

Place of 

Residence 

Sense of 

Belonging 

House 126 2,55 0,77 

0,531 Apartment 34 2,40 0,63 

Dormitory 20 2,43 0,60 

                               

H0: There is no statistically significant difference in the sense of belonging among the 

locations where the participants reside.  

H1: There is a statistically significant difference in the sense of belonging among the 

locations where the participants reside.  

The calculated significance (p) value from the analysis is determined as 0.531. Therefore, 

the H0 hypothesis is accepted. Based on the findings, it is concluded that there is no statistically 

significant difference in the sense of belonging among the locations where the participants 

reside at a 95% confidence level. Detailed result are given in table 4. 

Table 4 presents the analysis of the results obtained regarding the sense of belonging of 

the participants by place of residence (housing type). According to this table, the average of the 

sense of belonging among the participants residing at home is 2.55, 2.40 for those living in flats 

and 2.43 for those living in dormitories. We can say that the participants living in the house 

have a slightly higher sense of belonging compared to other types of housing. In addition, when 

the standard deviation values are taken into account, the distribution of the answers in the sense 

of belonging of the participants living at home (0.77) is slightly more variable than the other 

types of housing. 

As a result, based on these data, it was concluded that there was no statistically significant 

difference in sense of belonging according to residence (housing types). This means that the 

place of residence does not have a decisive influence on the sense of belonging at this scale. 

However, there are small differences in the averages between the three housing types. 

Table 5. Education Level Analysis Results 

Variable Factor Group n ● Std. (p) 

Educational 

Status 

Sense of 

Belonging 

Undergraduate  144 2,51 0,71 

0,176 
Graduate 36 2,49 0,81 

 

H0: There is no statistically significant difference in the sense of belonging among the 

educational statuses of the participants.  

H1: There is a statistically significant difference in the sense of belonging among the 

educational statuses of the participants.  
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The calculated significance (p) value from the analysis is determined as 0.176. Therefore, 

the H0 hypothesis is accepted. Based on the findings, it is concluded that there is no statistically 

significant difference in the sense of belonging among the educational statuses of the 

participants at a 95% confidence level. Detailed result are given in table 5. 

Table 5 includes the results obtained regarding the sense of belonging according to the 

educational status of the participants. Here, while the average sense of belonging is 2.51 among 

the participants who have received education at the undergraduate level, it is seen that this value 

is 2.49 for those who are at the graduate level. Accordingly, it can be said that there is a very 

small difference between the averages and this shows that the participants at the undergraduate 

and graduate levels have a similar sense of belonging. When the standard deviation values were 

examined, it was observed that the distribution of the answers in the sense of belonging of the 

graduate level participants (0.81) was slightly more variable than the undergraduate level 

participants (0.71). 

As a result, based on these data, it was concluded that there was no statistically significant 

difference in sense of belonging according to educational status. This means that education 

level does not have a decisive influence on the sense of belonging on this scale. However, there 

is a very small difference between the averages between the two education levels. 

Table 6. Education Level Analysis Results 

Variable Factor Group n ● Std. (p) 

Level of 

Education 

Sense of 

Belonging 

Associate's Degree 50 2,64 0,69 

0,006 Bachelor's Degree 101 2,56 0,74 

Master's Degree 29 2,12 0,64 

 

H0: There is no statistically significant difference in the sense of belonging among the 

educational statuses of the participants.  

H1: There is a statistically significant difference in the sense of belonging among the 

educational statuses of the participants.  

The calculated significance (p) value from the analysis is determined as 0.006. Therefore, 

the H0 hypothesis is rejected. Based on the findings, it is concluded that there is a statistically 

significant difference in the sense of belonging among the educational statuses of the 

participants at a 95% confidence level. Specifically, there is a difference observed between 

individuals with Associate's and Bachelor's degrees compared to those with Master's degrees. 

Information regarding the means of the relevant groups is provided explicitly in Table 6. 

Table 6 shows the results regarding the sense of belonging according to the education 

level of the participants. The average of the sense of belonging of the participants at the 

associate degree level is 2.64, the average of those at the undergraduate level is 2.56, and the 

average of the participants at the graduate level is 2.12. This shows that especially the graduate 

level participants have a lower sense of belonging compared to other education levels. Here, 

the p value was found to be 0.006. This value is above the 1% (0.01) threshold but below the 

5% (0.05) threshold. This means that there is a statistically significant difference in sense of 

belonging by education level. So the H0 hypothesis cannot be accepted. This analysis shows 

that the sense of belonging of the graduate level participants is statistically significantly lower 

than the associate and undergraduate level participants. However, the difference between 

associate and undergraduate level is less clear. This finding may suggest that individuals at the 

graduate level may have different experiences or expectations compared to those at other levels 
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of education. In addition, these results may reveal the necessity of conducting further analyzes 

in order to examine the effect of education level on individuals' sense of belonging. 

Table 7. Class Level Analysis Results 

Variable Factor Group n ● Std. (p) 

Class Level Sense of 

Belonging 

1 25 2,35 0,75 

0,425 
2 75 2,46 0,66 

3 37 2,59 0,59 

4+ 43 2,61 0,91 

H0: There is no statistically significant difference in the sense of belonging among the 

class levels of the participants.  

H1: There is a statistically significant difference in the sense of belonging among the class 

levels of the participants.  

The calculated significance (p) value from the analysis is determined as 0.425. Therefore, 

the H0 hypothesis is accepted. Based on the findings, it is concluded that there is no statistically 

significant difference in the sense of belonging among the class levels of the participants at a 

95% confidence level. Detailed result are given in table 7. 

Table 7 shows the data obtained regarding the sense of belonging of the participants 

according to their class levels. Considering the averages, we can see that as the grade level 

increases, the mean sense of belonging also increases: while the average sense of belonging is 

2.35 for 1st grade students, this value increases to 2.46 for 2nd grade, 2.59 for 3rd grade 

students, and 2.35 for 1st grade students. It increases to 2.61 for 4th grade and above. This 

increasing trend may suggest that the sense of belonging may increase with the time students 

spend at university or college. However, we must examine the p-value to see if this trend is 

statistically significant. On the other hand, the p value was found to be 0.425. This value is 

higher than the 5% (0.05) threshold. This means that there is no statistically significant 

difference in sense of belonging by grade level. 

In conclusion, based on these data, it was concluded that there was no statistically 

significant difference in sense of belonging between grade levels. However, it was observed 

that the sense of belonging showed an increasing trend as the grade level increased. This may 

indicate that students' sense of belonging may evolve during their time at school. In addition, 

these results reveal that class level does not have a determining effect on the sense of belonging. 

Table 8. Monthly Income Level Analysis Results 

Variable Factor Group n ● Std. (p) 

Monthly 

Income 

Level 

Sense of 

Belonging 

2000-2500 39 2,63 0,80 

0,504 
2501-3000 18 2,47 0,78 

3001-3500 20 2,32 0,59 

3501+ 103 2,51 0,71 

 

H0: There is no statistically significant difference in the sense of belonging among the 

monthly income levels of the participants.  

H1: There is a statistically significant difference in the sense of belonging among the 

monthly income levels of the participants.  

The calculated significance (p) value from the analysis is determined as 0.504. Therefore, 

the H0 hypothesis is accepted. Based on the findings, it is concluded that there is no statistically 
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significant difference in the sense of belonging among the monthly income levels of the 

participants at a 95% confidence level. Detailed result are given in table 8.  

Table 8 shows the results obtained for the sense of belonging according to monthly 

income levels. From this point of view, it is seen that there is a slight fluctuation in the sense of 

belonging according to monthly income levels. When the averages are examined; It is seen that 

the average sense of belonging of those in 2000-2500 income brackets is 2.63, this average is 

2.47 with a slight decrease for those who earn 2501-3000, and the average of sense of belonging 

drops to 2.32 for those who earn 3001-3500. Finally, it can be said that this value increases to 

2.51 for those with a monthly income of 3501 and above. Although there is a small trend 

between the means, the p-value (0.504) indicates that these differences are not statistically 

significant at the 95% confidence level. Simply put, there may be some variation in the sense 

of belonging between different income groups, but it is concluded that these differences are not 

statistically significant and may be coincidental. 

As a result, the monthly income level of the participants does not have a statistically 

significant effect on their sense of belonging, according to the data provided. 

CONCLUSION 

In this study, the potential effects of different demographic characteristics (gender, age, 

place of residence, education level, class level, monthly income level) on the sense of belonging 

were discussed. When we examine each feature in detail, the following conclusions are reached: 

Gender: There was no statistically significant difference between men and women in 

terms of sense of belonging. This shows that gender is not a determining factor in this context. 

Age: No significant variance in sense of belonging was observed between different age 

groups. This indicates that age does not have a dominant effect on this emotional process. 

Place of Residence: There was no significant effect of living in a house, apartment or 

dormitory on the sense of belonging. This indicates that other factors, rather than the type of 

place where individuals live, may affect their sense of belonging more. 

Educational Status: Educational level is the only factor that shows a significant difference 

in the sense of belonging among the demographic characteristics examined. Individuals at the 

graduate level may have a lower sense of belonging compared to other levels of education. This 

may suggest that academic and social pressures brought about by higher education levels may 

negatively affect individuals' sense of belonging. 

Grade Level and Monthly Income: Both grade level and monthly income level do not 

have a significant effect on the sense of belonging. 

In conclusion, it can be said that most demographic factors do not have a dominant effect 

on this emotional process. However, it has been observed that some factors such as education 

level can create differences in the sense of belonging. Such findings are important for 

educational institutions, policy makers, and counselors, as a sense of belonging can have 

significant effects on individuals' academic success, mental health, and overall quality of life. 

Therefore, it may be necessary to develop supportive strategies and programs, especially for 

individuals at higher education levels. 
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An Insight into Deposition & Processing of High-Resistivity Large-Area 

Amorphous Selenium Alloy Film Devices for Medical Imaging and High 

Energy Detection Applications 
 

Cihan ¥NER1 
 

Introduction  

Amorphous selenium (a-Se) alloys, as a material for high resolution flat panel x-ray 

detectors, are in high demand for medical imaging applications (Rowlands & Kasap, 1997; 

Kasap, 2002; Tanaka & Shimakawa, 2011; Frey et al., 2012; Gruner, 2012) such as real-time 

digital mammography and digital chest radiography (Kasap et al., 2009; Kasap et al., 2011). 

This is because it can operate at extremely high biasing voltages without undergoing 

breakdown, while simultaneously maintaining a very low level of dark leakage current due to 

its high resistive capabilities. Additionally, it is viable to scale up this technology for use in 

large area detection applications (Kabir & Imam, 2013; Walornyj & Kasap, 2013; Mandal et 

al., 2013; Fogal & Kasap, 2014; Kabir & Imam, 2014; Kabir & Hijazi, 2014; Kasap et al., 2015; 

Kabir, 2015). 

Amorphous selenium, which is a material sensitive to impurities in the parts per million 

(ppm) range, cannot be utilized in radiation detection applications due to the fact that 

commercially available selenium material with 5N (99.999%) purity is not suitable for this 

purpose. During high electric field operation, the presence of impurities can lead to the 

formation of detrimental native point defects. These defects can act as trapping or 

recombination centers, reducing charge carrier collection efficiency. These point defects may 

also result in charge build up, so impeding the uniformity of the electric response across the 

detector (Song et al., 1999; Emelianova et al., 2003; Benkhedir et al., 2006). In order to use 

commercially available Se for radiation detection, it is necessary to perform a purification 

procedure known as zone refining (ZR) to achieve improved material purities, typically ~7N 

(Chowdhury, 2019).  

Unalloyed a-Se is susceptible to crystallization. To utilize this material for commercial 

purposes in medical imaging and high energy detector applications, it is imperative to alloy it 

with different materials to enhance its stability. An effective method for retarding the 

crystallization of a-Se is to alloying the material with arsenic (As) in the concentration range of 

0.3% to 0.6%. By maintaining this range of arsenic quantity, the p-type properties of a-Se are 

preserved and the crystallization process is prevented. However, as a drawback, this also leads 

to a reduction in hole lifetime, resulting in a drop in the material's hole properties. In order to 

address this limitation, a-Se is also combined with chlorine (Cl) in the parts-per-million (ppm) 

range (Mehta, 2013). 

