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ABSTRACT 

The use of composite materials in civil engineering is increasing day by day due to their superior priorities such as high 

strength to weight ratio, high corrosion resistance, and durability. One of the recent materials used in the civil engineering 

application is pultruded glass fiber reinforced polymer (GFRP). Many studies are available in the literature related to the 

behavior of component (structural) level of the pultruded GFRP; however, very limited data is available related to the 

behavior of the lamina level of the pultruded GFRP. Since the behaviors of the pultruded GFRP in longitudinal and 

transverse directions are quite distinct, it is aimed to provide the tensile and compressive behavior of the pultruded GFRP 

in terms of stiffness, capacity and failure modes. Pursuant to this goal, longitudinal and transverse direction of the pultruded 

GFRP laminas were tested under both compressive and tensile forces according to ASTM standards. A total of 12 

specimens, three replicates for each type, were tested. Moreover, these tests were modelled with the aid of Abaqus. The 

numerical and experimental results revealed that the transverse strength of pultruded GFRP is much weaker than its 

longitudinal strength for both compressive and tensile forces. While the damages in tensile tests started in micro dimension 

and continued as macro and the result of the damage was progressive damage, the rapid progression of damages in 

compression experiments led to the development of catastrophic damage. 

 

Keywords: Composite Material, Pultruded GFRP, Tensile, Compressive, Damage Analysis 
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1. INTRODUCTION 
 

Many studies are available in the literature related to 

use of composite material in civil engineering 

applications (Ozbakkaloglu, 2013; Kara et al. 2015; Kara 

et al. 2016; Gemi et al. 2018; Gemi et al. 2019; Madenci 

2019; Özütok and Madenci, 2017; Madenci and Özütok, 

2017; Özütok et al. 2014; Özütok and Madenci, 2013). 

One of the newest composite materials used in civil 

engineering applications is pultruded glass fiber 

reinforced polymer (GFRP) (Gemi and Köroğlu, 2018). 

GFRP composites produced by pultrusion method are 

used both as a main material and as complementary 

material in the field engineering area. This type of 

composite materials have a long-lasting strength 

compared to other materials, high performance against 

environmental factors, lightweight, resistance to 

corrosion effects, electricity insulation, low density, 

effective mechanical resistance use has increased 

gradually (Gemi et al. 2020; Gemi, 2018). Due to high 

demand to these advanced materials, the understanding of 

mechanical behavior of pultruded GFRP composite 

structures is important for design. The studies of the 

pultruded GFRP to use as a structural member such as 

column, beam and etc. are gained attention (Yu et al. 

2016; Lokuge et al. 2019; Muttashar et al. 2016; Kara et 

al. 2019). 

In addition to studies related to structural 

(component) level of the pultruded GFRP, a limited 

research on pultruded GFRP as lamina level has been 

found in the literature (Al-saadi et al. 2019; Haj-Ali and 

Kilic, 2002; Bai et al. 2008; Feo et al. 2012; Xin et al. 

2017).  Zhang et al. (2018) performed tensile tests to 

examine the effects of the fiber orientation on material 

properties of the pultruded GFRP. Eight different fiber 

orientations were studied and it is concluded that fiber 

orientation has significant effect on the mechanical 

properties of the pultruded GFRP. Al-saadi et al. (2019) 

conducted a series of experiments to determine 

mechanical properties of the pultruded GFRP with 

different fiber orientations of [0°, ±50°], [0°, ±45°], [0°, 

±56°] and [0°, ±71°]. The result of the study revealed that 

strength and modulus of elasticity depend on the fiber 

orientation.  

Production of multi-directional pultruded GFRP is 

rather stringent; therefore, uni-directional pultruded 

GFRP is generally manufactured due to the easy of 

production.  In this study, single-layer pultruded GFRP 

composite laminas with fiber orientation of [0°] and [90°] 

were selected for experimental mechanic tests. Material 

properties are obtained by tensile and compressive tests 

according to ASTM standards. Modulus of elasticity, 

capacity and failure modes of pultruded GFRP composite 

laminas are analyzed and investigated. The specimens 

were cut out of the composite plates in the characteristic 

directions dictated by the fiber: (1) test in the direction of 

the fiber and (2) test in the direction transversal in the 

fiber.  

 

2. EXPERIMENTAL STUDY 
 

Tensile and compressive tests were conducted in 

order to obtain the mechanical properties of the pultruded 

GFRP composite, such as strengths and modulus of 

elasticity. The specimens were cut and tested according 

to ASTM standard test methods. The specimens are cut 

out of the composite plates in the characteristic directions 

dictated by the fiber: (1) test in the direction of one of the 

yarn systems of the fiber (warp/weft for woven fabrics; 

braiding/inlay yarns for braids); and (2) test in the 

direction transversal or bias to the direction of the yarn 

systems in the fiber (bias for woven fabrics, perpendicular 

to the production direction for braids). A total of twelve 

specimens which can be categorized into four groups are 

taken from the pultruded GFRP profile. Three specimens 

used in tensile test and three specimens are used in 

compressive test for each group (longitudinal direction: 0⁰ 

and transverse directions: 90⁰) 

 

2.1. Tensile Test 
 

The tensile test was performed according to ASTM 

D638 (Standard Test Method for Tensile Properties of 

Plastics). The test was conducted using a Shimadzu 

universal testing machine with a capacity of 100 kN. The 

test setup is depicted in Fig. 1. Tensile tests were 

conducted on the specimens with nominal dimensions of 

250×25×6 mm (length-width-thickness) and 150×25×6 

mm, in order to determine the tensile strength and the 

displacement in the longitudinal and transverse directions, 

respectively. The distances between the claws were 190 

mm and 90 mm for longitudinal and transverse directions, 

respectively. 

  

 
 

Fig. 1. Tensile test setup 

 

2.2. Compressive Test 
 

The compressive test is also conducted using 

Shimadzu universal testing machine and the test was 

performed according to ASTM D695 (Standard test 

method for compressive properties of rigid plastics). The 

test setup is illustrated in Fig. 2. 
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Fig. 2. Compressive test setup 

 

 In this case test speed is 1.5 mm/min.  Compressive 

tests were conducted on the specimens with nominal 

dimensions of 150×25×6 mm (length-width-thickness) in 

both the longitudinal direction and the transverse 

direction, in order to determine the compressive strength 

and the displacements for both directions.  

 

3. NUMERICAL STUDY 
 

Numerical study was conducted in order to verify 

experimental results. The commercial software Abaqus 

was used to model compressive and tensile tests. Shell 

elements were utilized to mesh the pultruded GFRP. For 

this purpose S4R general purpose linear 4-sided shell 

element with reduced integration was used. Elastic 

properties of the pultruded GFRP was defined using 

elastic type of “Lamina”. Boundary conditions were 

defined to the region between the claws to simulate 

experimental study. The numerical model and boundary 

conditions are illustrated in Fig. 3.  

 

 
Fig. 3. The numerical model and boundary conditions 

 

4. RESULTS 
 

4.1. Tensile Test Results 
 

Fig. 4 and Fig. 5 demonstrate the tensile test results 

of the longitudinal and transverse direction respectively 

as well as the numerical results. According to the test 

results, average modulus of elasticity is approximately 23 

GPa and 7 GPa for longitudinal and transverse directions, 

respectively (Madenci et. al. 2020). The test results 

showed that the tensile strength of longitudinal direction 

was 7.25 times higher than that of transverse direction.  

The average tensile strengths of the specimens for the 

longitudinal and transverse direction are 290 MPa and 40 

MPa, respectively. The numerical results are also 

substantiate to the experimental results. 

 
Fig. 4. The tensile test results of longitudinal direction 

 

 
Fig. 5. The tensile test results of transverse direction 

 

When the test results of the specimens (Fig. 4) and the 

photographs of the damage (Fig. 6) are investigated 

together, final failure was observed at stress value of 313 

MPa and displacement value of 2.5 mm. Matrix crack 

sounds started to emerge at approximately 280 MPa stress 

and 2.26 mm displacement as initial damage. Addition to 

matrix cracks, it was observed that transfer cracks with 

debonding damage were occurred at the stress and 

displacement value close to final failure in (0°) fiber 

layers. As the loading continues, intra-interlaminar cracks 

occurred in the longitudinal direction and then fiber 

breakage together with veil damage has started to occur. 

As a result of fiber breaks in the other layers, final failure 

has occurred. 
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Fig. 6. Tensile test failure in the  longitudinal direction 

 

When the test results (Fig. 5) and the photographs of 

the damage (Fig. 7) of the specimens which were exposed 

to transverse tensile forces, maximum of 40.6 MPa stress 

and 0.62 mm displacement were observed among three 

specimens. Fluctuations at stress value of 35 MPa and 

displacement value of 0.5 mm were observed in the graph 

due to debonding damage occurring between the fibers 

perpendicular to the loading direction. Different from 

other specimens, debonding damage was observed at 29.7 

MPa and 0.46 mm in Test 1. Matrix crack sounds were 

observed at same stress value in other specimens and it 

has continued to increase up to the resulting damage. 

While before debonding damage the load was carried 

together by (90°) fibers and veil surface, after debonding 

damage the load was carried by only veil surface. Damage 

to the transverse (90°) layer has progressed due to the 

damage occurred at randomly generated veil layers. 

Dense matrix damages were observed at cross section of 

the specimen as a result of separation of fiber matrix 

interfaces. The final failure for all three specimens was 

formed as splitting damage after surfacing veil damage. 

 

4.2. Compressive Test Results 
 

Fig. 8 and Fig. 9 demonstrate the compressive test 

results of the longitudinal and transverse direction, 

respectively. Test results revealed that compressive 

strength of longitudinal direction was much higher than 

that of transverse direction. Compressive strengths of the 

specimens for the longitudinal and transverse direction 

are 280 MPa and 85 MPa, respectively. Moreover, 

excellent correlation was obtained between numerical 

and experimental results. 

The test results (Fig. 8) and the photographs of the 

damage (Fig. 10) of the specimens exposed to 

longitudinal compressive forces are investigated in detail. 

Maximum displacement (0.52 mm) and maximum stress 

(281 MPa) were obtained from Test 1. In compression 

tests, unlike tensile tests, after a certain stress value (about 

250 MPa), deformation due to buckling was observed in 

the specimen. With the buckling damage, matrix crack 

sounds started to appear in the specimen. 

 

 
 

Fig. 7. Tensile test failure in the transverse direction 
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Fig. 8. The compressive test results of longitudinal 

direction 

 

 
Fig. 9. The compressive test results of transverse direction 

Local delamination damage has started to occur in the 

fiber direction between the layers and veil surfaces with 

the increase of intra-interlaminar cracks. At the maximum 

stress level, delamination damages on the specimen 

progressed rapidly and the final failure occurred. When 

the damage photographs are examined, the delamination 

between the layers and the interlayers formed by the 

effect of micro buckling on all layers is clearly observed. 

In the delamination zone, longitudinal direction (0°) 

fibers showed debonding damage, while fiber breakages 

were observed in the veil surfaces.  

The test results (Fig. 9) and the photographs of the 

damage (Fig. 11) of the specimens which were exposed 

to transverse compressive forces are given.  When Fig. 9 

is examined, it is interpreted that debonding damage and 

matrix cracks occurred due to compression effect in 

transverse direction fiber layers at 39-53 MPa for Test 1 

and 2, and at 76 MPa for Test 2. Despite the formation of 

debonding and matrix cracks, the veil surfaces 

surrounding the fiber layers (90°) continued to carry load. 

When the test graph of Test 1 is examined, it is seen that 

it represented better damage development during 

compression and the formation of matrix cracks in the 

stress value of 83 MPa at veil surfaces caused fluctuations 

in stress value. With the increase of the applied load, the 

debonding and matrix crack damages on the specimens 

were combined and the final failure was formed as 

splitting at an angle of 45°at 0.55 mm displacement and 

86.6 MPa stress value. When the damage photographs 

given in Fig. 11 are examined closely, it is observed that 

there is intensive debonding and matrix cracks damages 

in transverse direction (90°) fibers and fiber breakage 

damages occur in the veil surfaces due to micro buckling. 

In all three specimens, the final failure can be interpreted 

as the damage caused by the transverse direction (90°) 

fibers which leads to splitting damage in the form of shear 

planes at an angle. 
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Fig. 10. Compressive failure in the longitudinal direction  
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5. CONCLUSION 
 

In this present study, the mechanical behavior of the 

pultruded GFRP laminas in terms of tensile and 

compressive behaviors was examined in detail. For this 

purpose, tensile and compressive tests were carried out. 