While developing high resolution detectors, it is essential to ensure that the dark current 

levels remain low, typically about 10-11 to 10-12 A, even when the detectors are subjected to 

high bias conditions. The selection of the metal for the top contact in metal/a-Se/metal sandwich 

structures is crucial in determining the outcome. Although it may be challenging to achieve 

high Schottky barrier heights on p-type semiconductors, the relatively high work function of a-

Se (~5.9 eV) complicates the task of using metals with low űm values to accomplish this goal. 
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Nevertheless, the complex physical properties of a-Se and the uncertain mechanisms of metal/a-

Se junctions provide significant challenges in managing the leakage current through the 

exclusive adjustment of the barrier height (Pak, 2016). 

Although the main interest for a-Se is in the areas of medical imaging, primarily in chest 

radiography and mammographic systems, there are conducted research in pursuit to attract 

attention to the material in neutron detection applications. The concept primarily depends on 

lithium and boron doping of a-Se alloys to detect alpha particles that are proxy for thermal 

neutrons. a-Se in this regard would offer compact, and lightweight detectors compared to the 

mainstream counterparts (Oner et al., 2015a; Oner et al., 2015b; Pak, 2016; Chowdhury; 2019). 

Material Properties 

The material choice for nuclear detector depends on how well the material can absorb the 

incoming ionizing radiation. The process basically follows as the absorption of the ionizing 

radiation, electron-hole pair generation due to the energy absorbed from the radiation, and 

transportation of the generated charge carriers to the electrodes from where the nuclear 

detection measurement systems collect and amplify the pulses. The amplified pulses whose 

energy level corresponds to the incident radiation then shown in a pulse height spectrum with 

a gaussian peak that shows the incident radiation interactions.  

Hence, the choice of semiconductor material for nuclear detectors must have a large 

energy bandgap that is higher than 1.5 eV. The reasoning is to tackle the thermal noise in room 

temperature and elevated temperature applications where a larger bandgap corresponds to a 

lower thermal noise. While having a large enough energy bandgap is crucial, at the same time 

a small enough electron-hole pair generation energy is needed for the energy deposited by the 

incident radiation can generate as much as charge carriers possible.  Another must have property 

is the high resistivity of the material to assure low leakage current levels that will provide low 

noise as a result. The resistivity levels for the material of choice should be at least 1010 Ý-cm.  

For the detector to have the ability to stop high energy x-ray and gamma-rays, a material 

with high density and high atomic number is also peripheral. High thermal conductivity is an 

important material property which would allow operation at elevated temperatures in return. 

The material of choice should also be resistant to damage and possess a good level of radiation 

hardness for which a high atomic displacement energy is needed. Finally, a mobility lifetime 

product higher than 10-3 cm2/V is expected for low recombination, and high charge collection. 

In this regard a-Se offers very low thermal noise due to very high resistivity ~1013 Ý-cm. 

a-Se alloys have an energy bandgap ~2.22 eV at 300K (Kasap et al., 2000) which provides a 

big electron-hole pair energy for the detector to have low thermal noise at elevated temperature 

operations while still being able to generate sufficient charge carriers due to the incident 

radiation. Alloying the a-Se improves the material energy bandgap from 1.74 eV levels to 2.22 

eV at room temperature (300K). Even though the electron-hole pair creation energy allows for 

sufficient charge carriers, it is far less from the ideal case as it is extremely high compared to 

the bandgap energy (~50 eV). This results in poor charge transport properties in the material 

such as ÕŰe = 1.4 x 10-5 cm2/V (Pak, 2016).  

Amorphous selenium has an atomic number of Z = 34 and a density of 4.29 g/cm3. As the 

atomic number is not ideal, it has sufficient x-ray stopping ability. Large area films from thin 

to thick layers up to ~500-micron levels could be deposited with thermal evaporation technique 

under low growth temperatures (365 ï 485)  where the substrate temperatures do not exceed 

70  (Pak, 2016). In overall thermal evaporation technique provides a low-cost deposition 

capability. Low temperature growth capability of a-Se gives the material a huge advantage over 
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crystalline semiconductors which usually requires higher temperature profiles for the 

crystallization happen.    

Amorphous structure of a-Se offers high radiation tolerance that renders the material 

suitable for thermal neutron detection applications. Other properties of the material such as low 

effective atomic number, and high thermal neutron cross-section also supports this suitability. 
6Li and 10B doping on a-Se are being demonstrated to improve the thermal neutron capturing 

capabilities of a-Se. This doping favors the material with a larger thermal neutron cross-section 

(940 barns, where 1 barn = 10-24 cm2 for 6Li nucleus, whereas 3840 barns for 10B nucleus). The 

probability of making small and lightweight handheld detectors using a-Se semiconductors 

makes this material highly desirable compared to big- bulky gas and scintillator-based neutron 

detectors (Mitchell, 1936). 

Material Purification  

Selenium materials that is commercially available are in the range of 4N (99.99%)-5N 

(99.999%) purity. a-Se is a semiconductor that is highly sensitive to material impurity. The 

presence of impurities in the crystal reduces the charge transport properties of the 

semiconductors especially if the semiconductor device made from the material is used under 

high bias conditions. Under these conditions additional steps for the further purification of the 

a-Se material is required in order to use it for radiation detection applications.  

Zone refining (ZR) method is a technique that is being utilized for semiconductor material 

purification since 1950ôs. This technique utilizes the distribution of the impurities differently 

in liquid and solid phases at equilibrium. This is dependent to the larger solubility of impurities 

in the liquid phase rather than the solid phase. When one side of the solid in ZR is melted and 

this molten zone is passed through the other side by moving the heater, the impurities present 

in the feed material is also passed through by this molten zone. As this process is repeated 

multiple times, one side of the feed material ends up with clusters of impurities while leaving 

the rest of the crystal with very high purity. The schematic of the ZR method can be seen in 

Fig. 1 where a single-zone horizontal furnace is used. 

 

Fig. 1. The schematic of a generic zone refining setup 

The preparation of the ampoule that is used for the ZR system is also an important step 

to keep further contamination of the precursor materials. This involves a series of procedure 

sequentially cleaning of the ampoule to remove any possible contaminants before the refining 

process. The consequent step is vacuuming and sealing of the ampoule. The temperature of the 

heater should be above the melting point of selenium (221 ), usually in the range of 255  

to 310 . To reach the 7N purity levels, a purification process involving very slow heater 

movement of ~4-5 cm/hr and multiple passes which corresponds to a total of 30-35 days is 

required (Oner, 2015b). After the ZR process, a yield of 80% or more with ~7N purity can be 

obtained where the impurities end up being segregated at one side while extremely high purity 
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precursor material on the other side of the ampoule. Fig. 2. shows an example of zone refined 

Se ingots with ~7N purity after the multi-pass ZR process. 

 

Fig. 2. Zone refined Se ingots (Oner, 2015a) 

Alloying of a-Se 

The reason behind choosing amorphous selenium over crystallized selenium for imaging 

and detection applications lies in the low resistive nature of crystallized selenium which leads 

to high leakage current in the material. This leads to undesirable background noise in the pulse 

height spectra. On the other hand, unalloyed a-Se has crystallization proneness. For this specific 

reason alloying a-Se is a must to stabilize the material. A very effective way of retarding the 

crystallization of a-Se is to alloy the semiconductor with arsenic (As) which also improve the 

electron mobility lifetime product. One side effect of alloying with As is that the process 

reduces the hole mobility lifetime product of the material. To balance the negative effects, 

further alloying with Chlorine (Cl) is necessary in parts-per-million (ppm) ranges. As a result, 

Cl alloying compensates the hampering hole mobility lifetime product reduction due to As, in 

return Cl reduces that of electrons. As a result, a golden ratio of ~0.5% As and ~5 ppm Cl 

addition is found to improve and optimize the physical and optoelectronic properties of the a-

Se alloys (Chowdhury, 2019). Fig. 3. shows a generic schematic of an a-Se alloying reactor. 

 

Fig. 3. Schematic of a generic a-Se alloying reactor (Chowdhury, Oner & Mandal, 2017) 

The alloying reactor needs to operate in an inert argon environment to prevent any kind 

of contaminations and reactions during the high temperature alloying procedure. The synthesis 

of Se-As master alloy involves a melt temperature of ~700  while Se-Cl master alloy melt 

temperature is ~350 . To synthesize the final alloy mixture, the master alloys are melted in 

the alloy reactor whose temperature generally raised to ~470  in about 5 hours of a period. A 

rotating impeller ensures the homogeneity of the mixed material during the heating periods. 

After the heating period is complete, the melt is cooled to the temperature levels of ~350  

while the shutter usually kept ~5  higher than the cooled melt temperatures with a shutter 

plate temperature of 5-6 . During this procedure when the melt reaches the shutting plate, the 
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rapid decrease of the temperature results in quenching of the melt and as a result an amorphous 

phase is formed (Mehta, 2013; Pak, 2016). Fig. 4. Shows an example of a-Se dry pellets with 

As, and Cl doping. 

 

Fig. 4. A-Se alloy pellets (Oner et al., 2015a) 

Further 6Li and 10B doping can be added on a-Se alloys using the same alloying reactor 

process to further render the material for thermal neutron detection. With the high thermal 

neutron capture cross section of the a-Se alloy as a result of 10B doping, thermal neutrons can 

be captured by the 10B nucleus. As a result, thermal neutrons undergo a reaction where the 

reaction produces 7Li and 4He (Ŭ) with a combined emitted energy of 2.79 MeV. This kinetic 

energy is then partially deposited into the crystal lattice and creates electron-hole pairs. A 

similar reaction is observed when thermal neutrons are captured by the 6Li nucleus. 3H1 (tritium) 

and 4He (Ŭ) is produced as a result of this reaction with a combined deposited energy of 4.78 

MeV (Pak, 2016; Chowdhury, 2019). 

Film Deposition 

Thermal Evaporation technique has always been the go-to method for a-Se 

photoconductive layer deposition. This is a well-studied technique for coating thin layers under 

vacuum conditions. In this technique the material inside the heated boats is evaporated under 

vacuum environment. After the opening of the shutter, the evaporated material reaches and 

condenses on the cold substrates. In order to avoid the oxidation of the grown films, high 

vacuum to the levels ~10-6 torr is necessary inside the deposition chamber. The typical 

deposition rates of thermal evaporation method are roughly around 1-5 Õm/min (Kasap et al., 

2009). 

Another procedure is increasing the deposition chamber temperatures to ~100  to avoid 

any residual gasses or moisture in the chamber environment after the evacuation. The deposition 

temperatures of the chamber to grow amorphous selenium structure is in between 60 to 65  

(Pak, 2016). The low glass transition temperature (~50 ) and the poor thermal conductivity 

selenium possess makes the grown film prone to crystallization. This results in the requirement 

of precise substrate temperature control during deposition.  A generic schematic of Thermal 

Evaporation System can be seen in Fig. 5.  
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Fig. 5. Schematic of a generic Thermal Evaporation System 

The system consists of a planetary rotation system that is used for as a substrate holder 

with rotation capabilities, multiple boats to give system the ability to melt different materials 

one at a time in case of multiple thin layer growth. In this case only one boat is needed to grown 

the films. Also, a quartz crystal thickness monitor to keep an eye on the grown film thickness. 

The working principle of this monitor is either monitoring the thickness or the change in mass 

of the adhering layers to the surface of a quartz crystal. As last a shutter that is present in the 

system which ensures the precise control of the deposition by blocking the evaporated material 

before all the intended conditions meet throughout the system.  

The choice of substrate for thermally evaporated a-Se deposition is usually ITO (indium 

tin oxide) coated glass substrate or oxidized aluminum (Al) substrates. The coated ITO layer in 

the former substrate acts as the back contact as the sides of the substrate is covered during the 

growth. This way the a-Se film would not be coated on the sides of the glass, which would be 

used as the side/back contact. The latter acts as a p-like layer which blocks the injection of 

electrons from the negative biased electrode, basically acting as an electron blocking layer. As 

a result, reduce the leakage current. As in the former substrate the front side of the substrate is 

conducting Al where only the back side is Al2O3 which ensures the use of the sides of the 

substrate as the side/back contact.  

Even though Thermal evaporation is the mostly used deposition technique for a-Se film 

deposition, there are other methods being employed to deposit the material. One of the 

techniques is called cathode sputtering where a selenium target is used for the deposition. 

Vacuum levels of ~10-5 torr is at least required for this method. Following the vacuum 

procedure, an inert gas as argon is introduced to the chamber. The argon plasma is used to 

bombard the target layer and as a result amorphous selenium starts forming layer by layer on 

the substrate (Tan, 2006). 

Another method used to deposit amorphous selenium films is chemical bath deposition 

technique. This is a simple technique that can be used to deposit large area films at low cost 

which does not require high growth temperatures. Chemical bath deposition method uses the 

process of substrates that are immersed in the dilute solutions which contains the ions of the 

growth material. As alternative methods are seen to be utilized, commercially available a-Se 

films for various applications are mostly deposited via thermal evaporation systems (Bindu et 

al., 2002). 
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The e-beam evaporation (eBE) technique is another alternative method to thermal 

evaporation where this method offers a more controllable process as a result of the controlled 

substrate temperature in this method. In thermal evaporation precise control of chamber 

temperature and boat temperature is imperative as an event of substrate temperature rise due to 

source temperature, the a-Se would result in crystallization fairly easily. On the other hand, the 

eBE technique only heats up the source material during the deposition process which ensures 

precise control over the substrate and the grown film (Sun et al., 2016).  

Device Fabrication 

The final step in the making of an a-Se based detector is the contact deposition. The a-Se 

films have p-type properties with a high work function (űm) of ~5.9 eV. As a result, obtaining 

high Schottky barrier heights to be able to maintain low dark current under high biasing 

conditions might become a big issue. On top of this issue, a-Se have unpredictable 

metal/semiconductor junction mechanisms which results in hardship of controlling the leakage 

current levels by engineering the barrier height by itself. 

Table. 1. Work Functions of suitable metals for a-Se contact formation 

Metal Symbol űm (eV) Metal Symbol űm (eV) 

Gold Au 5.10 eV Aluminum Al  4.28 eV 

Silver Ag 4.26 eV Molybdenum Mo 4.37 eV 

Nickel Ni 5.15 eV Chromium Cr 4.50 eV 

Indium In 4.12 eV Tin Sn 4.42 eV 

Tungsten W 4.55 eV Zinc Zn 4.33 eV 

Palladium Pd 5.12 eV Copper Cu 4.65 eV 

 

Even though gold (Au) with a work function of 5.1 eV which would result in a relatively 

lower barrier height compared to metals with lower work functions as can be seen from Table. 

1. above, in general Au supplies one of the best diode characteristics with high rectification 

with ~nA leakage levels up to 1000 V levels of reverse bias conditions for a-Se devices (Pak, 

2016). Fig. 6. shows a schematic of a-Se alloy detector with planar contact formation. X-ray 

imaging applications on the other hand prefer array formation which offer high resolution and 

high sensitivity in return. 

 

Fig. 6. A planar a-Se alloy detector 

Applications 

Stabilized a-Se alloys have served the mankind for over 20 years as a photoconductor 

material for photocopy machines, a process known as xerography, until the organic 

photoconductors replaced the material with their low-cost advantage.  More importantly a-Se 

alloy films are being used as photoreceptors in x-ray imaging that is called xeroradiography. 
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Modern x-ray imaging systems combine amorphous silicon thin film transistor based active-

matrix arrays (AMAs) with a-se technology which changed the flow of xeroradiography into 

flat panel x-ray imaging. Imaging systems based on a-Se materials is especially highly used in 

mammography and chest radiology (Brody, 1996; Kasap et al., 2009; Kasap et al., 2011; Huang 

& Abbaszadeh, 2020). 

Apart from commercial imaging and medical imaging, a-Se shows real promise as a high 

energy radiation detector material. The technology may be preferred for thermal neutron 

detection, nuclear waste management, and homeland security applications as well due to its 

favorable material properties.          

Conclusion 

Amorphous selenium has many advantages over most of the materials preferred in various 

ionizing radiation detection devices such as very high resistivity 1013 Ý-cm, atomic number Z 

(34) which is high enough to stop x-rays, high thermal neutron cross sections with B-10 and Li-

6 doping, low temperature growth with possibility of large area detector films with low-cost. 

On the other hand, the material shows some disadvantages over its opponents namely, radiation 

damage at high gamma dosses, low mobility, high electron-hole pair creation energy. Most of 

the disadvantage could be tackled by engineering some modifications which renders the 

material as a very high potential detector candidate. 

Amorphous selenium possesses the ability to operate at high biasing voltages without 

succumbing to breakdown, while maintaining minimal dark leakage current, making them 

indispensable in medical imaging, especially in mammography and chest radiology. Material 

purification, accomplished through the meticulous zone refining (ZR) process, elevates the 

purity of commercially available selenium materials to levels suitable for radiation detection. 

Alloying a-Se with arsenic and chlorine further enhances its stability and properties, ensuring 

it to retain amorphous structure.  

In film deposition, thermal evaporation stands as the go-to method, offering precise 

control and low crystallization susceptibility. Nevertheless, alternative deposition methods, 

such as cathode sputtering and chemical bath deposition, e-beam evaporation techniques show 

promise. The choice of contact metals, notably gold (Au), plays a pivotal role in achieving low 

leakage current and desirable diode characteristics in a-Se devices. As a result, a-Se alloys have 

not only revolutionized x-ray imaging but also hold promise in fields like thermal neutron 

detection, nuclear waste management, and homeland security, thanks to their exceptional 

material properties. 
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Correlation of Albedo, EVI, NDVI, NDSI and NDBI as indicators of surface 

urban heat island effect in MODIS imagery 
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1.Introduct ion   

One of the most important environmental problems of the present time is climate change. 

The increase in greenhouse gases in the atmosphere and the excessive use of natural resources 

lead to global temperature rise, rising sea levels, and changes in weather patterns (ķekertekin 

& Marangoz, 2019). Efforts to understand the climate system and identify influencing factors 

are rapidly continuing in order to address this critical issue (Akdeniz, 2023; Durak & Ayyēldēz, 

2022). 

In this context, surface temperature and urban heat islands constitute a significant focus 

of climate change research (Akdeniz, 2023). Urban areas house a large portion of the world's 

population and are rapidly expanding. The development of cities significantly influences local 

climate, often explained by the phenomenon known as urban heat islands (Durak & Ayyēldēz, 

2022). 

Urban heat islands allude to the idea that cities have hotter temperatures than their rural 

neighbors. (Elhabodi et al., 2023; Oke, 1982; Y¿ksel & Yēlmaz, 2008). The causes of this 

temperature increase are complex and result from a combination of factors. The warming effect 

of concrete and asphalt surfaces, reduced surface reflectivity of buildings, leads to heat gains 

(Akdeniz, 2023; Y¿cer, 2023). Factors such as traffic and industrial activities also play a role 

in the formation of urban heat islands (Elhabodi et al., 2023). 

There are many factors that cause Land Surface Temperature (LST) to change both 

spatially and temporally. This is because land surface comprises vegetation, impervious 

surfaces, water, and soil composition. Various studies have been conducted using MODIS and 

Landsat satellite images to determine LST. Researchers have specifically looked at the 

correlation or relationship between LST and several vegetation indicators. For example, Rasul, 

Balzter, and Smith (2017) established a strong negative linear correlation with the NDVI index, 

while Singh, Verma, Chaudhuri, Singh, and Rai (2023) and Schwarz, Schlink, Franck, and 

GroÇmann (2012) found relationships with NDVI, NDBI, and air temperature, respectively. 

Different studies in different regions and times have reported varying results regarding the 

relationship between LST and NDVI. 

Accurately monitoring and analyzing environmental variables and land surface 

characteristics is of great importance to various scientific and applied disciplines, including 

geography, environmental science, agriculture, forestry management, climate science, and 

urban planning. In this context, the indices and indicators developed for measuring and 

monitoring land surface characteristics and variables provide critical information to researchers 

and decision-makers. Land surface temperature is important for understanding a region's 

 
1 !ÒÁĥÔąÒÍÁ 'ĘÒÅÖÌÉÓÉȟ +ÏÎÙÁ 4ÅËÎÉË ­ÎÉÖÅÒÓÉÔÅÓÉȟ -İÈÅÎÄÉÓÌÉË ÖÅ $ÏøÁ "ÉÌÉÍÌÅÒÉ &ÁËİÌÔÅÓÉȟ (ÁÒÉÔÁ -İÈÅÎÄÉÓÌÉøÉ "ĘÌİÍİ 
2 0ÒÏÆÅÓĘÒȟ +ÏÎÙÁ 4ÅËÎÉË ­ÎÉÖÅÒÓÉÔÅÓÉȟ -İÈÅÎÄÉÓÌÉË ÖÅ $ÏøÁ "ÉÌÉÍÌÅÒÉ &ÁËİÌÔÅÓÉȟ (ÁÒÉÔÁ -İÈÅÎÄÉÓÌÉøÉ "ĘÌİÍİ 



 

89 

microclimate and assessing the impacts of climate change. LST measurements are obtained 

through thermal remote sensing technologies and meteorological stations. 

This study examines the relationship between LST and Albedo, EVI, NDVI, NDBI, and 

NDSI (Normalized Difference Soil Index). MODIS satellite images were downloaded using the 

Google Earth Engine platform. Provinces from two different regions of Turkey were selected 

for the study: Karab¿k, with the highest forested area in terms of land area, and Iĵdēr, with the 

lowest forested area. Data from the years 2013 and 2023 were used to understand temperature 

differences on the Earth's surface, while data from the year 2023 were used to interpret the 

relationship between Albedo, EVI, NDVI, NDBI, and NDSI. These indices play a significant 

role in identifying different features and environmental variables The goal of this investigation 

is to focus on monitoring and analyzing natural and human-induced processes in both regions 

through various land surface indices. 

The continuation of the article will discuss information related to the selected cities of 

Karab¿k and Iĵdēr for the application, the fundamental principles of each index used in the 

study, how they are calculated, what type of information they provide, and how data are 

obtained using which satellite systems. 

2.MATERIAL -METHOD  

2.1.Study Area 

The study area includes two different regions located in different parts of Turkey: 

Karab¿k and Iĵdēr provinces. Karab¿k is situated in the Black Sea Region of Turkey, while 

Iĵdēr is located in the Eastern Anatolia Region. With a land area of 4,074 kmĮ, Karab¿k has the 

highest forested area among the provinces of Turkey. On the other hand, Iĵdēr, which is slightly 

smaller than Karab¿k with an area that is 0.487 kmĮ less, is one of the provinces in Turkey with 

the least forested area. The selection of these provinces for the study was primarily based on 

the number of forested areas in these regions. 

 

Figure 1. Study Area 
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2.2.The data used in the study 

In this study, data from MODIS satellite imagery have been used. Table 1 contains 

information for each data point retrieved from the Google Earth Engine (GEE) library. MODIS, 

a remote sensing device developed by NASA and the United States Geological Survey (USGS), 

is used to examine the temperature distribution and variations on the Earth's surface in terrestrial 

regions. The product used in this study, MODIS/006/MYD11A2, is a part of MODIS' Land 

Surface Temperature (LST) product. This product scans an area of 1200 x 1200 kilometers 

approximately every 8 days, using data acquired by the Terra and Aqua satellites. The 

mentioned 8-day period is expressed as the average value for each pixel (Xu et al., 2022). 