The following conclusions can be drawn from this study: 

✓ The tensile strength and elastic modulus of 

pultruded GFRP in the transverse direction are very low 

compared to that of the longitudinal direction. The 

average tensile strength is 290 MPa and elastic modulus 

are 23 GPa for the longitudinal and 40 MPa and 7 GPa for 

transverse direction of pultruded GFRP beam, 

respectively. 

✓ In all tensile tests, it was observed that the 

damage started with micro-matrix cracks and showed 

progressive damage in the form of fiber rupture after the 

formation of delamination in the micro-layer. 

✓ The compressive strength of pultruded GFRP 

in the transverse direction is low compared to that of the 

longitudinal direction. The average compressive 

strengths are 280 MPa and 85 MPa for the longitudinal 

and transverse direction of pultruded GFRP beam, 

respectively. 

✓ The tensile and compressive stress of 

longitudinal direction are very similar. The ratio of tensile 

stress to compressive stress in the longitudinal direction 

is 1.04. However, the compressive stress is more than 

twice tensile stress in transverse direction. The ratio of 

compressive stress to tensile stress in the transverse 

direction is 2.13. 

✓ It was observed that the damages in the 

compression tests proceeded very fast in the specimens 

and the final failure occurred as catastrophic damage. 

✓ In the longitudinal direction specimens, the 

damage modes that occur after compression and tensile 

tests are intense; matrix cracks, in-layer delamination, 

micro-buckling, and fiber break. 

✓ Damage modes in transverse direction 

specimens; matrix cracks, debonding, dense matrix 

damage and splitting damage at 45° angle. 
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ABSTRACT 

LATMOS (mountain range), which can be a geopark, is located near Lake Bafa Nature Park on the border of Aydın and 

Muğla. The region has a deep history dating back to many years and valuable natural, archaeological and geological 

heritage sites. In this study, the geomorphological structure of the region is examined in general terms, especially 

research area in terms of geotourism has quite interesting features. The elevations at the end point of the Büyük Menderes 

Basin reach up to pretty high for sub-Aegean geological formations and have an geostrategically important position and 

wide viewing area. In history, these mountains, which were considered sacred especially in the Carian period, have 

always been in an important position in terms of human culture. The presence of traces of rock settlements dating to the 

Neolithic period in the mountains is also known today. Scattered rock paintings in the region were the most important 

findings. However, they have survived to the present day by being damaged. These and similar rock churches and 

monaster, as well as military castles and walls, leaving many distinctive and interesting cultural traces, these mountainous 

areas, which are inhabited, are expected to be constantly preserved and renewed. In history, there are also other ruins of 

the Carian State, which spread to a much larger background in the sub-Aegean. The port city of Herakleia (now Kapıkırı 

village) is located on the shores of Lake Bafa. Massive rock formations that have undergone metamorphic changes in the 

process are in need of investigation in many aspects of volcanic, magnetic and mineralogical aspects. These rocks also 

have qualities that can be salty due to their relationship with the sea. In summary, this region is composed of mountain 

ranges (Latmos Mountains), valleys with different features of archelogical sites and a very special lake that have an 

important natural park feature. In addition to its interesting natural structure, rock formations and geoheritage areas, it 

must be protected with the awareness of geotourism.  It should not be forgotten that in order to transfer the traces of many 

different cultural settlements within the rocks to the next generations in a healthy way, the region is obliged to be 

carefully conserved together with a conservation aimmed development plan. 

 

Keywords: Geopark of Latmos, Urban Geology, Geoheritage-Geotourism-Geosite, Urban Geography, Cultural Heritage 

Conservation, City and Regional Planning. 
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1. INTRODUCTION 
 

The aim of this study was to explore the rural 

development planning approaches towards geotourism 

potential in Turkey. The structure of geotourism makes a 

discussion for the possible effects on the processes of 

Turkey’s rural development. Also, theorical approaches 

are cited in the inter-disciplinary areas (tourism, public 

management, planning, art history, etc.) about subject.  

 

2. TOURISM FOR RURAL DEVELOPMENT 
 

The starting point of sustainability objectives in 

ecological approaches are increasing with interest in the 

development of interdisciplinary researches of 

alternative-tourism related subjects. Tourism alternatives 

for rural economy and/or rural development can research 

with different dimensions. Rural legislation is also 

covered here. 

 

2.1. Alternative Tourism  
 

One of them is eco-tourism for rural development, 

especially cittaslow movement is interesting with 

festivals. Geotourism also another alternative for rural 

economy and/or rural development.  

 

2.1.1. Eco-tourism and Cittaslow 

 
Eco-tourism trends are accelerating in the world. 

Turkey can be created in rural development with Eco-

tourism opportunities. But building pressure in rural 

sites with new generations also critical reason, new 

generations need jobs. If they are not be able to job, are 

migrate to big cities.  

Cittaslow movement, pioneered by settlements such 

as Seferihisar-Izmir, draws attention to domestic 

products and has various potentials for eco-tourism and 

rural development (Bostancı, 2017). 

The slow city movement started in Italy on the 

Mediterranean coast was accepted in our country, but 

the practices were left superficial. In Turkey, those ten 

cities are slow city at below:  

 Seferihisar (İzmir), Akyaka (Muğla), Gökçeada 

(Çanakkale), Taraklı (Sakarya), Yenipazar (Aydın), 

Yalvaç (Isparta), Vize (Kırklareli), Halfeti (Şanlıurfa), 

Perşembe (Ordu), Şavşat (Artvin).  

“Developing a ‘One Village-One Product (OVOP)’ 

in Model for the Rural Economy Diversification and 

Intensification Program in the Final Report of the 

Eastern Black Sea Regional Development Plan 

(DOKAP) prepared by the Japanese International 

Cooperation Agency (JICA) in 2000 was proposed in 

order to have various fruits and increase the production 

in general by the Harşit Stream” (JICA, 2000; Yücer, 

2016).  

Turkey also partially initiated at the local OVOP 

Project as Table 1 at below . The Governorship Special 

Administrative Directorates and the Provincial 

Directorate of Agriculture were supporting with the 

institutions of these OVOP projects.  

 

 

 

 

Table 1. Some sample villages and products for 

Cityslow OVOP practice in Turkey. (Yücer, 2016). 

Year City Place Products 

2002 Giresun Espiye/ 

İbrahimşeyh 

mandarin and 

fruit growing. 

2003 Tokat Villages sour cherry, 

walnut, peach, 

vegetables. 

2007 Hakkari Villages walnut, 

vegetables, rugs. 

2007 Kütahya Simav 

Villages 

fruit and 

vegetables 

 

Eel can become a gastronomically important product 

for Bafa Lake region. It is a fish that has adapted to the 

salinity of the lake containing salty rocks so it is very 

clever and much more researched. Region is very 

interesting in different aspects. Bafa Lake Natural Park 

and Latmos Mountains has very potential area (Fig. 1).  

 

 
 

Fig. 1. Bafa Lake Natural Park from Latmos Mountains. 

 

There can be also different projects, for ex. a project 

news about ecology (Ertuğrul, 2015). Sub-Aegean 

region in where Büyük Menderes River is dominant, is 

very powerful area in history. The view of the mountains 

of Herakleia Latmos was presented in 1765 with Lake 

Bafa in front of it (Fig. 7).  Special rural areas like 

Latmos Geopark and Bafa Lake that characterized with 

geotourism (geosite, geomorphocyte, geopark, geotope), 

are conserved with current conditions (Fig.  1, 2, 3, 4, 8, 

9, 10, 11, 12).  

 

2.1.2. Geo-parks and Geo-tourism 
 

 A UNESCO definition of global geopark is a unified 

area with a geological heritage of international 

significance (UNESCO, 2015). Geoparks use that 

heritage to promote awareness of key issues facing 

society in the context of our dynamic planet. There are 

many geoparks in all over the world (Fig. 2).  

 

 
 

Fig. 2. UNESCO Geoparks. 

  

They promote awareness of geological hazards, 

including volcanoes, earthquakes and tsunamis and 
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many help prepare disaster mitigation strategies with 

local communities. 

 Geoparks embody records of past climate changes 

and are indicators of current climate changes. They are 

demonstrating a "best practise" approach to using 

renewable energy and employing the best standards of 

"green tourism".  

 Tourism industry promotion in geoparks, as a 

geographically sustainable and applicable tourism 

model. They aims to sustain, and even enhance, the 

geographical character of a place.  

 Geoparks also inform about the sustainable use and 

need for natural resources, while at the same time they 

are promoting respect for the environment and the 

integrity of the landscape.  

 The Global Geoparks Network (GGN) is a 

UNESCO activity established in 1998. According to 

UNESCO, for a geopark to apply to be included in the 

GGN, it needs to:  

 

• have a management plan designed to foster 

socio-economic development that is sustainable 

based on geotourism 

• demonstrate methods for conserving and 

enhancing geological heritage and provide 

means for teaching geoscientific disciplines and 

broader environmental issues 

• have joint proposals submitted by public 

authorities, local communities and private 

interests acting together, which demonstrate the 

best practices with respect to Earth heritage 

conservation and its integration into sustainable 

development strategies.  

 

 Geotourism adds to ecotourism's principal focus on 

plants (flora) and animals (fauna) by adding a third 

dimension of the abiotic environment. Thus it is growing 

around the world through the growth of geoparks as well 

as independently in many natural and urban areas where 

tourism's focus in on the geological environment.  

The initiatives of the local and/or central authorities 

have just stayed for tourism and the adoption of 

sustainability of stakeholders that owners of alternatives 

tourism ideas not yet been achieved in geotourism.  

Most of the world defines geotourism as purely the 

study of geological and geomorphological features. So 

geotourism can also be supported by international 

funding but need to coordination with national 

authorities again (Fig. 3). 

Photographers, climbers, mountain hiking and art 

groups, nature travelers are interested in the region. 

Tours, workshops and festivals can be organized in this 

area. Especially, Spring and Autumn periods are suitable 

for these kind of activities.  

 

 
 

Fig. 3. Latmos Geopark and Bafa Lake views. 

 

2.2. Legislation 
 

Legislation changed in last years for village 

management subjects. There are some critical points for 

the future in rural lands. This legislation is also covered 

below:  

“Current discussion in rural development: in 2012, 

arrangements made with the Law No. 6360, expanding 

the municipal boundaries of cities in 30 provinces (these 

are metropolitan municipalities), changes the statue of 

villages to neighborhoods” (Albayrak; Eryılmaz, 2018). 

The characteristics of rural settlements in the 

metropolitan areas are affected with these changed.  

These rural areas must be protected in the future. 

 

 

3. HISTORICAL-NATURAL-CULTURAL 

STRUCTURE AND ALSO GEOLOGICAL 

AREAS-“LATMOS GEOPARK” 
 

Recommended as “Latmos Geopark”, the region on 

the shores of Bafa Lake Nature Park on the border of 

Aydın and Muğla is interesting with its geological 

history dating back 500 million years.  

The geomorphological structure of the region, which 

has been studied in the mountainous areas and valleys, 

has quite different features especially in terms of geo-

tourism like figures (Fig. 3, 4, 5).  

 

 
 

Fig. 4. Latmos Geopark and Bafa Lake connections. 

 

Massive masses undergoing metamorphic changes in 

the process are expected to be investigated from a 

mineralogical and petrographical point of view.  

Located in the Büyük Menderes Basin, Latmos 

Mountain (wheel shaped at the top of it) is dominated by 

a wide range of elevations with elevations reaching 1375 

meters. It is understood from the historical structures of 

the Karia king, which is unearthed as well as the fortress 

and city walls where the mountains are geostrategically 

important in history. 

 

3.1. The fortress city of Herakleia-Latmos 

Antique Harbour City (Kapıkırı Village) and 

Urban Geology 

 
The fortress city of Herakleia (Kapıkırı village), 

which is the dominant city and the coast and sea as an 

end port city on the borders of the Aegean Sea, has been 

on the shore of the lake today.  

This region, which is located on the Aegean Sea 

borders of Caria State, which has been spread to a wide 
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background in the lower Aegean, is an end port city. In 

the ancient period, the port city of Herakleia (Kapıkırı 

village) is a fortress-type city which is dominated by the 

shore and the sea (Fig. 4, 5, 7, 8, 9). Today, the city is on 

the shore of the lake.  