Table 1. Information about the data used in the research. 

Data Spatial 
Resolution 

Temporal 
Resolution 

Data ID in GEE Selected Band 

LST 1 km  8 days MODIS/006/MYD11A2 LST_Day_1km 

Albedo 500 m 1 day MODIS/006/MCD43A3 Albedo_BSA_Band1 

NDVI 500 m 16 days MODIS/006/MYD13A1 NDVI 

EVI 500 m  16 days MODIS/006/MYD13A1 EVI 

NDBI 500 m  1 day MODIS/006/MCD43A3 Nadir_Reflectanece_Band2, 
Nadir_Reflectanece_Band6 

NDSI 500 m 1 day MODIS/006/MCD43A3 Nadir_Reflectanece_Band1, 
Nadir_Reflectanece_Band4 

DVI and EVI vegetation indices from the MYD13A1 V6 product were utilized. These 

goods are produced using surface reflectance that has been adjusted for the atmosphere. With 

the use of GEE, the selection of the relevant band automates this process. Alternatively, NDVI 

and EVI can be calculated using satellite bands separately. Formulas for indices developed by 

Rouse Jr, Haas, Deering, Schell, and Harlan (1974) and H. Q. Liu and Huete (1995) to reflect 

the spectral signature of vegetation are provided in Equation 1 and Equation 2. 

NDVI and EVI are two distinct vegetation indices used to monitor plant health and 

determine vegetation density. Both indices fall within the range of -1 to +1. 

ὔὈὠὍ         (Equation 1) 

ὉὠὍὋ       (Equation 2) 

The variables NIR, representing reflectance in the near-infrared portion (841ï876 nm), 

RED, representing reflectance in the red portion (620ï670 nm), and BLUE, representing 

reflectance in the blue portion (459ï759 nm) are present in the equations. The scale factor G, 

correction constant C1 for red reflectance, and correction constant C2 for blue reflectance are 

denoted in the equations. Typically, in studies, values of 2.5 for G, 6 for C1, and 7.5 for C2 are 

used. The value of L is used to enhance observation and is generally set to 1. 

Albedo, NDBI, and NDSI indices were calculated from the MCD43A3 V6 product, and 

corresponding maps were generated. Albedo represents the distribution of solar radiation 

between the surface and the atmosphere (Sarafanov, Kazakov, Nikitin, & Kalyuzhnaya, 2020; 

Y¿cer, 2023). Albedo takes values between 0 and 1 and varies depending on the surface 

characteristics. It is dimensionless (Y¿cer, 2023). The Albedo map is produced using 

Albedo_BSA_Band1, while NDBI and NDSI are calculated using Equations 3 and 4, 

respectively. The NDBI index is employed for mapping urban or built-up areas using satellite 

imagery (Ali, Hasim, & Abidin, 2019; Zha, Gao, & Ni, 2003). Both NDBI and NDSI indices 
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range between -1 and +1. NDSI is utilized to analyze the spectral reflectance of the soil (Liu, 

Meng, Zhang, & Wu, 2022). 

ὔὈὄὍ          (Equation 3) 

ὔὈὛὍ          (Equation 4) 

3.RESULTS 

In this study, changes in land surface temperature were monitored, and the factors 

contributing to these changes were examined. To achieve this goal, two distinct study areas in 

different regions of Turkey (Karab¿k and Iĵdēr) were selected. The LST maps created for the 

Karab¿k and Iĵdēr regions in the years 2013 and 2023 are shown in Figure 2 and Figure 3. 

 

Figure 2. 2013 and 2023 LST maps of Karab¿k. 

As depicted in Figure 2 and Figure 3, It has been determined that the highest temperature 

in the study area is 28.25ÁC for Karab¿k and 41.21ÁC for Iĵdēr. In Figure 2, the average 

temperature in 2013 is approximately 8.92ÁC, while it is observed to have increased to around 

13.5ÁC in 2023. 

 

Figure 3. 2013 and 2023 LST maps of Iĵdēr 

нлмо нлно

нлмо нлно
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When examining the maps for Karab¿k in the year 2023, it is observed that the average 

temperature in 2013 was approximately 0.49ÁC, whereas in 2023, this value increased to around 

18.5ÁC. It can be noted that in a significant portion of the region, the land surface temperature 

is relatively high. 

The relationship between LST, NDVI, EVI, NDBI, NDSI, and Albedo in the year 2023 

was investigated. NDVI, EVI, and Albedo maps were directly obtained from satellite imagery, 

while NDBI and NDSI maps were produced using Equations a and b. The NDVI, EVI, NDBI, 

NDSI, and Albedo maps generated for the Karab¿k region are shown in Figure 4, and maps 

produced for the Iĵdēr region using the same indices are displayed in Figure 5. After that, 

correlation analysis was used to look into how the indexes and LST related to one another. A 

total of 1000 random points were distributed homogeneously across both study areas, and the 

analysis process was conducted from these points. 

When examining the maps for Karab¿k in the year 2023, it is observed that EVI values 

range from -0.1038 to 0.6559, NDSI values range from -0.5977 to 0.4762, NDVI values range 

from -0.2090 to 0.8856, and NDBI values range from -0.8231 to 0.4528. It was found that the 

albedo values are higher in areas with sparse vegetation and bare soil cover. It can be stated that 

there is a positive relationship between albedo and LST. Similar results are observed in the 

NDBI map, as there is an increase in LST in areas covered by soil. This is also applicable to the 

NDBI map, as higher temperatures are observed in areas with buildings. 
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Figure 4. 2023 Albedo (a), EVI (b), NDSI (c), NDVI (d), and NDBI (e) maps of Karabuk 

When examining the maps for Iĵdēr in the year 2023, it is observed that EVI values range 

from -0.3080 to 0.5014, NDSI values range from -0.4688 to 0.4467, NDVI values range from 

-0.3450 to 0.6918, and NDBI values range from -0.9475 to 0.5851. It has been determined that 

in a significant portion of both regions, NDVI and EVI values are below 0. 

In Iĵdēr, vegetation cover is observed at very low levels. This can be understood from 

Figure 5b and Figure 5d, as areas in red in the EVI and NDVI maps indicate low or unhealthy 

vegetation cover. While there is a negative relationship between NDVI and EVI with albedo, 

ŀύ ōύ

Ŏύ Řύ

Ŝύ



 

94 

there is a positive relationship between NDBI and NDSI. It is observed that NDBI and NDSI 

maps yield nearly similar results. 

Figure 5. 2023 Albedo (a), EVI (b), NDSI (c), NDVI (d), and NDBI (e) maps of Igdir 

Based on the findings obtained from Figure 4 and Figure 5, when comparing the NDVI 

and EVI maps with the LST map, it is observed that they exhibit a negative correlation. In other 

words, areas where NDVI and EVI values are negative tend to have higher land surface 

temperatures, and the opposite is also observed. Additionally, it has been determined that in 

areas where Albedo, NDBI, and NDSI values are high, LST is also high. 

ŀύ ōύ

Ŏύ Řύ
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Figure 6. The correlation between LST and another indexes 
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The correlation analysis results among LST and the other indices (Albedo, EVI, NDSI, 

NDVI, NDBI) are shown in Figure 6. In Figure 6, a, b, c, d, e represents the values for the 

Karab¿k province, while f, g, h, i, j visuals represent the values for Iĵdēr. The results obtained 

from the maps are confirmed by correlation coefficients. LST exhibits a negative correlation 

with NDVI and EVI, while it has a positive correlation with NDSI and NDBI. For Karab¿k, 

there is a positive relationship between LST and Albedo, while for Iĵdēr, a negative relationship 

is observed. This is primarily attributed to factors such as radiation type, temperature, and 

precipitation, influenced by seasonal effects in the region. The dominance of higher 

temperatures in Iĵdēr compared to Karab¿k has resulted in the negative relationship. 

4.DISCUSSION and CONCLUSIONS 

The primary indication of the urban heat island phenomenon is LST, a reflection of 

surface temperatures. In this study, two different regions with distinct geographical locations, 

land areas, and forest coverage were selected. Firstly, the temporal changes in land surface 

temperature were addressed. Secondly, the impact of environmental factors and climate 

variations on land surface temperature was investigated for the same regions. To achieve this, 

various indices such as Albedo, EVI, NDVI, NDBI, and NDSI for the year 2023 were 

downloaded. 

The primary feedback in this study revealed that land surface temperature increases over 

time and is higher in areas with a high building density and limited green spaces in urban 

centers. According to Y¿cer (2023), who established a positive correlation between LST and 

albedo and a negative correlation between albedo and NDVI, dry vegetation and bare soil often 

have higher albedo than biologically active vegetation. Similarly, it was observed that in areas 

with low vegetation indices and high levels of urbanization and industrialization, land surface 

temperatures are high. These relationships are explanatory in terms of the impact of vegetation 

cover on LST in urban areas. 

A strong relationship between LST and NDBI was identified. In areas with buildings, 

asphalt, and pavement, high NDBI and LST ratios were observed, while in areas with green 

vegetation, temperature and NDBI indices were lower. Dimoudi et al. (2014) obtained similar 

results in their study, noting that surface temperatures in urban centers are generally higher than 

in other areas due to traditional materials (buildings, asphalt, and pavement stones), reaching 

approximately 50-56ÁC. 

Different results were obtained for the Albedo map in the two regions. While a positive 

correlation was found between LST and Albedo for Karab¿k province, a negative correlation 

was found for Iĵdēr. Zolotokrylin, Brito-Castillo, and Titkova (2020) stated in their study that 

seasonal variations, radiation type, temperature, and precipitation affect albedo values. 

Therefore, proposed solutions in LST studies may vary from region to region due to these 

factors influenced by the unique geographical characteristics of each region. 

In conclusion, the increase in land surface temperature is attributed to factors such as 

concrete, asphalt, high-rise buildings, increased vehicle numbers, and industrial activities. This 

leads to a decrease in green areas in cities, resulting in the loss of shade and cooling vegetation. 

All of these factors contribute to the increase in land surface temperature, exacerbating the 

effects of climate change and global warming. 

To mitigate the effects of LST, collaboration among individuals, communities, and 

governments is essential. In this regard, activities such as environmental education, energy 

efficiency incentives, and the development of environmental protection policies are 

recommended. For example, increasing the number of trees and creating parks in urban and 

suburban areas can help increase the amount of green space. Reflective materials or vegetation 
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can be used on building rooftops to reflect sunlight. Practices such as recycling and waste 

reduction can be adopted to reduce energy consumption, and solar panels can be installed and 

encouraged in homes and businesses. Infrastructure design can incorporate materials that 

reduce land surface temperatures. 
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Some Convergence Results of Iteratēon Scheme For ╖  Asymptotically 

Nonexpansiveness 
 

Esra YOLA¢AN1 

 

Introduction and Preliminaries 

Let –  ɲbe a subset of a Banach space ὢ. A digraph is a pair: Ὃ  ὠ Ὃ ȟὉ Ὃ , here 

ὠ Ὃ is the set of vertices of graph and  Ὁ Ὃ is the set of its edges which encapsules all the 

loops, i.e. ὴȟὴᶰὉ Ὃ  for ὴᶅɴ ὠ ὋȢ  Supposing Ὃ has no parallel edges. If ὴ and ή be 

vertices of Ὃ, then a path on Ὃ from ὴ through ή of length ὔ is ὴ  of ὔ ρ vertices such 

that ὴ ὴ, ὴ ὴ and ὴ ȟὴ ᶰὉ Ὃ  for Ὥ ρȟỄȟὔ. A digraph Ὃ is called to be 

transitive if, for any ὴȟὬȟὰɴ ὠ Ὃ  such that ὴȟὬȟὬȟὰᶰὉ Ὃ, we have ὴȟὰᶰὉ Ὃ. 