 The region has many different values in terms of 

educational tourism. These values are at below: 

  Historical, cultural, artistic, art history, sociology, 

psychology, coastline changing, global warming, climate 

changing, natural history, flora-fauna and biodiversity 

(birds, fishes) etc. 

 

 
 

Fig. 5. Herakleia findings (Kapıkırı village). 

 

The cultivated areas like as Kapıkırı, transforming 

year by year for residences and/or summer houses (Fig.   

7, 10), etc. against the rural development with 

conservation. (Kocalar, 2018a).  

 

3.2. Traces of Rock Settlements and Rock 

Paintings (Art History) 
 

In addition, traces of rock settlements dating to the 

Neolithic period were also found at different points of 

the area and the pictures scattered in the region were the 

most important findings. However, they have been 

damaged by external influences and vandalism. 

It should not be forgotten that the skirts of the 

mountainous area where the ancient city and the 

scattered rock paintings are located, must be carefully 

protected together with the conservation aimed 

development plan.  

It is of great importance that the lake is prevented 

from pollution. On the large scale it is necessary to 

complete the Büyük Menderes Basin Plan, and that it 

provides a unity with the conservation aimed 

development plan. Lastly, a holistic protection 

consciousness should be created in the area. 

The rock paintings discovered in the Latmos 

Mountains in recent years are one of the most important 

discoveries concerning the prehistoric archeology of 

Anatolia. These paintings shed light on the thought 

world of prehistoric societies which have been settled by 

virtue of their unique depiction language and their 

repertoire.  

Unlike the glacial cave paintings of Western Europe, 

which consist of magnificent animal depictions, human 

beings are in the foreground in Latmos rock paintings 

(Fig. 6) and they are depicted as a part of a community. 

The transition to the settled order and the change in its 

forms appear in rock painting art with these examples 

for the first time (Peschlow-Bindokat, 2006). 

(Archeology Art History, 2011). 

 

 
 

 
 

Fig 6. Rock Paintings  

 
In a thesis, "Determination of Mineralogical and 

Petrographical Properties of Tafonization Processes in 

Latmos-Beşparmak Mountains (Muğla)". They tried to 

elaborate the tafoni processes and formation 

mechanisms in rocks (Söyler, 2020). This work is 

related paintings, because one of the aims of the thesis is 

to study rock groups in which pictures are made.  

 

3.3. Natural Park Features 
 

The Natural Park is suitable for use with its status 

and area management, while preserving its natural 

thresholds (Kocalar, 2018b). Fishing is important for 

village people. Flora and fauna are very rich for 

biodiversity around the lake.  In order to be able to 

convey the traces of many different cultural settlements 

within the rocks to the next generations in a healthy 

way, the priority should be given to the evaluation of the 

region for purposes of natural history education and 

through alternative tourism functions.  

Area; Because of its natural structure, rock 

formations and geo-heritage areas, it must be protected 

within the framework of geo-tourism awareness. Bafa 

Lake is a historical lake (Fig. 7).  

 

 
 

Fig. 7. The view of the mountains of Herakleia-Latmos 

(1765) with Lake Bafa (Peschlow-Bindokat, 2005, pp. 

41). (Distelrath, 2008, pp. 2). 
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3.4. Conservation Aimmed Plan 

 
 In 1989, the whole city structure of Herakleia was 

protected by official authorities. However, a current 

assessment of the monuments (Fig. D) could not be 

made. However, only a usage and conservation plan can 

be prepared on the basis of this evaluation (Distelrath, 

2008, pp.105-112). Coastline of ancient period was very 

different and village was a coastline city in past (Fig. 8).  

 

 
 

Fig. 8. Coastline of ancient period and relationship of 

the lake with the sea (Abb.9) (Distelrath, 2008, pp. 13).  

 

 The relationship of the lake with the sea is still 

strong. The traces of the past connection with the 

Aegean Sea over the Gulf of Latmos are better 

understood when looking from the mountains towards 

the sea (Fig. 9). 

 

 
 

Fig. 9. Coastline of ancient period and relationship of 

the lake with the sea. 

 

 The village development plan should be explored in 

detail as in the source (Fig. 10) (Distelrath, 2008, 

pp.112-119) after Conservation Aimmed Plan. 

 

 
 

Fig. 10. Herakleia (Kapıkırı Village) (Abb.70) 

(Distelrath, 2008, 115).  

 

 Regulatory proposals for old and new buildings 

should be brought (Peschlow-Bindokat, 2006, pp.119-

125). New development trends of the village should be 

thoroughly evaluated (Peschlow-Bindokat, 2006, 

pp.125-132).  

 The development phases of the village in the 

previous years (2005) should be taken into consideration 

as in the source (Distelrath, 2008, pp.153-165).  Rural 

life in village with Latmos and Bafa Lake should be 

conserved in future.  

 The land use plan of the village and the protected 

areas were documented (Fig. 11) (Distelrath, 2008, 

pp.165-166). 

 With the silhouette of Herakleia city (Fig. 7, 10, 12), 

visual inventory of the works in today's village areas 

should be completed and intermittent monitoring should 

be made.  

3D models should be made using terrestrial laser 

scanners as done in the mausoleum (Alptekin, Çelik, 

Yakar, 2019). 

 

 
 

Fig. 11. General Plan - Land use plan of the village and 

documentation of the protected areas (Abb.A25) 

(Distelrath, 2008, pp.165). 

 

This site workings after Distelrath, published a book, 

named “Latmos, Miras 1, Heritage in Context”, the 

project supported by Deutsches Archäologisches Institut 

Istanbul, (Bachmann, Maner, Tezer, and Göçmen, 

2011).  

 

3.5. Geotourism Potential in Geoheritage Areas 

in Latmos Mountains 
 

These mountainous geological-archaeological sites, 

which have witnessed permanent settlements with their 

rock churches and monasteries as well as their military 

and commercial structures and with many distinct and 

interesting cultural traces, should be carefully preserved 

and renewed in tourism. Latmos Mountains are very 

near Lake at below (Fig. 12). 

 

 
 

Fig. 12. Latmos Mountains and Bafa Lake. 

 

     The Latmos Mountains and Bafa Lake are a whole. 

The surrounding quarries are an important danger for 
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this geopark. Also lake pollution of the lake is another 

important danger every summer. Fish farm and olive oil 

processing factories should be taken under control.  

      Geosite: The rock-mineral-fossil assemblage which 

shows an event, sequence, geological structure, texture 

type, formation or evolution during the formation or 

evolution of the earth's crust, is a scientific document a 

natural entity with the visual beauty in some cases.  

(Wimbledon, 1996) (ProGEO Group, 1998; 

www.progeo.se). 

     Geological heritage: It is a rare geosite under threat 

of extinction that will destroy the information and 

geological document of the region in case it is destroyed 

(Wimbledon, 1996; Kazancı, 2010). 
 

4. CONCLUSION 
 

Geo-tourism is important for this site research in the 

rural development of Turkey. Geological values 

discussed with other values in the selected site where is 

Latmos Mountains in the near of Bafa Lake.  

Latmos Mountains and walleys are also very special 

natural area as geological and other cumulative 

characteristics in historical, archelogical, cultural, 

architectural, natural, sport, and educational. So 

geotourism will bring awareness for village people in the 

region with opportunities values to support for rural life. 

The main feature of this kind of study is to develop a 

marked area from the original values of special 

geological and natural also rural areas. Also, to 

determine the deterioration of the characteristics of these 

areas.  

The most critical issue for Turkey is the villages 

which turned into neighborhoods by the new 

metropolitan law. These kinds of special lands must be 

protected and also can’t be converted into second 

homes.  

The cultivated areas like as Herakleia-Latmos 

(Kapıkırı village), transforming year by year for 

residences and/or summer houses, etc. against the rural 

development with conservation. 

Latmos surrounding quarries can’t acceptable for 

this geopark, they can’t work near this area. They are 

affecting ground and upper ground structure. Also rock 

paintings and rock churches can be damaged. 

Lake pollution, fish farm and olive oil processing 

factories are other important dangers, they should be 

taken under control and no new licenses should be 

issued. 

Additional researches should increase the database 

and methodological approaches to develop the 

theoretical and practical bases at the national level in 

geological sites. Local efforts should be given priority in 

the design and implementation of initiatives in the world 

for these types of sites. 

After Kula (Manisa), Latmos mountains will be an 

important geopark area, reflecting the character of the 

Lower Aegean Region. Latmos mountains are proposed 

to join to the European Geoparks Network in this paper. 
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Adıyaman – Turkey.  

https://azizcumhurkocalar.blogspot.com/2014/07/cevre-

koruma-kuramlarna-aykr-gerceklik.html  
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ABSTRACT 

To estimate the performance of the photovoltaic power systems is the key issue in their techno-economic feasibility analysis. 

Performances, on the other hand, strongly depends on the module temperatures of the photovoltaic systems. In this study, 

we evaluated the performance of ten different module temperature estimation models using the measured outdoor data of 

five different modules. The modules are installed at the rooftop of a building located at Central Anatolia where the climate 

is cold and semi-arid. The results showed that the models having smaller number of parameters perform better than the 

others. We concluded that such analysis should be carried out at different ambient conditions so that the best performing 

models for the site can be obtained. Another outcome of the study is that the seasonal evaluation of the performance of the 

models should be carried out. 

 

Keywords: Photovoltaic Module, Module Temperature, Module Temperature Variation, Module Temperature Estimation 
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1. INTRODUCTION 
 

The interest in renewable energy resources is growing 

due to the environmental damages of fossil fuels. So 

nowadays, many power plants that use renewable energy 

resources such as hydro, wind and solar, etc. have been 

installed worldwide in the last decades. Especially, solar 

power plants installments are rapidly growing all over the 

world. Reports published by International Renewable 

Energy Agency (IRENA, 2019) and International Energy 

Agency (IEA, 2019) in 2019 show that total installed 

photovoltaic (PV) capacity reaches nearly 500 GWp. 

Also, the same report (IRENA, 2019) shows that the PV 

capacity in Turkey reaches 5 GWp during just the last 

three years. According to another report, including some 

scenarios (SolarPowerEurope 2018), this installation 

trend will continue at the same rate till 2022. For example, 

installation PV capacity in the world will be 1.2 TWp as 

regards to high scenarios or will be 813 GWp as regards 

to low scenarios. 

While the installation of solar power plants increasing 

with a large rate, the R&D on the subject matter 

interestingly also heavily keeps going. In this respect, the 

performance of the solar modules particularly depends on 

the module temperature and thus, it becomes important to 

estimate the module temperature for short- and long-term 

feasibility analyzes. There exist in the literature many 

correlations connecting the module temperature to 

climatic parameters and datasheet specifications of the 

modules. 

It is obvious that a considerable amount of solar 

energy absorbed by solar panels is converted into heat 

within the cell. Then, the temperature of the PV modules 

increases due to heat. Researchers conducted several 

studies to see how the temperature affects the efficiency 

of the modules. According to Dubey et al, efficiency is 

linearly decreasing with operating temperature (cell or 

module temperature) (Dubey, Sarvaiya, and Seshadri, 

2013). A research conducted on this issue by Rahman et 

al. illustrated that each 1°C increase in cell temperature 

causes a 0.06% decrease in electrical efficiency of the PV 

module under solar irradiance of 1000 W/m2 (Rahman, 

Hasanuzzaman, and Rahim, 2015). Another research 

which was conducted by Amr et al. shows that the 

temperature of the modules can be decreased using heat 

sink fins thermally attached to the back surface of the 

modules (Amr et al., 2019). They calculated the module 

temperature using a thermal modeling approach and 

conducted experiments to compare their results. 

The efficiencies of solar cells are measured at 

standard test conditions where cell temperature is 25 °C 

and irradiance 1000 W/m2. However, solar cells are rarely 

meet this standart efficiency value at outdoor conditions, 

because on a clear summer day the temperature of PV 

panels can reach up to 60 °C (Ozden, Tolgay, and 

Akinoglu, 2018). Therefore, to forecast the yield before 

solar power plant installation, it is also necessary to 

estimate the module temperature. There exist many 

temperature estimation correlations from various authors 

in the literature (Duffie and Beckman, 2013; Eckstein, 

1990; Faiman, 2008; King, Boyson, and Kratochvil, 

2004; Koehl et al., 2011; Kurtz et al., 2009; Mattei et al., 

2006; Roberts, Zevallos, and Cassula, 2017; 

Santhakumari and Sagar, 2019). 

Skoplaki et al. indicated that free convection loss is 

insignificant when compared to wind convection loss for 

wind speed 1-15 m/s. They obtained that the average 

deviation between measured and estimated Tc values is 

less than 3 °C in the range 1–15 m/s (Skoplaki, 

Boudouvis, and Palyvos, 2008). 

 Mattei et al. used two different temperature 

equations and found that after 10 m/s wind speed effect 

becomes less important in terms of yield per meter square 

(Mattei et al., 2006). Eckstein estimated the module 

temperature in his thesis by using a loss temperature 

coefficient (Eckstein, 1990). M. Akhsassi et al. developed 

two temperature equations, one can be used with wind 

speed data and the other can be used without wind data. 

They have used 32 monocrystalline silicon panels and 

calculated overall lost coefficients for the panels. 

Moreover, they have analyzed different types of thermal 

models. In their analysis, they have found that Sandia and 

Faiman temperature model overestimates the PV module 

temperature when irradiance is high and underestimates 

the module temperature when irradiance is low whereas 

Lasnier thermal model underestimates module 

temperature when irradiance is high and overestimates 

when irradiance is low (Akhsassi et al., 2018).  Gökmen 

et al. investigated two different thermal models; one of 

them considers the cooling effect of wind whereas the 

other one does not consider. The authors estimated yearly 

energy values using predicted module temperature from 

these models and measured module temperature from a 

PV system, including Poly-Si modules at the windy 

location Aalborg, Denmark. The study presented that 

formula (does not consider the wind speed data) 

underestimates the yearly energy by 3.5% since it 

overestimates the module temperature (Gökmen et al., 

2016). 

Dierauf et al. have developed a formula differing 

from traditional ones. Their new thermal model estimates 

the temperature by considering the effects of the ambient 

temperature and wind (Dierauf et al. 2013). Another 

temperature formula developed by Ding et al. calculates 

the cell temperature with the help of the back surface 

temperature of the modules (Ding et al. 2014). Lo Brano 

et al. acquired a formula that is sensitive to irradiance and 

temperature changes by calculating K factor which is 

thermal correction factor (Lo Brano and Ciulla 2013). 

Skoplaki and Palyvos analyzed 22 different temperature 

models and came up with the fact that use of these models 

should be handled with care as they are developed for 

specific mounting geometry or building integration level 

(Skoplaki and Palyvos 2009). Schwingshackl et al. 

worked on four different temperature models of standard 

approach namely Skoplaki’s, Koehl’s, Mattei’s and 

Kurt’s models. They found out that models which include 

wind cooling effects can be used for better estimations 

(Schwingshackl et al. 2013). 

This study gives the analysis of measured data of 

module temperatures for five modules tested in outdoor 

conditions of a cold semi-arid climate of Ankara. The 

modules are tested for three years. Ten models from the 

literature are chosen for a comparative study to reach the 

best-performing ones to be used in techno-economic 

analysis. 

The next section gives the materials and methods 

used in work together with a description of the site, 

climate, data, and the models. Section three gives the 

results of the analysis, and the statistical errors are 

tabulated and discussed. The last section is concluding 

remarks with some future prospects. 
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2. MATERIALS AND METHOD 
 

2.1. Description of Sites and Modules 
 

Measurements are taken on the rooftop of METU, 

Department of Physics building in Ankara, Turkey which 

was located in the Central Anatolia. According to Köppen 

- Geiger Climate Classification, Ankara has a cold semi-

arid climate (Peel, Finlayson, and McMahon, 2007; 

Rubel et al., 2017).  

The technical details of test sites are presented in 

Table 1. They are in operation for three years between 

April 2016 to April 2019. The average ambient 

temperature in this time interval is 13.8 °C. The highest 

temperature is 38.5 °C in July 2017 and the lowest 

temperature is −8.9 °C in February 2017 during the test 

period. And also, annual average relative humidity (RH) 

and wind speed is about 60 % and about 1 m/s, 

respectively. 

 

Table 1. Test site details 

 

Parameter GUNAM-Ankara, Turkey 

Latitude (°N) 39.9 

Longitude (°E)  32.8 

Elevation (m) 929 

Tilt & Azimuth angle (°) 32 & 0 

 

Five different types of PV modules are investigated in this 

study. Modules are mounted on an aluminum 

construction and they are not close to each other. Two of 

the tested PV modules which are microcrystalline based 

amorphous silicon (µc-Si/a-Si) and Cupper Indium 

Selenide (CIS) are thin film. The other three PV modules 

have crystalline silicon structures which are 

Monocrystalline Silicon (Mono-Si), Polycrystalline 

Silicon (Poly-Si) and Heterojunction with Intrinsic Thin 

layer (HIT). They are cleaned weekly.  

 

 
(a) 

 

 
(b) 

 

Fig. 1. Configuration of METU-GUNAM Outdoor Test 

Facility (a) and tested modules - 1: CIS, 2: Poly-Si, 3: 

Mono-Si, 4: µc-Si / a-Si, 5: HIT (b) 

 

The elements of our testing system can be seen in Fig. 

1 and the specifications of five tested modules used in the 

present study are tabulated in Table 2. 

 

Table 2.   Tested PV Modules Specifications 

 

Module Types PMAX 

[W] 

VOC 

[V] 

ISC 

[A] 

VMPP 

[V] 

IMPP 

[A] 
 

[%] 

βSTC 

[%/°C] 

Tm,NOCT 

[°C] 

Area 

[m2] 

CIS 130.0 59.50 3.28 44.90 2.90 12.3 -0.39 40 1.05 

Mono-Si 160.0 43.70 5.06 35.30 4.58 12.5 --** --** 1.28 

Poly-Si 130.0 21.70 8.18 17.80 7.30 12.7 -0.45* 46 1.02 

µc-Si / a-Si 128.0 59.80 3.45 45.40 2.82 9.1 -0.24 44 1.40 

HIT 230.0 42.30 7.22 34.30 6.71 16.5 -0.30 45 1.39 

* The parameter unit is %/K. ** There is no datasheet for this module. Therefore, some results are missing. 

 

2.2. Receiving Data from the Test Setup 

 
All of the modules are connected to a PV analyzer 

which measures the electrical performance, solar 

radiation, and module and ambient temperatures. The 

average measurement results of these parameters are 

taken in every 10 minutes and are saved inside a daily file 

to the internal memory of the analyzer. Solar irradiation 

is measured by using a Kipp&Zonnen high precision 

secondary standard pyranometer, and temperatures data 

are measured by using T type thermocouples. The 

thermocouples which are used for measurement of cell 

temperatures are firmly adhered to at the back of each 

module. These temperature sensors are attached to the 

middle of the modules (Fig. 2). However, as the junction 

box of the µc-Si / a-Si module is located at the center of 

the module backside, the thermocouple of this module is 

adhered to near its junction box (Ozden, Tolgay, and 

Akinoglu, 2018) 

Climatic parameters are measured with a 

meteorological station. The station can measure ambient 

temperature, RH, precipitation, solar irradiance, wind 

speed, and direction every 10 minutes time interval. The 

station is fixed to 2 meters above from the floor level of 

the rooftop.  

 
 

Fig. 2. One of the temperature sensors adhered to the 

backside of a module 
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The module temperatures reach about 70 °C under 

around 1000 W/m2 of irradiance and at elevated ambient 

temperature except for the µc-Si / a-Si thin-film module. 

The corresponding values for the µc-Si / a-Si stay 

somewhat at 60 °C at the same conditions. 

 

2.3. Approaches Used in PV Temperature 

Estimation 
 

In the study, ten correlations presented in the 

literature are used to estimate the module/cell temperature 

from ambient temperatures and some other parameters 

(see Table 3). These equations are mainly tested and 

suggested to estimate the module/cell temperature in 

literature. Besides, some software packages for 

performance analysis of PV systems also use some of 

these equations (Homer Pro 3.13 help documentation, 

2019; PVsyst 6 help documentation, 2019). To estimate 

the module temperature, Homer Pro uses Eq. 5 and 

PVsyst uses Eq. 1 in Table 3.   

Presented equations in Table 3 contain many 

parameters. Some are the same while some differ. The 

explanation of these parameters is given in the 

Nomenclature section. However, values of some of these 

parameters (such as parameters with STC and NOCT 

indexing) are obtained from the datasheet of modules 

supplied by the manufacturer. The other parameter values 

are taken from the references explained in the followings. 

 

Table 3.   Several correlations to estimate the cell or module temperature. 

 

Eq. # Correlation Ref 

1 𝑻𝒎 = 𝑮𝒕 × 𝒆(𝒂+𝒃𝑽𝒘) + 𝑻𝒂 
(King et al., 

2004) 

2 𝑻𝒄 = 𝑻𝒂 +
𝑮𝒕(𝑻𝒎,𝑵𝑶𝑪𝑻 − 𝑻𝒂,𝑵𝑶𝑪𝑻)

𝑮𝑵𝑶𝑪𝑻
 

(Ross and 

Smokler, 1986) 

3 𝑻𝒎 = 𝑻𝒂 +
𝑮𝑻

𝑼𝟎 + 𝑼𝟏𝑽𝒘
 (Faiman, 2008) 

4   𝑻𝒄 =
𝑼𝑷𝑽𝑻𝒂 + 𝑮𝒕(𝜶𝝉 − 𝜼𝑺𝑻𝑪 − 𝜷𝑺𝑻𝑪𝜼𝑺𝑻𝑪𝑻𝑺𝑻𝑪)

 𝑼𝑷𝑽 − 𝜷𝑺𝑻𝑪𝜼𝑺𝑻𝑪𝑮𝒕
 

(Sandnes and 

Rekstad, 2002) 

5 𝑻𝒄 = 𝑻𝒂 +
𝑮𝒕𝜶𝝉

𝑼𝑳
(𝟏 −

𝜼𝑺𝑻𝑪

𝜶𝝉
) (Eckstein, 1990) 

6 𝑻𝒄 = 𝑻𝒂 +
𝑮𝒕(𝑻𝒎,𝑵𝑶𝑪𝑻 − 𝑻𝒂,𝑵𝑶𝑪𝑻)

𝑮𝑵𝑶𝑪𝑻
[𝟏 −

𝜼𝑺𝑻𝑪

𝜶𝝉
]

𝒉𝒘,𝑵𝑶𝑪𝑻

𝒉𝒘
 

(Duffie and 

Beckman, 2013) 

7 𝑻𝒄 = 𝑻𝒂 +
𝑮𝒕(𝑻𝒎,𝑵𝑶𝑪𝑻 − 𝑻𝒂,𝑵𝑶𝑪𝑻)

𝑮𝑵𝑶𝑪𝑻
[𝟏 −

𝜼𝑺𝑻𝑪(𝟏 − 𝜷𝑺𝑻𝑪𝑻𝒎,𝑺𝑻𝑪)

𝜶𝝉
]

𝒉𝒘,𝑵𝑶𝑪𝑻

𝒉𝒘
 

(Akhsassi et al., 

2018) 

8 𝑻𝒄 = 𝑻𝒂 + 𝝎 × (
𝟎. 𝟑𝟐

𝒉𝒘
) × 𝑮𝒕 

(Skoplaki et al., 

2008) 

9 𝑻𝒎 =
𝑻𝒂 +

𝑮𝒕

𝑮𝑵𝑶𝑪𝑻
× (𝑻𝒎,𝑵𝑶𝑪𝑻 − 𝑻𝒂,𝑵𝑶𝑪𝑻) ×

𝒉𝒘,𝑵𝑶𝑪𝑻

𝒉𝒘
× (𝟏 −

𝜼𝑺𝑻𝑪

𝜶𝝉
× (𝟏 − 𝜷𝑺𝑻𝑪 × 𝑻𝑺𝑻𝑪))

𝟏 − (
𝜷𝑺𝑻𝑪𝜼𝑺𝑻𝑪

𝜶𝝉
) × (

𝑮𝒕

𝑮𝑵𝑶𝑪𝑻
) × (𝑻𝒎,𝑵𝑶𝑪𝑻 − 𝑻𝒂,𝑵𝑶𝑪𝑻) ×

𝒉𝒘,𝑵𝑶𝑪𝑻

𝒉𝒘

 
(Skoplaki et al., 

2008) 

10 𝑻𝒎 = 𝝎𝟏 × 𝑻𝒂 + 𝝎𝟐 × 𝑮𝒕 + 𝝎𝟑 × 𝑽𝒘 + 𝒄 
(Tamizhmani et 

al., 2003) 

In Eq. (1), 𝑎 and 𝑏 constants are taken from reference 

(King, Boyson, and Kratochvil, 2004). They are taken as 

−3.47 and −0.0594 for CIS module due to its module 

structure (glass/cell/glass and open rack) whereas for the 

other modules they are taken as −3.56 and −0.075 because 

of their module structure and fixing position 

(glass/cell/polymer sheet and open rack), respectively. In 

the same equation, the wind speed 𝑉𝑤 was measured at a 

standard height of 10 m. However, the wind speed was 

not measured at a height of 10 m in our test site. 