The map Ὢȡ–O – is called to be  

¶ Ὃ nonexpansive if it provides (i) ὴȟὰᶰὉὋ ᵼ ὪὴȟὪὰɴ ὉὋ (Ὢ preserves edges 

of Ὃ), (ii) ὴȟὰᶰὉὋ ᵼᴁὪὴ Ὢὰᴁ ᴁὴ ὰᴁ (Alfuraidan&Khamsi, 2015); 

¶ Ὃ continuous if for any given †ɴ ὢȟ† Ṗὢ, † † and †ȟ† ᶰὉὋ imply 

Ὢ†ᴼὪ† (Jachymski, 2008); 

¶ ίὩάὭὧέάὴὥὧὸ if for ὼ Ṗ– with ᴁὼ ὪὼᴁO π as ὲᴼЊ , there exists a 

subsequence ὼ  of ὼ  such that ὼ ᴼ„zᶰ– (Shahzad&Al-Dubiban, 2006); 

¶ Ὃ  asymptotically nonexpansive if it provides (i) Ὢ preserves edges of Ὃ, (ii) there exists 

a sequence ‰ Ṓ ρȟЊȟ‰ ᴼρ as ὲᴼЊ  such that ᴁὪὴ Ὢὰᴁ ‰ᴁὴ ὰᴁ, 

whenever ὴȟὰᶰὉὋ for any ὴȟὰɴ – and ὲ ρ (Sangago & et al., 2018). 

Fixed point (brief, FP) iterative process for Ὃ nonexpansiveness maps in Banach spaces with 

a graph (brief, BSWG) including Ishikawa, Ὓ iteration, explicit iteration, Ὓὖ iteration 

schemes have been intensively investigated by various researchers (Tripak, 2016), 

(Suparatulatorn& et al., 2018), (Hunde& et al., 2017), (Sridarat& et al., 2018). The authors 

established the class of Ὃ asymptotically nonexpansiveness maps, who verified some 

convergence results in BSWG (Sangago & et al., 2018). 

The mapping Ὢȡ–O – is called to yield Condition (A) if there is a nondecreasing function 

ὫȡπȟЊ ᴼπȟЊ  with Ὣὸ π for ὸᶅɴ πȟЊ , Ὣπ π such that ᴁὼ Ὢὼᴁ

ὫὨὼȟὊὪ . Two mappings ὪȟὪȡ–O – are called to yield Condition (B) if there is a 

nondecreasing function ὫȡπȟЊ ᴼπȟЊ  with Ὣὸ π for ὸᶅɴ πȟЊ , Ὣπ π such that 

άὥὼᴁὼ Ὢὼᴁȟᴁὼ Ὢὼᴁ ὫὨὼȟὊὭὼὊ , where ὊὭὼὊ ὊὪ ᷊ὊὪ . The 

mappings ὪȟὪȟὪȡ–O – are called to yield Condition (C) if there is a nondecreasing function 

ὫȡπȟЊ ᴼπȟЊ  with Ὣὸ π for ὸᶅɴ πȟЊ , Ὣπ π such that άὥὼᴁὼ Ὢὼᴁȟᴁὼ

Ὢὼᴁȟᴁὼ Ὢὼᴁ ὫὨὼȟὊὭὼὊ , where ὊὭὼὊ ὊὪ ᷊ὊὪ ᷊ὊὪ . 

Let ὴᶰὠὋ and ὠὋ ṗɜ. We call that (i) ɜ is dominated by ὴ if ὴȟὴᶰὉὋ  for ᶅ ὴᶰ
ɜ, (ii) ɜ dominates ὴ if for each ὴᶰɜ, ὴȟὴᶰὉὋ  (Suparatulatorn& et al., 2018). 

 
1 Assistant Professor Doctor, Cappadocia University, School of Applied Sciences, Department of Airframe and Powerplant 
-ÁÉÎÔÅÎÅÎÃÅȟ -ÕÓÔÁÆÁÐÁÓÁ #ÁÍÐÕÓȟ ­ÒÇİÐȟ .ÅÖĥÅÈÉÒȟ 4İÒËÉÙÅ yolacanesra@gmail.com , ORCID: 0000-0002-1655-0993 
 

mailto:yolacanesra@gmail.com


 

101 

Let – ᶮṖὢ, Ὢȡ– ὢ  be a map. Then is called to be Ὃ ὨὩάὭὧὰέίὩὨ at ήᶻᶰὢ [14] if, 

for any ὼ Ṗ– such that ὼ ᵪὴᶻᶰ–, Ὢὼ ᴼήᶻ and ὼȟὼ ᶰὉὋ  imply Ὢὴᶻ

ήᶻȢ 

Let – ᶮṖὢ, Ὃ  ὠ Ὃ ȟὉ Ὃ  be digraph such that ὠ Ὃ –. Here – is called to own 

Property P if for each ὴ Ṗ– such that ὴ ᵪὴᶰ–, ὴȟὴ ᶰὉὋ , there is a 

subsequence ὴ  of ὴ  such that ὴȟὴ ᶰὉὋ for ὰᶅɴ ὔ (Alfuraidan, 2015). 

Remark 1. If Ὃ is transitive, then Property P is equivalence to the feature: 

¶ If ὴ Ṗ– with ὴȟὴ ᶰὉὋ  such that for any subsequence ὴ  of ὴ  

converging weakly to ὴ in ὢ, then ὴȟὴᶰὉὋ for ὲᶅɴ ὔ (Sridarat& et al., 2018). 

The authors considered the following modified Ishikawa process, for arbitrary ὼᶰ–ȟ 

ὼ ρ ὥ Ὢὼ ὥὪ ρ ὦ ὼ ὦὪὼ ȟὲ ρȟ 

where ὥ , ὦ Ṓ πȟρ (Agarwal & et al., 2007). 

The authors introduced the following iteration scheme, for arbitrary ὼᶰ–ȟ 

ὼ ρ ὥ Ὢώ ὥὪᾀȟ 
ώ ρ ὦ Ὢὼ ὦὪᾀȟ 

ᾀ ρ ὧ ὼ ὧὪὼ ὲ ρȟ 

where ὥ , ὦ ȟὧ Ṓ πȟρ (Abbas&Nazir, 2014). 

The authors studied an iterative process, for arbitrary ὼᶰ–ȟ 

ὼ ρ ὥ Ὢὼ ὥὪώȟ 
ώ ρ ὦ ᾀ ὦὪᾀȟ 

ᾀ ρ ὧ ὼ ὧὪὼ ȟὲ ρȟ 

where ὥ , ὦ ȟὧ Ṓ πȟρ (Thakur& et al, 2014). 

Motivated by above studies, in this writing we consider an iterative procedure for providing a 

common fixed point of three Ὃ  asymptotically nonexpansive maps as follows: 

For arbitrary ὼᶰ–ȟ ὼ  defined by 

ὼ ρ ὥ Ὢὼ ὥὪώ                                                                                 ρȢρ 

ώ ρ ὦ ᾀ ὦὪᾀȟ 
ᾀ ρ ὧ ὼ ὧὪὼ ὲ ρȟ 

where ὥ , ὦ ȟὧ Ṓ πȟρ. 

Lemma 1. Let † , ‡ ȟ′  be sequences of nonnegative real numbers supplying the 

inequality 

† ρ ′ † ‡ȟὲ ρ 

if  В ‡ Њ and В ′ Њ, then 

(i) ÌÉÍ
ᴼ
† exists; 

(ii)   Notedly, if †  hold a subsequence † ᴼπ, then ÌÉÍ
ᴼ
† π (Tan&Xu,1993). 

Lemma 2. Let ὢ be a uniformly convex Banach space. Supposing ὲ ρ, ρ ὧ ὸ ὦ
π. Let Ὡ ȟὬ Ṗὢ be such that ὰὭάίόὴᴼ ᴁὩᴁ ὥ, ὰὭάίόὴᴼ ᴁὬᴁ ὥ, ᴁρ
ὸ Ὤ ὸὩᴁO ὥ π as ὲᴼЊ. Then ᴁὩ ὬᴁO π as ὲᴼЊ (Sahu, 1991). 
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Lemma 3. Let Ὢ be a Ὃ asymptotically nonexpansiveness map in – with asymptotic 

coefficient ‰  such that  В ‰ ρ Њ. Assume that – has the Property P, then Ὅ Ὢ if 
Ὃ demiclosed at π (Sangago & et al., 2018). 

Lemma 4. Let ὼ  be a bounded sequence in reflexive Banacah space ὢ. If for any weakly 

convergent subsequence ὼ  of ὼ , both ὼ  and ὼ  converge weakly to the same 

point in ὢ, then ὼ  is weakly convergent (Shahzad&Al-Dubiban, 2006). 

The goal of this writing is to furnish a three step iterative procedure to approach of FP of the 

Ὃ asymptotically nonexpansiveness in BSWG and to demonstrate weak and strong 

convergence results for the proposed maps. 

Main Results  

Note that – ᶮṒὢ is a closed subset of Banach space via ὠ ὋȟὉ Ὃ Ὃ such that 

ὠ Ὃ –, convex of ὉὋ    and transitive of Ὃ. The mappings ὪȟὪȟὪȡ–O – are Ὃ  

asymptotically nonexpansiveness maps via ‰ Ṓ ρȟЊ  satisfying В ‰ ρ Њ 

for Ὥ ρȟςȟσȟ resp. Take ‰ άὥὼ‰ ȟ‰ ȟ‰  then clearly В ‰ ρ Њ . 

Henceforward we will get the sequence ‰  for ὪȟὪȟὪ  and ὊὭὼὊ ὊὪ ᷊ὊὪ ᷊
ὊὪ .ɲ For ὼᶰ–, let the sequence ὼ  identified by (1.1). 

Proposition 1. Let ίᶻᶰὊὭὼὊ be such that ὼȟίᶻȟίᶻȟὼ ᶰὉὋ. Then ὼȟίᶻ, ίᶻȟὼ , 

ὼȟᾀ ȟᾀȟὼ , ίᶻȟᾀ , ᾀȟίᶻ , ὼȟώ ȟώȟὼ ȟίᶻȟώ , ώȟίᶻȟὼȟὼ ᶰὉὋ  for 

ὲᶅᶰὔȢ 

Proof. Let ὼȟίᶻ ᶰὉὋ . We have Ὢὼȟίᶻ ᶰὉὋ in connection with edge preserving of 

Ὢ. Since ὉὋ  is convex, we get 

ρ ὧ ὼȟίᶻ ὧὪὼȟίᶻ ρ ὧ ὼ ὧὪὼȟίᶻ  

ᾀȟίᶻ ᶰὉὋȢ 

We hold Ὢᾀȟίᶻ ᶰὉὋ  on the score of edge-preserving Ὢ. As ᾀȟίᶻȟὪᾀȟίᶻ ᶰὉὋ, 

ὉὋ is convex, we have 

ρ ὦ ᾀȟίᶻ ὦ Ὢᾀȟίᶻ ρ ὦ ᾀ ὦὪᾀȟίᶻ  

ώȟίᶻ ᶰὉὋȢ 

By edge-preserving Ὢ and Ὢ, we own ὪὼȟίᶻȟὪώȟίᶻ ᶰὉὋ, resp. Due to the convexity 

of ὉὋ, we obtain 

ρ ὥ Ὢὼȟίᶻ ὥ Ὢώȟίᶻ ρ ὥ Ὢὼ ὥὪώȟίᶻ  

ὼȟίᶻ ᶰὉὋȢ 

Because of the ὪȟὪȟὪ  are edge preserving, we enjoy edge preserving of ὪȟὪȟὪ . 