Therefore, the wind speed value was converted to the 

appropriate height using the measurement height by the 

following power law (Twidell and Weir, 2015): 

  

𝑉𝑤

𝑉𝑤,𝑟𝑒𝑓
= (

𝑧

𝑧𝑟𝑒𝑓
)

𝑛

 (13) 

 

where 𝑧𝑟𝑒𝑓  is reference height measured from the ground, 
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𝑧 is 10 m and 𝑉𝑤,𝑟𝑒𝑓 is the measured wind speed at the 

height of the test site. 𝑛 is the friction coefficient and the 

coefficient is a function of the topography at the test site 

(small town with some trees and shrubs). It is taken as 0.3 

from (Bañuelos-Ruedas, Angeles-Camacho, and Rios-

Marcuello, 2010). In Eq. (3), 𝑈0  and 𝑈1  constants are 

taken as 23.09 and 3.11 for the CIS module from (Koehl 

et al., 2011) and taken as 25 and 6.84 for the other 

modules from (Faiman, 2008), respectively. The Eq. (6, 

7, 8 and 9) include the heat convection coefficient 

equations. The correlations to estimate module/cell 

temperature in the literature use many parameters of 

climatic conditions and its nameplate parameters (Cole 

and Sturrock, 1977; Duffie and Beckman, 2013; Kaplani 

and Kaplanis, 2014; Loveday and Taki, 1996; Nolay, 

1987; Sharples and Charlesworth, 1998). Some of them 

are frequently chosen for more accurate estimation of 

module/cell temperature and are tabulated in Table 4. The 

coefficients of Eq. 12, 20, 16 and 16 in Table 4 are used 

In Eq. 6, 7, 8 and 9 (like ℎ𝑤 = 5.7 + 3.8𝑉𝑤  and 

ℎ𝑤,𝑁𝑂𝐶𝑇 = 5.7 + 3.8𝑉𝑤,𝑁𝑂𝐶𝑇), respectively.  

 

Table 4. Various air forced heat convection coefficient equations (𝒉𝒘 𝒂𝒏𝒅 𝒉𝒘,𝑵𝑶𝑪𝑻) 

 

 Heat convection coefficients  Eq. # Ref 

1 𝒉𝒘 = 𝟓. 𝟔𝟕 + 𝟑. 𝟖𝟔𝑽𝒘 12 (Duffie and Beckman 2013) 

2 𝒉𝒘 = 𝟓. 𝟖𝟐 + 𝟒. 𝟎𝟕𝑽𝒘 13 (Nolay 1987) 

3 𝒉𝒘 = 𝟏𝟏. 𝟒 + 𝟓. 𝟕𝑽𝒘 for the windward condition 14 (Cole and Sturrock 1977) 

4 𝒉𝒘 = 𝟓. 𝟕 for the leeward conditions 15 (Cole and Sturrock 1977) 

5 𝒉𝒘 = 𝟖. 𝟗𝟏 + 𝟐. 𝟎𝑽𝒘 for the windward condition 16 (Loveday and Taki 1996) 

6 𝒉𝒘 = 𝟒. 𝟗𝟑 + 𝟏. 𝟕𝟕𝑽𝒘 for the leeward conditions 17 (Loveday and Taki 1996) 

7 𝒉𝒘 = 𝟖. 𝟑 + 𝟐. 𝟐𝑽𝒘 for the windward condition (angle 0°) 18 (Sharples and Charlesworth 1998) 

8 𝒉𝒘 = 𝟕. 𝟗 + 𝟐. 𝟔𝑽𝒘 for the windward condition (angle 45°) 19 (Sharples and Charlesworth 1998) 

9 𝒉𝒘 = 𝟔. 𝟓 + 𝟑. 𝟑𝑽𝒘 for the windward condition (angle 90°) 20 (Sharples and Charlesworth 1998) 

10 𝒉𝒘 = 𝟕. 𝟗 + 𝟐. 𝟐𝑽𝒘 for the windward condition (angle 135°) 21 (Sharples and Charlesworth 1998) 

11 𝒉𝒘 = 𝟖. 𝟑 + 𝟏. 𝟑𝑽𝒘 for the windward condition (angle 180°) 22 (Sharples and Charlesworth 1998) 

𝑈𝑃𝑉 is the heat exchange coefficient corresponding to 

the total surface area of the module, i.e. two times the 

surface area corresponding to ℎ𝑤  since the heat is lost 

from the two faces of the PV (lateral surfaces are 

neglected) (Mattei et al., 2006), so if Eq. (12) is used, 

 

𝑈𝑃𝑉 = 11.34 + 7.72𝑉𝑤. (23) 

 

If Eq. (13) is used, 

 

𝑈𝑃𝑉 = 11.64 + 8.14𝑉𝑤. (24) 

 

If Eq. (14) and (15) is used, 

 

𝑈𝑃𝑉 = 17.10 + 5.70𝑉𝑤. (25) 

 

The coefficients of Eq. (23), (24) and (25) are used in 

Eq. (4) one by one. However, as the best results are 

obtained by using Eq. (25) together with Eq. (4), just 

these results are presented in Fig. A4 and in Table 5.   

In Eq. (5), 𝑈𝐿 is calculated for every module by using 

Eq. (14) from (Eckstein, 1990). 

 

𝑈𝐿 =
𝐺𝑁𝑂𝐶𝑇×𝛼𝜏

𝑇𝑚,𝑁𝑂𝐶𝑇−𝑇𝑎,𝑁𝑂𝐶𝑇
  (14) 

 

In addition, in Eq. (4, 5, 6, 7 and 9) 𝛼𝜏 constant are 

used as 0.9 (Eckstein, 1990; Sandnes and Rekstad, 2002). 

Another parameter 𝜔  in Eq. (8) is taken as 1.0 from 

(Skoplaki, Boudouvis, and Palyvos, 2008). Though, this 

equation does not estimate the module temperature when 

the wind speed equal to zero (Skoplaki, Boudouvis, and 

Palyvos, 2008). The last parameters in Eq. (10) 𝜔1, 𝜔2, 

𝜔3 , and 𝑐 are taken from (Schwingshackl et al., 2013) 

which is presented at a table as average values for every 

module types.  

As the next step to determine and to show which 

equation has higher accuracy is conducted using two 

procedures. One of them is that the deviation between 

estimated and measured values are calculated by using 

Eq. (26), and these temperature differences are presented 

as a daily base by using graphics.  

 

𝑇𝑒𝑟𝑟𝑜𝑟 = 𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 (26) 

 

The other method is the use of statistical errors 

between estimated and measured values evaluated by 

using mean absolute error (MAE) and root mean squared 

error (RMSE) methodologies (Eq. (27) and (28)):  

 

𝑀𝐴𝐸 =
1

𝑁
∑ |𝑇𝑒𝑟𝑟𝑜𝑟,𝑖|𝑁

𝑖=1  (27) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑇𝑒𝑟𝑟𝑜𝑟,𝑖)

2𝑁
𝑖=1     (28)  

 

where 𝑁  is the total number of data and 𝑖  is a loop 

indexing number. The obtained results are tabulated in 

Table 5. 

 

3. RESULTS AND DISCUSSION 

 

To accurately determine the yield of PV systems is 

important, and this can only be achieved with the correct 

prediction of the module temperature. The estimation of 

module temperature could be made by using implicit and 

explicit correlations. The implicit correlations generally 

include thermal and physical properties of the PV 
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cell/module, solar resource, climatic data, and heat 

convection coefficient because of the wind. The explicit 

correlation equations for the operating temperature of the 

PV cell/module are simply associated with the ambient 

temperature and the solar irradiance. In this study, to 

evaluate the accuracy of estimations for some of both 

types of correlation forms from the literature are selected 

and used. These equations given in Table 3 are 

particularly preferred from those in which the best results 

are obtained in the literature. The ten equations to 

estimate the PV cell/module temperature for the five 

different module types are compared using the measured 

data of three years for these module types. The deviations 

between estimated and measured data are shown in 

Appendix. Considering all results, the deviation 

temperatures can be up to +20 and −30 °C.  The best 

results are obtained from Eq. (1) for a-Si / µc-Si, Poly-Si, 

and HIT modules and Eq. 8 for CIS and Mono-Si 

modules. These results have the smallest deviations as 

can be seen in Fig. A1 and A8, and Table 5. On the other 

hand, the equations giving the highest deviations for the 

same modules are from Eq. (4) and Eq. (10). These results 

are also shown in Fig. A4 and A10, and Table 5.  

 

Table 5. Values of the statistical coefficients for various models1 

 

# of Tm estimation Eq.  a-Si / µc-Si CIS Mono-Si Poly-Si HIT 

1 
MAE 2.7001 2.4712 2.6520 3.0282 2.8054 

RMSE 3.2746 3.1084 3.2597 3.6006 3.3831 

2 
MAE 3.6931 2.7175 --* 3.9268 3.6153 

RMSE 4.8522 3.4281 --* 4.7377 4.3805 

3 
MAE 3.9724 3.8277 3.0817 3.7438  3.6682 

RMSE 5.2178 4.9844 3.8253 4.4985  4.4605 

4 
MAE 4.9210 3.3601 --* 4.3650 3.9545 

RMSE 6.8621 4.4737 --* 5.4310 4.9395 

5 
MAE 3.1253 3.0747 --* 3.2659 2.9382 

RMSE 3.9926 4.0215 --* 3.9058 3.5223 

6 
MAE 3.5149 3.2200 --* 3.8415 3.4405 

RMSE 4.8276 4.2467 --* 4.8189 4.3101 

7 
MAE 3.2977 3.1766 --* 3.3938 3.1979 

RMSE 4.3417 4.1793 --* 4.0938 3.9130 

8 
MAE 3.5126 2.2913 2.4232 2.9674 2.9275 

RMSE 4.5885 3.0352 3.1016 3.6376 3.5810 

9 
MAE 3.2429 2.8345 --* 3.4883 2.8625 

RMSE 4.0496 3.6073 --* 4.1526 3.4589 

10 
MAE 4.8815 4.3371 4.2181 5.8809 --** 

RMSE 5.4806 5.0573 4.9287 6.5913 --** 

* There is no datasheet for this module. Therefore, some results are missing. 

** There are no coefficients of Eq. (10) for the HIT module. Therefore, the results are missing. 

█ The best-performing results. █ The lowest-performing results. 

  

The correlation Eq. (10) presented by NREL in 2003 

have high estimation deviation especially during night 

time. This is probably due to the fact that the coefficients 

of the correlation are site and climate depended.   

As mentioned before, the equations giving the best 

results are Eq. (1) and (8). Both equations are similar in 

their structure, one of them has a heat convection 

coefficient whereas the other equation does not have this 

coefficient, but instead it has wind speed data which is 

related to the convection coefficient.  

The Eq. (2), (6), (7) and (9) all have similar terms 

containing STC/NOCT values taken from the datasheets. 

However, they contain differing additional terms. They 

all have higher deviations than Eq. (1) and (8) which may 

be an indication on the weak correlation of the outdoor 

performances of the modules on their standard parameters 

given in the datasheet. 

The performance of the remaining equations (3) and 

(4) do not perform well as the others. Finally, Eq. (5) 

interestingly gives the best results after Eq. (1) for the a-

Si / µc-Si and the HIT modules and better than Eq. (8) for 

the other modules, but the differences are not quite 

significant. Thus, Eq. (5) could be accepted to be the best 

to use in the prediction of the yield of a PV power plant. 

Fig. 3a, b, and c give three typical days of clear, 

partially cloudy and overcast sky for comparison of the 
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best- (either of Eq. (1) or (8)) and lowest-performing 

(either of Eq. (4) or (10)) estimation models at different 

irradiation conditions. For the clear day in July for both 

of the models the estimation results highly fluctuate for 

the irradiance values between 400 and 1100 W/m2.  The 

fluctuations for the best-performing model are lower for 

the HIT and the a-Si / µc-Si and for the lowest-performing 

model for the other modules. Possible reasons may be the 

sensitivity of the structure of the models to the variations 

of the parameters of different type modules. The lowest-

performing model overestimates while the best-

performing model underestimates in general and this 

information may be used for further modification of the 

models.  

The best- and lowest-performing models both seem 

better performing for the partially cloudy day of May 

(Fig. 3b) except the a-Si / µc-Si module. Hence, in the 

irradiance ranges of 400-600 W/m2 the models perform 

better, so in modest (lower solar irradiance) climatic 

conditions the estimations are better than in clear sky 

conditions, and this will further be demonstrated in the 

following for the overcast sky day.  
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 (a) (b) (c) 

 

Fig. 3. Comparison measured module temperatures with estimated module temperatures corresponding to best- and 

lowest-performing results of all module types from Table 5. 

 

The overcast sky of the day in January (Fig. 3c) the 

irradiance values do not exceed 200 W/m2, and the 

ambient temperature is always below 0 °C. The module 

temperatures are also very low which can be attributed to 

the very low or no module yields. That is, the module 

temperature simply follows the ambient temperature 

closely and the difference is due to thermal response of 

the module structures under equilibrium conditions. The 

best-performing model for the CIS and the Mono-Si (Eq. 

(8)) does not make predictions for hours with zero wind 

speed, so the predictions are missing for some of the 

hours of this specific day. 

 

4. CONCLUSIONS  
 

Prediction of the module temperature is very 

important in the techno-economic analysis of the PV 

power plants to estimate the yields. There are many 

models appeared in the literature for the module 

temperature predictions. In the present study three years 

measured module temperatures of the five modules tested 

in outdoor conditions are analyzed. We have chosen ten 

models from the literature which are commonly used and 

constructed for all module types and compared their 

performances. 

The models having a smaller number of parameters 

(Eq. (1) and (8)) perform better than the others for 

different modules, and this may be attributed to the 

various climatic conditions that the data were collected to 

construct the models. That is, larger the number of 

parameters/coefficients larger the variations of these 

parameters at different conditions. Eq. (5), which also has 
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smaller number of parameters/coefficients, seems the best 

in general than the others, for all the module types. On the 

other hand, we can state that the prediction performance 

of the other models also seems acceptable. 

This work is performed using the outdoor 

performance data of the modules under cold and semi-

arid climate of Central Anatolia. Such analyses should be 

carried out for different climates to decide on the best 

performing model for different climatic conditions. 

Another further research topic is to carry out the analysis 

to consider the seasonal variations in the performances of 

the models to reach better yield estimation calculations. 
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NOMENCLATURE 
 

𝒂 

Empirically-determined coefficient establishing 

the upper limit for module temperature at low 

wind speeds and high solar irradiance 

(𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒍𝒆𝒔𝒔) 

𝝉 
Transmittance coefficient 

(𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒍𝒆𝒔𝒔) 

𝜶 Absorptance coefficient (𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒍𝒆𝒔𝒔) 𝑻𝒂 Ambient temperature (°𝑪) 

𝒃 

Empirically-determined coefficient establishing 

the rate at which module temperature drops as 

wind speed increases (𝒔/𝒎) 

𝑻𝒂,𝑵𝑶𝑪𝑻 Ambient temperature at NOCT (°𝑪) 

𝜷𝑺𝑻𝑪 Temperature coefficient of 𝑷𝒎𝒑𝒑 (𝟏/°𝑪) 𝑻𝒄 Cell temperature (°𝑪) 

𝜼𝑺𝑻𝑪 Efficiency at STC (𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒍𝒆𝒔𝒔) 𝑻𝒎 Module temperature (°𝑪) 

𝑮𝑵𝑶𝑪𝑻 Irradiance at NOCT (𝑾/𝒎𝟐) 𝑻𝒎,𝑵𝑶𝑪𝑻 Module temperature at NOCT (°𝑪) 

𝑮𝒕 Solar radiation flux on module plane (𝑾/𝒎𝟐) 𝑻𝒎,𝑺𝑻𝑪 Module temperature at STC (°𝑪) 

𝒉𝒘 
Air forced heat convection coefficient, 

(𝑲𝑾𝒎−𝟐) 
𝑼𝟎, 𝑼𝟏  

A coefficient describing the effect of 

the radiation on the module temperature 

(𝑾/𝒎𝟐°𝑪), A coefficient describing 

the cooling by the wind (𝑾𝒔/𝒎𝟑°𝑪) 

𝒉𝒘,𝑵𝑶𝑪𝑻 
Air forced heat convection coefficient at 

NOCT, (𝑲𝑾𝒎−𝟐) 
𝑼𝑳 

Overall thermal loss coefficient 

(𝑾𝒎−𝟐/°𝑪) 

𝝎 Mounting coefficient (𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒍𝒆𝒔𝒔) 𝑼𝑷𝑽 
Heat exchange coefficient for total PV 

surface area (𝑲/𝑾𝒎−𝟐) 

𝝎𝟏,  𝝎𝟐, 

𝝎𝟑, c 

Correlation constants, (𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒍𝒆𝒔𝒔, 

°𝑪/𝑾𝒎−𝟐, °𝑪/𝒎𝒔−𝟏, °𝑪) 
𝑽𝑾 Wind speed (𝒎/𝒔) 

 

APPENDIX 
 

 
 

Fig. A1. Difference of module temperatures measured and estimated with Eq. (1). 
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Fig. A2. Difference of module temperatures measured and estimated with Eq. (2). 

 
 

Fig. A3. Difference of module temperatures measured and estimated with Eq. (3). 

 
 

Fig. A4. Difference of module temperatures measured and estimated with Eq. (4). 
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Fig. A5. Difference of module temperatures measured and estimated with Eq. (5). 

 
 

Fig. A6. Difference of module temperatures measured and estimated with Eq. (6). 

 
 

Fig. A7. Difference of module temperatures measured and estimated with Eq. (7). 
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Fig. A8. Difference of module temperatures measured and estimated with Eq. (8). 

 
 

Fig. A9. Difference of module temperatures measured and estimated with Eq. (9). 

 
 

Fig. A10. Difference of module temperatures measured and estimated with Eq. (10). 
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ABSTRACT 

The current study aims to explore the effects of fiber orientation angle on the low velocity impact behaviors of the basalt 

fiber reinforced composite laminates. Samples with four different orientation angles (0º/90º, 15º/-75º, 30º/-60º and 45º/-

45º) fabricated by vacuum assisted resin transfer molding have being tested on the Charpy impact test machine. Furthermore, 

failure modes of notched/unnotched samples subjected to impact loadings in the flatwise and edgewise directions have 

been examined to detailly understand fracture behavior. The results showed that the fiber orientation angle has substantial 

effects on the energy absorption capability and impact toughness of the samples. The increment in fiber orientation angle 

was led to increases in impact energy and toughness, and the reduction in impact damage. The best values as 3.07 J and 

34.82 kJ/m2 for impact energy and impact toughness, respectively, are obtained from the notched samples in edgewise 

impact loading that having (45º/-45º) fiber orientation angle. Almost all of the samples exhibited failure modes as matrix 

fragmentation, delamination, fiber cracking and fiber pull-out, respectively. The most destructive results were observed as 

laminate fracture on the samples having (0º/90º) fiber orientation angle. 

 

Keywords: Basalt Fiber, Charpy, Fiber Orientation Angle, Energy Absorption, Impact Toughness 
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1. INTRODUCTION 
 

With the awareness of industrialization that is 

growing faster than ever on a global scale, engineers and 

scientists are strictly working in many industrial fields to 

facilitate life and meet the increasing consumption 

demands of humans. As a result of these efforts, materials 

science has been making great progress by persistently 

dealing with the development or derivation of new 

materials in terms of affordability, productivity and 

design flexibility compared to the conventional 

engineering materials. In this context, polymer based 

composite materials by exhibiting higher specific 

strength and durability, longer service life and fatigue 

behavior compared to the classical metallic materials 

(Zhong & Joshi, 2015) have been derived. The ease of 

production, tailorability, resistance to corrosion, better 

damping behavior and excellent fatigue resistance are 

also some of the other advantages of composite materials.  

Polymeric composites are composed of a 

reinforcement phase, generally in the form of fiber or 

particle, and a matrix phase. Due to their superior 

mechanical and dynamic performance, fiber reinforced 

polymeric composites have found application areas in a 

wide variety of industry fields including domestic, sports, 

transportation, military and aerospace industries. Carbon 

fiber with its high specific strength and specific stiffness, 

and the glass fiber with its high chemical resistance, 

impact toughness and low cost, have become the most 

widely used fiber types in the polymeric composites. 

Despite all their good properties, the search for new 

promising fiber types, in terms of organic, inorganic, 

synthetic or natural, that do not possess the weaknesses of 

carbon and glass fibers are also continued. 

In today's world, the use of natural materials in 

engineering applications has an increasing trend to meet 

the stringent environmental regulations enforced by 

public policies. In that sense despite its wide use in other 

fields, the use of basalt as fiber reinforcement in 

polymeric composites are relatively new compared to 

glass and carbon fiber (Jamshaid et al., 2017). Basalt, 

obtained from molten volcanic rocks, is an eco-friendly, 

natural, harmless and recyclable material. Furthermore, 

with its considerable properties such as good mechanical 

strength, non-flammable, high temperature resistance, 

biological stability, and high resistance to chemicals, 

have been attracted the attention of the researchers.  In the 

literature, there are many studies that investigated the 

physical, mechanical and dynamic properties of basalt 

fiber reinforced polymeric composites (Amuthakkannan 

et al., 2013; Zhang et al., 2012;, Botev et al., 1999, 

Czigany et al., 2008; Colombo et al., 2012, Demirci et al., 

2014; Bozkurt et al., 2016; Bozkurt et al., 2018; Sim & 

Park, 2005). Elmahdy et al. (2019) examined the effect of 

strain rate on the tensile characteristics of woven basalt 

fiber reinforced composite laminates using a split 

Hopkinson tension bar. They stated that poison’s ratio, 

stiffness, tensile strength and tensile strain of the samples 

increased with higher strain rate for both warp and fill 

directions. Amuthakkannan et al. (2013) studied the 

tensile, flexural and impact properties of short basalt fiber 

reinforced polymer composites and showed that the 

length of basalt fiber has significant effect on tensile, 

flexural and impact properties together with the fiber 

weight fraction. Zhang et al. (2012) examined the 

variation in tensile, flexural, impact and fracture 

behaviors of basalt fiber reinforced poly(butylene 

succinate) composites with respect to basalt fiber content. 

An increase in tensile, flexural and thermal properties 

with an increase in basalt fiber loading up to 15vol% were 

reported. Botev et al. (1999) assessed viscoelastic 

properties of untreated short basalt fiber reinforced 

polypropylene composites. Deterioration in tensile and 

impact properties of PP matrix were shown with the 

inclusion of untreated short basalt fiber reinforcements. 

However, after the addition of poly(propylene-g-maleic 

anhydride) significant increases in those properties were 

revealed. Zhao et al. (2019) researched the effect of 

temperature on the static and tension-tension fatigue 

properties of basalt fiber reinforced polymers. The life 

time, stiffness degradation, displacement behaviors of 

samples exposed to five different temperature 

environment as -20, 0, 20, 40 and 60 °C were investigated. 

Czigany et al. (2008) explored the crack propagation 

response of basalt fiber reinforced polypropylene 

composite. The results outlined that basalt fiber 

reinforcement provides increase in fracture toughness of 

polypropylene (PP) matrix. Colombo et al. (2012) 

investigated the mechanical properties and fatigue 

behavior of basalt fiber reinforced composites. 

Improvements in tensile and compressive strengths were 

presented as a result of basalt fiber reinforcement. 