Thereof, changing ὼȟίᶻ  in lieu of ὼȟίᶻ  and ὪȟὪȟὪ  in lieu of ὪȟὪȟὪ  in above 

procedure, we get 

ᾀȟίᶻȟώȟίᶻ ᶰὉὋ and ὼȟίᶻ ᶰὉὋȢ 

Assume that ὼȟίᶻ ᶰὉὋ  for όᶰὔȢ By virtue of the fact that ὪȟὪȟὪ  are edge 

preserving, we acquire edge preserving of ὪȟὪȟὪ , and thus Ὢὼȟίᶻ ᶰὉὋ, from the 

convexity of ὉὋ , we have 

ρ ὧ ὼȟίᶻ ὧ Ὢὼȟίᶻ ρ ὧ ὼ ὧὪὼȟίᶻ  

ᾀȟίᶻ ᶰὉὋȢ 
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We possess Ὢᾀȟίᶻ ᶰὉὋ  in view of edge-preserving ὪȢ Since ᾀȟίᶻȟὪᾀȟίᶻ ᶰ
ὉὋ, ὉὋ is convex, we get 

ρ ὦ ᾀȟίᶻ ὦ Ὢᾀȟίᶻ ρ ὦ ᾀ ὦὪᾀȟίᶻ  

ώȟίᶻ ᶰὉὋȢ 

On account of edge-preserving Ὢ  and Ὢ , we own ὪὼȟίᶻȟὪώȟίᶻ ᶰὉὋ , resp. As 

ὉὋ is convex, we obtain 

ρ ὥ Ὢὼȟίᶻ ὥ Ὢώȟίᶻ ρ ὥ Ὢὼ ὥὪώȟίᶻ  

ὼ ȟίᶻ ᶰὉὋȢ 

Resuming the process for ὼ ȟίᶻ ᶰὉὋ , we conclude that 

ᾀ ȟίᶻȟώ ȟίᶻ ᶰὉὋȢ 

Hence, by mathematical induction, we obtain that 

ώȟίᶻȟὼȟίᶻȟᾀȟίᶻ ᶰὉὋ for ὲᶰὔȢ 

Handling an analogue assertion, we could indicate that ίᶻȟὼ ȟίᶻȟᾀ , ίᶻȟώ ᶰὉὋ for 

ὲᶰὔȟ under the supposition that ίᶻȟὼ ᶰὉὋ . Owing to transitivity of Ὃ, we have 

ὼȟᾀ , ᾀȟὼ , ὼȟώ , ώȟὼ  and ὼȟὼ ᶰὉὋ  for ὲ ρ. 

Lemma 5. Let ὢ and Ὃ be as above. Let –  ɲis a closed convex subset of a real uniformly 

convex Banach space ὢ. Let ὪȟὪȟὪȡ–O – are Ὃ  asymptotically nonexpansive mappings 

with ‰ Ṓ ρȟЊ  providing В ‰ ρ Њ. Assume that ὼ  given by (1.1), here 

ὥ , ὦ ȟὧ Ṓ ‚ȟρ ‚ for some ‚ɴ πȟρ and ὼȟίᶻȟίᶻȟὼ ᶰὉὋ  for ὼᶰ– and 

ίᶻᶰὊὭὼὊ, then  

(i) ÌÉÍ
ᴼ
ᴁὼ ίᴁz exists; 

(ii)  ÌÉÍ
ᴼ
ᴁὼ Ὢὼᴁ π for Ὥ ρȟςȟσȢ 

Proof. (i) Let ίᶻᶰὊὭὼὊ . By Proposition 1, ὼȟίᶻ , ίᶻȟὼ , ὼȟᾀ ȟᾀȟὼ , ίᶻȟᾀ , 

ᾀȟίᶻ, ὼȟώ ȟώȟὼ ȟίᶻȟώ , ώȟίᶻ ὼȟὼ  are in ὉὋ for ὲᶅᶰὔȢ 
From (1.1) and Ὃ  asymptotically nonexpansiveness of Ὢ, we have 

ᴁᾀ ίᴁz ρ ὧ ᴁὼ ίᴁz ὧᴁὪὼ ίᴁz                                                    ςȢρ 

ρ ὧ ᴁὼ ίᴁz ὧ‰ᴁὼ ίᴁz 
ρ ὧ ‰ ρᴁὼ ίᴁz 

‰ᴁὼ ίᴁzȢ 

It follows from (1.1)&(2.1),  Ὃ  asymptotically nonexpansiveness of Ὢ that we get 

ᴁώ ίᴁz ρ ὦ ᴁᾀ ίᴁz ὦᴁὪᾀ ίᴁz                                                    ςȢς 

‰ᴁᾀ ίᴁz ‰ᴁὼ ίᴁzȢ 

Using (1.1)&(2.2),  Ὃ  asymptotically nonexpansiveness of Ὢ and Ὢȟ×Å ÈÁÖÅ 

ᴁὼ ίᴁz ρ ὥ ᴁὪὼ ίᴁz ὥᴁὪώ ίᴁz                                         ςȢσ 

‰ᴁὼ ίᴁz 
ρ ‰ ρ ᴁὼ ίᴁzȢ 

By virtue of π ‌ ρ ὸ‌ ‌ ρ for all ‌ ρȟ the hypothesis В ‰ ρ Њ 

implies that ‰  is bounded, then ‰ ᶰρȟὗ  for some ὗ and ᶅ ὲ ρȢ Thus, ‰ ρ
σὗ ‰ ρ for ὲᶅ ρȢ Hereat, В ‰ ρ ЊȢ Due to Lemma 1, we find out that 

ÌÉÍ
ᴼ
ᴁὼ ίᴁz exists. 
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(ii) From hypothesis (i), ÌÉÍ
ᴼ
ᴁὼ ίᴁz exists. Assume that ÌÉÍ

ᴼ
ᴁὼ ίᴁz ύȢ If ύ πȟ the 

conclusion is apparent. Suppose ύ πȢ By (2.1)&(2.2), we get 

ὰὭάίόὴᴼ ᴁᾀ ίᴁz ύȟ                                                                                              ςȢτ 

ὰὭάίόὴᴼ ᴁώ ίᴁz ύȢ                                                                                             ςȢυ 

Hence, 
ᴁὪὼ ίᴁz ‰ᴁὼ ίᴁzȟ 
ᴁὪᾀ ίᴁz ‰ᴁᾀ ίᴁzȟ 
ᴁὪὼ ίᴁz ‰ᴁὼ ίᴁzȟ 
ᴁὪώ ίᴁz ‰ᴁώ ίᴁzȟ 

for ὲᶅ ρ implies that 

ὰὭάίόὴᴼ ᴁὪὼ ίᴁz ύȟ                                                                                        ςȢφ 

ὰὭάίόὴᴼ ᴁὪᾀ ίᴁz ύȢ                                                                                         ςȢχ 

ὰὭάίόὴᴼ ᴁὪὼ ίᴁz ύȟ                                                                                       ςȢψ 

ὰὭάίόὴᴼ ᴁὪώ ίᴁz ύȢ                                                                                       ςȢω 

On account of  

ύ ÌÉÍ
ᴼ
ᴁὼ ίᴁz ÌÉÍ

ᴼ
ᴁρ ὥ Ὢὼ ίᶻ ὥ Ὢώ ίᶻᴁ 

by Lemma 2, we have  

ÌÉÍ
ᴼ
ᴁὪὼ Ὢώᴁ πȢ                                                                                              ςȢρπ 

Noting that 

ᴁὼ ίᴁz ᴁρ ὥ Ὢὼ ὥὪώ ίᴁz 
ᴁὪὼ ίᴁz ὥᴁὪώ Ὢὼᴁ 
ᴁὪὼ ίᴁz ρ ‚ᴁὪώ Ὢὼᴁ 

which yields that 

ύ ὰὭάὭὲὪᴼ ᴁὪὼ ίᴁzȢ                                                                                       ςȢρρ 

By (2.8)&(2.11), we obtain 

ÌÉÍ
ᴼ
ᴁὪὼ ίᴁz ύ                                                                                                    ςȢρς 

Furthermore, from (2.10)&(2.12) and,  Ὃ  asymptotically nonexpansiveness of Ὢ 

ᴁὪὼ ίᴁz ᴁὪὼ Ὢώᴁ ᴁὪώ ίᴁz 
ᴁὪὼ Ὢώᴁ ‰ᴁώ ίᴁz 

implies that 

ύ ὰὭάὭὲὪᴼ ᴁώ ίᴁzȢ                                                                                             ςȢρσ 

By (2.5)&(2.13), we get 

ÌÉÍ
ᴼ
ᴁώ ίᴁz ύ                                                                                                       ςȢρτ 

 

Since 

ύ ÌÉÍ
ᴼ
ᴁώ ίᴁz ÌÉÍ

ᴼ
ᴁρ ὥ ᾀ ίᶻ ὥ Ὢᾀ ίᶻᴁȢ 

By (2.4)&(2.7) and Lemma 2, we get  
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ÌÉÍ
ᴼ
ᴁᾀ Ὢᾀᴁ πȢ                                                                                                    ςȢρυ 

Noting that 

ᴁώ ίᴁz ᴁρ ὦ ᾀ ὦὪᾀ ίᴁz 
ᴁᾀ ίᴁz ὦᴁὪᾀ ᾀᴁ 
ᴁᾀ ίᴁz ρ ‚ᴁὪᾀ ᾀᴁ 

which yields that 

ύ ὰὭάὭὲὪᴼ ᴁᾀ ίᴁzȢ                                                                                             ςȢρφ 
 

Using (2.4)&(2.16), we obtain 

ÌÉÍ
ᴼ
ᴁᾀ ίᴁz ύ                                                                                                         ςȢρχ 

Because of  

ύ ÌÉÍ
ᴼ
ᴁᾀ ίᴁz ÌÉÍ

ᴼ
ᴁρ ὧ ὼ ίᶻ ὧ Ὢὼ ίᶻᴁ 

from Lemma 2, we get  

ÌÉÍ
ᴼ
ᴁὼ Ὢὼᴁ πȢ                                                                                                  ςȢρψ 

On the other hand, by (2.18) 

ᴁᾀ ὼᴁ ᴁρ ὧ ὼ ὧὪὼ ὼᴁ                                                              ςȢρω 
ὧᴁὪὼ ὼᴁ 
ρ ‚ᴁὪὼ ὼᴁ 
ᴼπ ὥί ὲᴼЊȟ                                                                               

and, from (2.15)&(2.19), we have 

ᴁώ ὼᴁ ᴁρ ὦ ᾀ ὦὪᾀ ὼᴁ                                                              ςȢςπ 
ᴁᾀ ὼᴁ ὦᴁὪᾀ ᾀᴁ 
ᴁᾀ ὼᴁ ρ ‚ᴁὪᾀ ᾀᴁ 

ᴼπ ὥί ὲᴼЊȟ                                                                                       

Using (2.15)&(2.19), we obtain 

ᴁὼ Ὢὼᴁ ᴁᾀ ὼᴁ ᴁὪᾀ ᾀᴁ ᴁὪᾀ Ὢὼᴁ 
ᴁᾀ ὼᴁ ᴁὪᾀ ᾀᴁ ‰ᴁᾀ ὼᴁ 

so that 

ᴁὼ ὪὼᴁO π ὥί ὲᴼЊȢ                                                                                    ςȢςρ 

Also 

ᴁὼ Ὢὼᴁ ᴁὼ Ὢὼᴁ ᴁὪὼ Ὢώᴁ ᴁὪώ Ὢὼᴁ 
ᴁὼ Ὢὼᴁ ᴁὪὼ Ὢώᴁ ‰ᴁώ ὼᴁ 

implies by (2.10), (2.20)&(2.21) that 

ᴁὼ ὪὼᴁO π ὥί ὲᴼЊȢ                                                                                 ςȢςς 

It follows from (2.10)&(2.21) that we get 

ᴁὼ ὼᴁ ᴁρ ὥ Ὢὼ ὥὪώ ὼᴁ                                             ςȢςσ 
ᴁὪὼ ὼᴁ ὥᴁὪώ Ὢὼᴁ 
ᴁὪὼ ὼᴁ ρ ‚ᴁὪώ Ὢὼᴁ 
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ᴼπ ὥί ὲᴼЊȢ 

Then, for ὰ ρȟςȟσ 

ᴁὼ Ὢὼᴁ ᴁὼ ὼᴁ ᴁὼ Ὢ ὼ ᴁ ᴁὪ ὼ Ὢ ὼᴁ
ᴁὪ ὼ Ὢὼᴁ 
ᴁὼ ὼᴁ ᴁὼ Ὢ ὼ ᴁ ‰ ᴁὼ ὼᴁ
‰ᴁὪὼ ὼᴁ 

by (2.18), (2.21), (2.22)&(2.23) gives that for ὰ ρȟςȟσ 

ÌÉÍ
ᴼ
ᴁὼ Ὢὼᴁ πȢ                                                                                                       ςȢςτ 

 

 

Theorem 1. Let ὢȟ–ȟὋ and Ὢ for ὰ ρȟςȟσ be as above. Suppose that – has the Property P, Ὢ 

for ὰ ρȟςȟσ satisfy the Condition (C), ὼ  defined by (1.1), where ὥ , ὦ ȟὧ Ṓ
‚ȟρ ‚  for some ‚ɴ πȟρ  and ὼȟίᶻȟίᶻȟὼ ᶰὉὋ  for ὼᶰ–, then ὼ ᴼίᶻᶰ
ὊὭὼὊȢ 

Proof. Let ίᶻᶰὊὭὼὊ  such that ὼȟίᶻ , ίᶻȟὼ , ὼȟᾀ ȟᾀȟὼ , ίᶻȟᾀ , ᾀȟίᶻ , 

ὼȟώ ȟώȟὼ ȟίᶻȟώ , ώȟίᶻ ὼȟὼ  are in ὉὋ  for ὲᶅᶰὔȢ From Lemma 5 (i), 

ÌÉÍ
ᴼ
ᴁὼ ίᴁz exists, and thus ÌÉÍ

ᴼ
ὨὼȟὊὭὼὊ  exists for all ίᶻᶰὊὭὼὊ . Again, by 

Lemma 5 (ii) ÌÉÍ
ᴼ
ᴁὼ Ὢὼᴁ π for ὰ ρȟςȟσ. Using the Condition (C), there is a 

nondecreasing function ὫȡπȟЊ ᴼπȟЊ  with Ὣὸ π for ὸᶅɴ πȟЊ , Ὣπ π such that 

άὥὼᴁὼ Ὢὼᴁȟᴁὼ Ὢὼᴁȟᴁὼ Ὢὼᴁ ὫὨὼȟὊὭὼὊ , that is to say 

ÌÉÍ
ᴼ
ὫὨὼȟὊὭὼὊ πȢ                                                                                       ςȢςυ 

Hereby, we can receive a subsequence ὼ  and ὼ  and sequence ‌ ṒὊὭὼὊ such that 

ὼ ‌ ς  for ίᶅ ρȢ Because of the fact that strong convergence stand for weak 

convergence and by Remark 1, we hold ὼ ȟ‌ ᶰὉὋ . By the proof of [23], we have 

ὼ ‌ ὼ ‌ ς , and so ᴁ‌ ‌ᴁ ς
ς . We infer that ‌  is a 

Cauchy sequence in ὊὭὼὊȟ thus it converges. Let ‌ᴼ‌Ȣ As ὊὭὼὊ is closed, and thus ‌ᶰ
ὊὭὼὊ and then ὼ ᴼ‌. From Lemma 5 (i), ὼ ᴼίᶻᶰὊὭὼὊȢ 

In an analog way to Theorem 1, when ὧḳπ in (1.1), we show convergence result of a 

modified Ὓ iterative procedure as shown below. 

Theorem 2. Let ὢȟ–ȟὋ and ὪȟὪ be as above. Suppose that – has the Property P, ὪȟὪ satisfy 

the Condition (B), ὼ  defined by (1.1), where ὥ , ὦ Ṓ ‚ȟρ ‚ for some ‚ɴ πȟρ and 

ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for ὼᶰ–, then ὼ ᴼίᶻᶰὊὪ ᷊ὊὪȢ 

In line with the Theorem 1, if Ὢ Ὅ and ὦ ὧḳπ in (1.1), then obtain Mann-type 

convergence results for Ὃ asymptotically nonexpansive mappings with BSWG as noted 

below. 

Theorem 3. Let ὢȟ–ȟὋ and Ὢ be as above. Suppose that – has the Property P, Ὢ satisfy the 

Condition (A), ὼ  defined by (1.1), where ὥ  Ṓ ‚ȟρ ‚  for some ‚ɴ πȟρ  and 

ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for ὼᶰ–, then ὼ ᴼίᶻᶰὊὪȢ 

In the next theorem, we express the strong convergence of ὼ  defined by (1.1) under semi-

compact.  
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Theorem 4. Let ὢȟ–ȟὋ and Ὢ for ὰ ρȟςȟσ be as above. Suppose that – has the Property P, one 

of Ὢ for ὰ ρȟςȟσ is semi-compact, ὼ  defined by (1.1), where ὥ , ὦ ȟὧ Ṓ ‚ȟρ ‚ 

for some ‚ɴ πȟρ and ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for ὼᶰ–, then ὼ ᴼίᶻᶰὊὭὼὊȢ 

Proof. Let ίᶻᶰὊὭὼὊ  such that ὼȟίᶻ , ίᶻȟὼ , ὼȟᾀ ȟᾀȟὼ , ίᶻȟᾀ , ᾀȟίᶻ , 

ὼȟώ ȟώȟὼ ȟίᶻȟώ , ώȟίᶻ ὼȟὼ  are in ὉὋ for ὲᶅᶰὔȢ By virtue of the fact that 

one of Ὢ for ὰ ρȟςȟσ is semi-compact, ὼ  is bounded and by (2.24), and then 

ὸὬὩὶὩ ὩὼὭίὸί ίόὦίὩήόὩὲὧὩ ὼ  έὪ ὼ  ίόὧὬ ὸὬὥὸ ὼ  O ίᶻȢ                 ςȢςφ 

Owing to the fact that strong convergence state weak convergence and by Remark 1, we enjoy 

ὼ  ȟίᶻ ᶰὉὋ. We get that ίᶻᶰὊὭὼὊ. Hereby, ÌÉÍ
ᴼ
ᴁὼ ίᴁz exists from Lemma 5 (i). 

On the score of (2.26), then ὼ ᴼίᶻᶰὊὭὼὊ. 

For ὧḳπ in (1.1), then Theorem 4, reduces to the following convergence result of a modified 

Ὓ iterative procedure for Ὃ asymptotically nonexpansiveness in BSWG.  

Theorem 5. Let ὢȟ–ȟὋ and Ὢ for ὰ ςȟσ be as above. Suppose that – has the Property P, one 

of Ὢ for ὰ ςȟσ is semi-compact, ὼ  defined by (1.1), where ὥ , ὦ Ṓ ‚ȟρ ‚ for 

some ‚ɴ πȟρ and ὼȟίᶻȟίᶻȟὼ ᶰὉὋ  for ὼᶰ–, then ὼ ᴼίᶻᶰὊὪ ᷊ὊὪȢ 

Similarly, taking Ὢ Ὅ and ὦ ὧḳπ in Theorem 4, then we attain Mann-type convergence 

results for Ὃ asymptotically nonexpansive mappings with BSWG as follows.  

Theorem 6. Let ὢȟ–ȟὋ and Ὢ be as above. Suppose that – has the Property P, Ὢ is semi-

compact, ὼ  defined by (1.1), where ὥ  Ṓ ‚ȟρ ‚  for some ‚ɴ πȟρ  and 

ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for ὼᶰ–, then ὼ ᴼίᶻᶰὊὪȢ 

In the subsequent result, we testify the weak convergence of iteration (1.1) for 

Ὃ asymptotically nonexpansiveness with BSWG without assuming the Opialôs condition of 

ὢ.  

Theorem 7. Let ὢȟ–ȟὋ and Ὢ for ὰ ρȟςȟσ be as above. Suppose that – has the Property P, 

ὼ  defined by (1.1), where ὥ , ὦ ȟὧ Ṓ ‚ȟρ ‚  for some ‚ɴ πȟρ  and 

ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for ὼᶰ–, then ὼ ᵪόzᶰὊὭὼὊ.   

Proof. Let ίᶻᶰὊὭὼὊ  such that ὼȟίᶻ , ίᶻȟὼ , ὼȟᾀ ȟᾀȟὼ , ίᶻȟᾀ , ᾀȟίᶻ , 

ὼȟώ ȟώȟὼ ȟίᶻȟώ , ώȟίᶻ ὼȟὼ  are in ὉὋ  for ὲᶅᶰὔȢ ὼ  is bounded from 

Lemma 5 (i). Because of that –  ɲis a closed convex subset of a real uniformly convex 

Banach space ὢ, it is weakly compact, and thus there exists subsequence ὼ  of ὼ  such 

that ὼ ᴼόz. We know that for ὰ ρȟςȟσ  ÌÉÍ
ᴼ

ὼ Ὢὼ π by (2.24). Using Lemma 

3, Ὅ Ὢ for ὰ ρȟςȟσ is Ὃ  demiclosed at π so that όz ᶰὊὭὼὊȢ 

Now, we show that ὼ ᵪόzȢ Let ὼ  be a subsequence of ὼ  that converges weakly to 

ύz ᶰὑ. On the lines similar to above, we also have ύz ᶰὊὭὼὊȢ Next, for each ὴ ρȟ we get 

ὼ ρ ὥ Ὢ ὼ ὥ Ὢ ώ ὼ ὼ                                            ςȢςχ 

ὼ Ὢ ὼ ὼ ὥ Ὢ ώ Ὢ ὼ Ȣ 

It follows from (2.10) and (2.21) that 

ÌÉÍ
ᴼ

Ὢ ώ Ὢ ὼ π ὥὲὨ ÌÉÍ
ᴼ

Ὢ ὼ ὼ πȢ                           ςȢςψ 
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Due to ὥ ᶰ‚ȟρ ‚ for some ‚ɴ πȟρ, we obtain 

ÌÉÍ
ᴼ
ὥ Ὢ ώ Ὢ ὼ πȠ                                                                             ςȢςω 

vincelet, using (2.28) and (2.29), we deduce that ὼ ᵪύzȢ By Lemma 4, ὼ ᵪύz so that 

ύz όz.  

Putting ὧḳπ in (1.1), then Theorem 7 reduces to the following convergence result of a 

modified Ὓ iterative procedure for Ὃ asymptotically nonexpansiveness in BSWG.  

Theorem 8. Let ὢȟ–ȟὋ and Ὢ for ὰ ςȟσ be as above. Suppose that – has the Property P, ὼ  

defined by (1.1), where ὥ , ὦ ȟὧ Ṓ ‚ȟρ ‚  for some ‚ɴ πȟρ  and 

ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for ὼᶰ–, then ὼ ᵪόzᶰὊὪ ᷊ὊὪȢ 

In a similar manner, when Ὢ Ὅ and ὦ ὧḳπ in Theorem 7, then we get Mann-type 

convergence results for Ὃ asymptotically nonexpansiveness in BSWG as follows.  

Theorem 9. Let ὢȟ–ȟὋ and Ὢ be as above. Suppose that – has the Property P, ὼ  defined by 

(1.1), where ὥ , ὦ ȟὧ Ṓ ‚ȟρ ‚ for some ‚ɴ πȟρ and ὼȟίᶻȟίᶻȟὼ ᶰὉὋ for 

ὼᶰ–, then ὼ ᵪόzᶰὊὪ ᷊ὊὪȢ 
 

Remark 2. If ‰ ḳπ for ὲᶅ ρ, then the class of Ὃ asymptotically nonexpansiveness 

coincide with Ὃ nonexpansiveness. Because of this reason, Theorem 1-7 widen and enhance 

the results of Theorem 2-3 in Suparatulatorn& et al. and Theorem 3.12-3.15 in Thakur& et al 

((Suparatulatorn& et al., 2018), (Thakur& et al., 2014)). 