Demirci et al., (2014) researched the fracture toughness 

characteristics of the basalt and glass fiber reinforced 

having arc shaped samples. Charpy impact experiments 

were conducted to examine the effects of the different 

notch depth ratios on the energy characteristics of the 

samples. Increasing in the considered ratios resulted with 

the decreasing in impact energy and fracture toughness 

values. Also, basalt fiber reinforced samples showed the 

better features than glass ones. Less et al. (2019) carried 

out the effects of fiber length and compatibilizing agents 

on mechanical and thermomechanical behaviors of basalt 

fiber reinforced polyamide composites. It was found that 

the stiffness of long fiber basalt composites are much 

higher. Bozkurt et al. (2016) examined the effects of the 

different fiber orientation angle on the vibration and 

damping behaviors of the basalt fiber reinforced 

composites. They stated that the higher fiber orientation 

angle resulted in decrease of natural frequency and 

increase of damping ratios. Subagia et al. (2014) 

conducted a study about the effects of hybridization of 

basalt and carbon fibers on the flexural characteristics. 

They pointed out the hybridization process gave the new 

materials with less cost compared to carbon fiber 

reinforced samples and comparable flexural strength and 

improved ductility. 

The aim of this work is to investigate the effects of 

the fiber orientation angle on the energy absorption 

characteristics of the basalt fiber reinforced composite 

laminates. The samples with four different orientation 

angles ((0º/90º), (15º/-75º), (30º/-60º) and (45º/-45º)) 

were prepared using the stack of eight basalt fabric layers 

and subjected to low velocity impact tests. The fracture 

surface of samples were examined to explore the effect of 

fiber orientation on fracture mechanism. 

 

2. MATERIALS AND METHOD 
 

2.1. Sample Preparation 
 

The bidirectional basalt fiber fabrics procured from 
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Tila Kompozit, Turkey, were used for reinforcement 

component. For matrix system, epoxy resin 

(MOMENTIVE MGS L285) and hardener 

(MOMENTIVE MGS H285) which were supplied from 

Dost Kimya, Turkey, were mixed with a stoichiometric 

ratio of 100:40 in weight basis, respectively. The physical 

properties of raw materials were given in Table 1. 

 

Table 1. The physical properties of raw materials 

 

Material Density Thickness 

Basalt fabric 200 g/m2 0.17 mm 

Epoxy 1.18 g/m3 - 

Hardener 0.94 g/m3 - 

 

Basalt fiber reinforced composite laminate was 

fabricated by vacuum assisted resin transfer molding 

technique (VARTM) seen in Figure 1. The fabric 

preforms having dimensions of 250 mm x 300 mm were 

stacked over the mold plate. Then, the fabric stackings 

were covered by a peel ply to easily remove composite 

laminates from the mold after the fabrication. A resin 

distribution medium was placed over the peel ply to 

ensure a uniform resin system injection to fabric stacks. 

The resin system was injected into mold structure with the 

help of vacuum. Following the soak of fabrics, the mold 

structure was held under 700 mm-Hg vacuum at 40ºC 

temperature for 8 hours to complete curing process. By 

the completion of curing, the laminate was left to cool at 

room temperature for the next 24 hours. The thickness of 

the laminate, shown in Figure 2, was measured as 1.6 mm. 

The test coupons were removed from the composite 

laminates using the CNC router in accordance with ISO 

179/92 test standard. 

 

 
Fig. 1. Vacuum assisted resin transfer molding (VARTM) 

(Bozkurt et al., 2018) 

 

 

 
 

Fig. 2. Basalt/epoxy fiber reinforced composite laminate 

 

2.2. Low Velocity Impact Tests 
 

Charpy impact tests were performed to determine the 

effects of fiber orientation angle on the impact energy and 

toughness characteristics of the basalt fiber reinforced 

composite laminates. ISO 179/92 standard was used for 

reference guide for the sample preparation and testing 

procedure. A Kögel 3/70 Charpy impact tester with 15.0 

J impact energy capacity, shown in Figure 3(a), were 

employed for the experiments. The samples having 55 

mm x 10 mm in length and width were prepared as 

notched and unnotched configurations subjected to 

edgewise and flatwise impact loading as seen in Figure 

3(b) and 3(c), respectively. At least five samples were 

tested to ensure experimental reliability. 

 

 
 

Fig. 3. a) Köger 3/70 Charpy impact tester, b) edgewise 

impact, c) flatwise impact 

 

Impact energy, E, was directly measured from the dial 

on the machine using potential energy lost after breaking 

the sample as shown in Eq. (1). 

 

𝐸 = 𝐸𝑎 − 𝐸𝑏                                 (1) 

 

where Ea and Eb represent the pendulum energy 

before and after impact event, respectively. Impact 

toughness, acu which is the absorbed energy per unit area, 

was calculated from Eq. (2): 

 

𝑎𝑐𝑢 = 𝐸/(𝑏ℎ)                                 (2) 

 

where b and h are the thickness and width of the 

samples. Figure 4 also presents an illustration of Charpy 

impact test machine. 
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Fig. 4. The schematic illustration of the Charpy impact 

test 

 

3. RESULTS AND DISCUSSIONS 
 

Charpy impact test is a practical and an economic 

method to comparatively determine the failure 

characteristics of composite laminates (Bozkurt et al., 

2018). In this section, the results of the Charpy impact 

tests in terms of the energy absorption capability, impact 

toughness and impact damages were summarized to 

detailly analyze the influence of the fiber orientation on 

low velocity impact response. The impact damages were 

also examined by taking photos with a manual camera to 

monitor fracture characteristics of basalt fiber reinforced 

composite laminates. 

Impact energy and impact toughness values of the 

samples subjected to the impact loadings in the flatwise 

and edgewise directions were presented in Figure 5 and 

Figure 6, respectively. The edgewise impacted samples 

had the better response than flatwise impacted ones due 

to exhibition of more resistance behavior in edgewise 

direction. This appears to be compatible with the findings 

of Dhar’s study (Dhar et al., 2018) who reported that 

higher fracture energy is necessary for the crack initiation 
phenomenon in edgewise direction of composite 

laminates. Furthermore, laminate impact position had the 

larger width in edgewise orientation as reported in 

literature (Dhar et al., 2019).  

It was proved that fiber orientation angle had the 

significant effects on laminates, experimentally. The 

results showed that an increase in fiber orientation angle 

resulted with an increase in both absorbed energy and the 

impact toughness of the material. This can be explained 

by the easier pull out failure mode (Flasar, 2018) 

happening in smaller orientations. Additionally, this 

situation may be explained by the findings of a literature 

study (Sharma et al., 2019) indicating the first cracking 

energy was higher for composite laminates with (45º/-

45º) fiber orientation angle accumulating lower impact 

damage. For the notched samples, the maximum absorbed 

energy and impact toughness as 1.73 J and 3.09 kJ/m2 was 

obtained from the (45º/-45º) fiber orientation angle. 

When compared to (0º/90º) fiber orientation, 22.7% and 

23.1% increase were achieved in impact energy and 

toughness values, respectively. 

 

 

 
Fig. 5. Absorbed energy and impact toughness of the 

unnotched samples subjected to flatwise impact loading 

 

With the increase in fiber orientation angle, the 

samples subjected to edgewise impact loadings showed 

an increasing trend, in impact energy and toughness, like 

the flatwise impacted samples. Compared to (0º/90º) fiber 

orientation, the (45º/-45º) fiber orientation angle 

exhibited 2.03 times higher values in both impact energy 

and toughness. Maximum absorbed impact energy and 

impact toughness values were found as 3.07 J and 34.82 

kJ/m2. 

 

 

 
Fig. 6. Absorbed energy and impact toughness of the 

notched samples subjected to edgewise impact loading 
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The failure modes and damage types of the flatwise 

and edgewise impacted samples after Charpy impact tests 

were given in Figure 7(a) and Figure 7(b), respectively. It 

was obvious that higher fiber orientations showed the less 

damage. This is explained by the higher resistance to first 

crack initiation formation in damaged areas of the 

samples. Also, edgewise impacted samples showed more 

destruction compared to flatwise impacted ones since 

required higher fracture energy.  

It was observed that the failure modes were started 

with matrix cracking and followed by delamination, fiber 

breakage and fiber pull out as the fiber orientation angle 

decreased in unnotched samples. However, failure mode 

as fiber breakage was triggered by matrix cracking and 

delamination caused from matrix-fiber decomposition, 

especially in (15º/-75º) and (30º/-60º) fiber orientations of 

edgewise-notched samples. The sample of (0º/90º) fiber 

orientation showed matrix fragmentation followed by 

fiber breakage, causing irregular fiber placement on the 

damage surface. An irregular matrix cracking was shown 

for the sample of (0º/90º) fiber orientation. 

 

 
                 (a)                                       (b) 

Fig. 7. Damage types for; (a) unnotched samples 

subjected to flatwise impact, (b) notched samples 

subjected to edgewise impact 

 

4. CONCLUSIONS 
 

In this work, the effect of fiber orientation angle on 

the low velocity impact behavior of the basalt fiber 

reinforced composite laminates were experimentally 

investigated. The composite samples having four 

different orientation angles (0º/90º, 15º/-75º, 30º/-60º and 

45º/-45º) were prepared using VARTM technique and 

subjected to Charpy impact tests to determine the impact 

energy and toughness. The unnotched and notched 

samples were subjected to flatwise and edgewise impact 

loadings, respectively. An increase in fiber orientation 

angle resulted with the increase in energy absorption and 

impact toughness for all samples. Maximum increases in 

impact energy and impact toughness were obtained from 

(45º/-45º) fiber orientation as 22.7% and 23.1% for 

notched samples. Also, unnotched samples with (45º/-

45º) fiber orientation exhibited 2.03 times of energy 

absorption and toughness values of the samples having 

(0º/90º) fiber orientation. It was shown that the failure 

modes were started with matrix cracking and followed by 

delamination, fiber breakage and fiber pull out as the fiber 

orientation angle decreased. As seen in the results, the 

effect of fiber orientation on energy absorption 

characteristics was very significant. It can be a reference 

guide for in the usage of related applications. 
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ABSTRACT 

The bulgur industry has importance in the food sector in Turkey. The wastewater generated from this industry can be 

considered bio waste. The microbial fuel cells (MFC) are a relatively new technique aiming to treat the wastewater and 

producing direct energy. This study aims to explore the degradation efficiency of the organic matters expressed as chemical 

oxygen demand (COD) founded in bulgur industry wastewater by microbial fuel cell techniques. Furthermore, it aims to 

study the potential formation of electricity from this type of wastewater. In this study, the MFC – double chamber system 

was performed. 1.5 L bulgur industry wastewater containing 3% of biomass was used. The COD and the voltage were 

measured. The COD generated from the bulgur industry wastewater was 28800 mg/L. After using the MFC system, the 

COD was decreased to reach 2560 mg/L with a removal efficiency of 91%. 1st order kinetic model had the best fit for COD 

removal with a correlation coefficient (R2) of 0.95. The maximum and average voltages were 0.448 Volt and 0.180 Volt, 

respectively. The average voltage for every 1 m2 was 45 volt. As a result of the exploratory study, the MFC can be used to 

treat the bulgur industry wastewater and generating energy. But it should be combined with other treatment methods to 

meet the COD standard limits.  

 

Keywords: Microbial Fuel Cell; Bulgur Industry Wastewater, Energy Generation; Food Wastewater. 
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1. INTRODUCTION 
 

The demand for energy has been increased sharply 

since the industrial revolution. The energy uses were not 

limited to industrial activities. It enters the whole 

civilized activities. One of these activities is the 

Treatment of wastewater. 

Wastewater treatment aims to safely dispose of 

wastewater without producing any harm for humans or 

the environment (Templeton and Butler, 2011).The 

treatment process is an energy-intensive process (Gikas 

and Tsoutsos, 2015). Tchobanoglous et al. (2003) had 

estimated the energy required for the wastewater 

treatment by conventional methods to be 1.1-2.4 MJ/1m3.  

Gikas and Tsoutsos (2015) stated the needed energy for 

the small wastewater treatment plants could be higher.  

The depletion of nonrenewable energy and the 

environmental problem related to greenhouse emissions 

forced towards more sustainable energy (Li et al., 2014). 

Many researchers considered wastewater as an energy 

source that might be used to partially cover the energy 

needed to treat it (Gude, 2015, Burkitt et al., 2016).  