Now, we consider the numerical instance which is inspired by Example 3.1 in Razani&Moradi 

(Razani&Moradi, 2015). 

Example 1. Let ὢ is the real line with the usual norm ȿȢȿ, – πȟς and Ὃ  ὠ Ὃ ȟὉ Ὃ  

such that ὠ Ὃ – and ὼȟώᶰὉὋ iff πȢσπ ὼȟώ ρȢςπ or ὼ ώ. Define Ὢȡ–O – for 

ὰ ρȟςȟσ as 

Ὢὼ

σÓÉÎὼ

ρπ ρπὼ
ȟὼ πȢυ

πȟ                ὼ πȢυ
ȟ     

Ὢὼ
ςÓÉÎὼ

υ υὼ
ȟὼ πȢυ

πȟ ὼ πȢυ
 

Ὢὼ
ÓÉÎὼ

ρπρπὼ
ȟὼ πȢυ

πȟ ὼ πȢυ
 

for any  ὼɴ –. It is easy to see that Ὢ for ὰ ρȟςȟσ are Ὃ asymptotically nonexpansive 

mappings. Set 

ὥ ὦ ὧ ρ
ςȟὪέὶ ὲ ρȢ 

Let ὼ  be the sequence defined by (1.1). Thereof, 

ὼ ρ
ςὪὼ

ρ
ςὪώȟ 

ώ ρ
ςᾀ

ρ
ςὪᾀȟ 

ᾀ ρ
ςὼ

ρ
ςὪὼȟὲ ρȟ 
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and ὊὭὼὊ π. As ὼ πȢυȟ we know that ὼ χȢςππσρπ , ὼ υȢσσχςρπ , 

ὼ ρȢχπρρρπ , ὼ ςȢρχωρπ , ὼ ρȢρρυωρπ  and ὼ ςȢςψυυρπ  

(see Figure 1). This example reveals that the algorithm is efficient to approach common fixed 

points of Ὃ asymptotically nonexpansiveness on BSWG. 

 
Figure 1. The values in the first seven steps of ὼ  in Example 1. 
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Morphological and Microstructure Analysis of the Shells of Dreissena 

polymorpha, Unio pictorum and Viviparus contectus 

 

Filiz KUTLUYER KOCABAķ1 

Mehmet KOCABAķ2 

 

Introduction  

As a biologically controlled process, biomineralization is complex and controls biological 

activity (de Paula and Silveira, 2005). Living organisms are synthesized carbonaceous biominerals 

in consequence of biomineralization. In a biological matrix, shells are formed by process of 

biomineralization in Molluscs via biodeposition of the ingredient minerals (Chakraborty et al., 

2020). The mantle controls biomineralization for shell formation through ion pumps and channels 

(Sakalauskaite et al., 2020). In Mollusc, shells are consisted of the calcium carbonate (CaCO3) in 

different forms (crystal, calcite and aragonite) and organic components [chitin (C8H13NO5)n, 

acidic polysaccharides and largely proteins] (Chakraborty et al., 2020; Yarra et al., 2021). 

Additionally, vaterite as a polymorph of CaCO3 is present in gastropod molluscs shell (Medakovic 

et al., 2003; de Paula and Silveira, 2005). 

In Molluscs, the soft tissues are protected by shells from abiotic and biotic stress (Li et al., 

2017). A calcified leathery hinge is joined two symmetrical calcareous valves at their dorsal 

margins in Bivalvia (Lakshmanna et al., 2018; Chakraborty et al., 2020). Gastropods have organic 

or calcified plate on the dorsal surface of the met podium of the foot (Lakshmanna et al., 2018). 

Viviparus contectus is a Gastropod species and it has thin thick and concentrically lined dextral 

shell. Their dimensions are varied 25-40 mm long. The univalve shells of V. contectus are 6ï7 

whorled as rising-spiral. Unio pictorum is freshwater mussel belonging to Bivalvia and it has 

elongate elliptical and relatively thin shell. Their dimensions are varied 30-40 x 70-100 x 23-28 

(height) mm, exceptionally up to 140 mm long. The color of shell varied yellow and greenish to 

dark brown. Dreissena polymorpha is an invasive freshwater mussel species and it has triagonal 

or triangular shell with stripes. Their dimensions are varied 20-50 mm long. Thus far, 

microstructure and the mineralogy of shells have been poorly assessed at micro-nano scale. The 

existing studies have been performed about physical and structural properties and, chemical 

compositions in mussels and gastropods shells (Chateigner et al., 2000; Medakovic et al., 2003; 

de Paula and Silveira, 2005; Li et al., 2017; Lakshmanna et al., 2018; Chakraborty et al., 2020; 

Parveen et al., 2020; Ravi et al., 2021; Yarra et al., 2021). To our best knowledge, the 

microstructural details of shells have not yet to be assessed in D. polymorpha and V. contectus. 

Dauphin et al. (2017) have been investigated structure and composition of U. pictorum shell. 

The synthesis of alternative materials has been increasingly interested in cement industry 

(Ravi et al., 2021). Therefore, clarification of structuring of biomaterials is important for new 

resource of construction materials and prospective use in industry (Parveen et al., 2020). 

Moreover, the stratigraphic age of geological formations and phylogenetic evolution are assessed 

by geologist in fossils (Chateigner et al., 2000). In addition, shell microstructures are realized for 

precise description using scanning electron microscopy in Palaeontology (Taylor et al., 1973; 

Carter, 1980; Carter and Clark, 1985; Hedegaard, 1990; Hedegaard, 1997; Chateigner et al., 2000). 

According to the briefly mentioned reasons, the current study aimed to assess the elemental 

analyses on D. polymorpha, U. pictorum and V. contectus shells by Energy Dispersive X-ray 

 
1 Assoc. Prof. Dr., Munzur University, Fisheries Faculty, 62000, Tunceli, Turkey. 
2  Prof. Dr., Karadeniz Technical University Faculty of Forestry, Department of Wildlife Ecology and Management 61080, 
Trabzon, Turkey. 
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spectroscopy coupled to Scanning Electron Microscopy (SEM-EDX). XRD and FTIR analyses 

were also applied for assessing the structure in shells of freshwater mussels (D. polymorpha and 

U. pictorum) and freshwater snail (V. contectus). 

Material and Methods 

Animals and Sample preparation  

Freshwater mussels (D. polymorpha and U. pictorum) and freshwater snail (V. contectus) were 

obtained from Demirkºpr¿ Dam Lake (Manisa, Turkey) by diving in summer (August). The flesh 

of the mussels was removed. Shells were cleaned and washed under running water as previously 

described by de Paula and Silveira (2005). After washing, shells were dried in air. 

Scanning Electron Microscopy (SEM) Analysis 

Shells of freshwater snail and mussels were crushed to powder using a mortar and pestle. For 

accessing the inner layers, shells were immersed in 0.1 N HCl for10 min, or 2% EDTA for 2 min 

as previously described by Silvia et al. (2005). Samples were carefully rinsed with ultrapure water 

and dried in air. Gold and Palladium were covered samples after chemical treatment. Some 

sections were observed without any further treatment. Hitachi SU3500 scanning electron 

microscope were used for SEM observations. 

Energy-dispersive X-ray Spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS, Oxford INCA X-ray spectrometer) was used 

with AZtec and INCA software (EDS).  The prepared samples were gold-coated for EDS 

measurements. An acceleration voltage for elemental distribution maps was 20 kV and count rates 

were between 1,000 and 2,000 sī1.  

XRD (X-ray Diffraction) Analysis  

XRD analysis was realized in powdered shells by a Rigaku miniflex600 X-ray diffractometer 

(0.02Ü at scattering angles (2ɗ) ranging from 10 to 90Ü by using monochromatic Cu-Ka radiation 

[1.5406 (ɚ)] at 40 kV and 15 mA). To assess the aragonite transformation, CaCO3 (ref JCPDS 

9000226, 4001361, 9013801 Rigaku) peaks were used as a reference. 

FTIR (Fourier transform infrared spectroscopy) Analysis 

Infrared spectra (IR) were recorded by direct ATR transmission on powdered samples as 

previously described by Silvia et al. (2005). The spectra were recorded by Bruker (Vector 22) in 

the range 4000ï400 wave numbers (cmī1), 4 cmī1 resolutions, 32 scans. 
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Results 

External views of D. polymorpha, U. pictorum and V. contectus shells are presented in Figure 

1.  

 

Figure 1. External views of shells, A) D. polymorpha. B) U. pictorum, and C) V. contectus. 

SEM micrographs of cross-sectional view of shells and structural aspect of the organic matrix 

of U. pictorum, D. polymorpha, and V. contectus shells (SEM) after surface treatment by HCl 

(surface decalcification) are given Figure 2, 3 and 4. In SEM micrographs of cross-sectional view 

of U. pictorum, aragonite sheets horizontally overlapped with one another to make continuous 

superimposed sheets in the area indicated in Figure 2A-B. The thick inner nacreous layer and the 

outer prismatic layer were indicated in vertical section. Nacreous layer was composed of CaCO3 

crystals. Plate and needle-like and polygonal-shaped crystals were irregular size and shape in the 

area indicated in Figure 2C. Figure 2D-F showed polygonal prisms surrounded by a thick organic 

envelope. The area indicated in Figure 2G-I correspond to a cauliflower and flake like granules 

region. Figure 3A-C demonstrated concentric layers. Figure 3D-F showed presence of fibers. 

Figure 4A-F showed irregular grains at micrometric scale. 

Energy Dispersive X-ray Spectroscopy (EDS) images indicating the distribution of some 

elements on part of a shell cross-section are given in Figure 5. O, C, Ca, Mg, Sc, Si, Al and Fe 

were obtained from analysis. The elemental composition of mineralized layer was confirmed by 

the EDS spectra. The polymorphs of calcium carbonate in D. polymorpha and V. contectus 

demonstrated strong O peaks as well as C peaks with the incidence of Al and Si peaks while the 

polymorphs of calcium carbonate in U. pictorum exhibit strong C peaks as well as Ca and O peaks 

with the incidence of Si, Sc, Mg, Fe and Al peaks. 
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Figure 2. SEM micrographs of cross-sectional view and structural aspect of the organic matrix of U. pictorum shells (SEM). AïB: SEM micrographs 

of cross-sectional view of shells at different magnifications. CïI: organic matrix fibers forming parallel layers of different widths and densities 

observed after surface treatment by HCl (surface decalcification 
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Figure 3. Structural aspect of the organic matrix of D. polymorpha shells (SEM) at different magnifications. A-F: organic matrix fibers forming 

parallel layers of different widths and densities observed after surface treatment by HCl (surface decalcification).  
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Figure 4. Structural aspect of the organic matrix of V. contectus shells (SEM) at different magnifications. A-F: organic matrix fibers forming parallel 

layers of different widths and densities observed after surface treatment by HCl (surface decalcification).  

 

 

A B C 

D E F 



 

117 

 

 

 

Figure 5. The SEM-EDS of cross sectioned surface of shells A) U. pictorum, B) V. contectus 

and C) D. polymorpha. 

XRD patterns of shells of two freshwater mussels (D. polymorpha, V. contectus and U. 

pictorum) showed similarities in crystalline peaks with the existence aragonite forms of calcium 

carbonate. The existence of orthorhombic aragonite phase in the XRD pattern was revealed 

with the intense peaks at (111) and (012) planes (Figure 6). 

Figure 7 shows the FTIR spectra of shells D. polymorpha, V. contectus and U. pictorum. 

FTIR spectra analysis showed similar features in the shell of D. polymorpha, V. contectus and 

U. pictorum. All three aragonite samples exhibited v1 and v2 bands at 1083 and 854 cm-1 

respectively in their FTIR. 
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Figure 6. XRD pattern of A) D. polymorpha. B) V. contectus and C) U. pictorum, 

 

Figure 5. The representative FTIR spectra of the prepared shells of A) D. polymorpha. B) V. 

contectus and C) U. pictorum, 

 

 

 










































































































































































































































































































































































































































































































