Microbial Fuel Cell (MFC) is a technique with the 

capability of treating wastewater and generating energy at 

the same time (Cheng et al., 2017). The principle of this 

technique is using the microorganism as catalysts with an 

objective of oxidizing organic and inorganic matter and 

generating electric current (Lee et al., 2012). MFC 

typically consists of aerobic (cathodic) and anaerobic 

(anodic) chambers. Those chambers separated by a proton 

exchange membrane. The digestion of organic matters 

occurs in the anaerobic chambers. The substrate oxidation 

half-reaction produces electrons and protons. The 

electron transfer by external resistance while the proton 

moves through the proton exchange membrane 

(Habermann, Pommer, 1991; Due et al., 2007; Huggins 

et al., 2013). The MFC schematic is shown in Fig. 1. 

 

 
Fig. 1. Schematic plan for two-chamber microbial fuel 

cell (Du et al., 2007) 

 

The half-reactions for Acetate degradation by the 

MFC techniques are shown in Equations 1 and 2 (Mohan 

et al., 2007). 

 

Anode reaction:  

 

𝐶𝐻3𝐶𝑂𝑂
− + 2𝐻2𝑂

(𝐴𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑀𝑖𝑐𝑟𝑜𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚)
→                       𝐶𝑂2 +

7𝐻+ + 8𝑒−           (1) 

 

Cathode reaction:  

 

𝑂2 + 4𝑒
− + 4𝐻+ →  2𝐻2𝑂        (2) 

 

Microbial fuel cells were employed previously to 

treat various types of wastewater. Domestic wastewater, 

Sulfide, palm oil mill effluent, textile wastewater, food 

waste leachate, and Starch are some of those wastewaters 

(Köroğlu et al., 2014; Lee et al., 2012; Hisham et al., 

2013; Mise and Saware, 2016)   

The wastes from the food industry are mostly bio 

wastes. Starch-containing wastewater always consists of 

high concentrations of starch and protein, which is an 

energy source for MFC applications (He et al., 2017). The 

bulgur industry has importance in the food sector in 

Turkey. The Bulgur production reached 1.25 million/ 

year, and the annual consumption is about 13 kg/capita 

(Dünya Gıda Dergisi, 2018).  

This study aims to investigate the degradation 

efficiency of the organic matters expressed as chemical 

oxygen demand (COD) from bulgur industry wastewater 

by microbial fuel cell techniques. Also, it aims to study 

the potential formation of electricity from this type of 

wastewater. 

 

2. MATERIAL AND METHOD  

 

2.1. Material  

 

The bulgur wastewater was collected from a bulgur 

factory near Mersin city. The biomass was agglomerated 

from the outlet of the digester tank in the Karaduvar 

treatment plant. All of the chemicals used in the study 

were bought from Sigma-Aldrich. The agitation process 

was provided by LH-Fermentation equipment. The 

needed air was provided by the SOBO-SB222 air pump. 

 

2.2. Biomass Percentage Optimization 
 

Different percentages (2, 3, 4, 5 and 10%) of biomass 

and wastewater were filled into a 15 ml tubes. The tubes 

were closed with stoppers and placed into the water jar 

upside down. The jars were inserted into an incubator at 

35oC for several days. The volume of the generated 

methane gas was calculated for each tube by finding the 

differences between the first and the final level of the 

liquid. Fig. 2 shows the Biomass optimization process.  

 

 
 

Fig. 2. Biomass optimization process 
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2.3. MFC Setup 
 

In this study, a double-chambered microbial fuel cell 

was setup.   The anaerobic and aerobic chambers were 

connected by a salt bridge. The preparation method is 

shown in the following steps: 

 

2.3.1. Chambers Preparation 
 

In the aerobic chamber, a plastic jar was filled by 5 

liters distilled water. Air was injected into the jar to 

maintain enough aeration. For the anaerobic chamber, 1.5 

liters of biomass and bulgur industry wastewater injected 

into a 2-liter cam jar. The mixture exposed to agitation by 

a mechanical mixer. Aluminum electrodes with 

dimensions of (8x5) cm were inserted into the cambers. 

The electrodes were suspended in the system by alligator 

clips. The electric wires were connected with external 

variable resistance. 

 

2.3.2. Salt Bridge Preparation 
 

Due to the high cost of the proton exchange 

membrane, a salt bridge was used and prepared as follows. 

1M of potassium chloride (KCl) was prepared, mixed 

and heated to the boiling point. At the boiling point, agar 

(30g) was added gradually to the solution. The mixing 

process was continued until dissolving all the quantity of 

the agar. The agar was poured into 2 cm glass tubes with 

a length of 22cm. The glass tubes were stored in a 

refrigerator for further use. The system is shown in Fig. 3. 

 

 
 

Fig. 3. MFC double system and output voltage 

measurement 

 

2.4. Chemical Oxygen Demand Measurements 

and Kinetics Modeling 
 

The chemical oxygen demand for the bulgur industry 

wastewater was determined by closed reflux method 

(5220 C) (AWWA, WEF, APHA, 1998). The change in 

the COD was calculated by Equation 3. 

  

𝐶𝑂𝐷 𝑟𝑒𝑚𝑜𝑐𝑎𝑙 % =  
𝐶𝑂𝐷 𝑖−𝐶𝑂𝐷 𝑓

𝐶𝑂𝐷 𝑖
× 100%       (3) 

 

The COD data versus time were fitted to the zero 

order, first order, second order and third order kinetic 

reaction using the equations 4, 5, 6, and 7 respectively.  

 

𝐶𝐴 = 𝐶𝑂−𝐾𝑂𝑡          (4) 

 

𝐶𝐴 = 𝐶𝑂𝑒
−𝑘1𝑡          (5) 

 
1

𝐶𝐴
=

1

𝐶𝑂
+ 𝐾2𝑡          (6) 

 

Where, CA and CO are the COD at the time t and the 

initial COD (mg.L-1), t is the time, K is the reaction rate 

coefficient (day-1).  

The voltage was measured and recorded at least 2 

times per day by GESI voltmeter as shown in Fig. 3.    

 

3. RESULT AND DISCUSSION  
 

3.1. Biomass Optimization 
 

The biomass / wastewater percentage was optimized 

by comparing the generated biogas from the different 

percentages. The maximum volume of the biogas was 

generated when the biomass/wastewater was 3%. This 

results is within the range of (2-6%) which is proposed by   

with the range proposed by Tchobanoglous et al. (2003).  

Judeh (2017) obtained an optimum result at 

biomass/wastewater of 2.5%. Other studies found the 

optimum yield for the glucose-fed MFCs at range of (7 - 

22%) (Rabaey et al., 2003). Erenler & Ülke (2018) used 

a biomass/wastewater percentage of 23. Table 1 shows 

the methane results.    

 

Table 1. The generated biogas at different biomass 

percentages 

 
Biomass Percentage 

(%) 

biogas volume (mL) 

2 2.5 

3 2.6 

4 1.7 

5 1.3 

10 1.7 

 

3.2. COD Removal Efficiency 
 

Many researchers had studied various types of food 

processing wastewater. In this study, the bulgur industry 

wastewater was treated by MFC method. Firstly, the 

chemical oxygen demand for the wastewater generated 

from the Bulgur industry was measured. It found to be 

28800 mg/L. At the end of the experiment, the COD 

decreased to 2560 mg/L. Liu et al. (2014) used the MFC 

system to reduce the COD concentration of the starch 
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processing wastewater from 1700 mg/L to 50 mg/L after 

a duration of 30 days. The efficiency of this technique 

reached 91%. The startup period extended to 15 days. At 

the 15th day the efficiency reached 40.5%. For the 10 days 

later the efficiency increased sharply to reach 83.3 %. 

After that, the maximum efficiency was reached and 

stilled constant. The measured COD and the removal 

efficiency curves are shown in Fig. 4. 

 

 
 

Fig. 4. The measured COD and the removal efficiency 

curves 

 

The achieved COD removal efficiency in this study 

can be compared with other researches. Rodrigo et al. 

(2007) obtained A COD removal efficiency of 92% for 

urban wastewater. The COD removal of the Beet-sugar 

wastewater was in the range of (50%-70%) (Zhao et. al, 

2013). MFC was successfully utilized to remove COD 

from dairy industry wastewater with %90 removal 

efficiency (Wang et. al, 2013). 

 

3.3. COD Removal Kinetics 
 

The equations from 4-7 were linearized. The K values 

were calculated and plotted versus the time. The 

correlation coefficients (R2) for each model were noticed. 

Based on the coefficients for each model, the first order 

model is the most suitable one for the constructed MFC. 

Judeh (2017) investigate the degradation of the COD 

from municipal wastewater by MFC system and founded 

to be adequate to the first order. According to Ghaniyari-

benis et al. (2010), the first order was good enough to 

describe the degradation of the organic matter using 

chambered hybrid anaerobic reactor. The zero, first, and 

second order models are shown in Figs. 5-7.   

 

 
 

Fig. 5. Linearized Kt for zero order model vs time 

 

 
 

Fig. 6. Linearized Kt for first order model vs time 

 

 
 

Fig. 7. Linearized Kt for second order model vs time 

 

3.4. The Generated Voltage 
 

The generated voltages were measured and the results 

are shown in Fig. 8.   

 

 
 

Fig. 8. The generated voltage over times 

 

The maximum obtained voltage was 0.448 volt. The 

effect of changing of adding distilled water for the aerobic 

chamber. The voltage increased sharply when the new 

water added. The mean voltage was 0.180 volt. The 

average voltage per square meter was calculated by 

dividing the average voltage by the anode surface area. It 

reached 45 Volt/m2. By comparing the voltage by other 

food wastewaters, the voltage generated in this study is 

larger than obtained from olive milling (0.38Volt) 

wastewater and the whey wastewater (0.41Volt) but not 

than molasses (0.54Volt) (Erenler &Ülke, 2018). The 

obtained voltage was affected by many variables. To 

acquire the optimum yield, so the system should be well 

optimized to have better results. After the optimization 

process, the obtained voltage can be used to partially 

cover the treatment energy. 
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4. CONCLUSION 
  

In this study, the performance of treating bulgur 

industry wastewater by the MFC technique was assessed. 

The biomass / wastewater percentage was optimized by 

comparing the generated biogas from the different 

percentages. The maximum volume of the biogas was 

generated when the biomass/wastewater was 3%.   The 

COD concentration was decreased from 28800 mg/L to 

2560 mg/L with a removal efficiency of 91%. 1st order 

kinetic model had the best fit for COD removal with a 

correlation coefficient (R2) of 0.95. The maximum and 

average voltages were 0.448 Volt and 0.180 Volt, 

respectively. The average voltage for every 1 m2 was 45 

volt. Even though the removal efficiency is high (91%), 

the MFC had not decreased the COD to the limits of the 

standard. The wastewater should be extra treated to 

reduce COD concentration.  As a result of the exploratory 

study, the MFC can be used to treat the bulgur industry 

wastewater and generating energy. But it should be 

combined with other treatment methods to meet the 

standards.  

Another note should be considered; this study is an 

exploratory study, so the system should be well optimized 

to have better results.  
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ABSTRACT 

In the present study cobalt oxide/iron oxide bimetallic nanoparticles (Co3O4/Fe3O4 NPs) were synthesized by chemical co-

precipitation method. The synthesized Co3O4/Fe3O4 NPs were characterized by SEM and XRD analysis. The synthesized 

nanoparticles were used as an adsorbent for the removal of a kind of antibiotic as Tetracycline (TC) from aqueous solutions. 

According to characterization results, small plate-like structures and agglomerated irregular spherical nanosized particles 

(101.85 ± 15.04 nm) were formed. The XRD data confirmed the structure of synthesized adsorbent was Co3O4/Fe3O4. The 

optimum tetracycline adsorption conditions were determined as the initial pH of solution 9.0, temperature 55°C, and 

adsorbent concentration 3.0 g/L. A linear increase was observed in equilibrium uptakes of TC with the increasing the initial 

antibiotic concentrations. The experimental equilibrium data was modelled with Langmuir and Freundlich isotherm models. 

The experimental equilibrium data was the best agreement to the Langmuir isotherm model. The maximum monolayer 

coverage capacity of Co3O4/Fe3O4 NPs for TC adsorption was found to be 149.26 mg/g at 55°C optimum temperature. The 

experimental kinetic adsorption data were defined as the best agreement with the pseudo-second-order kinetic model. 

Weber Morris mass transfer modelling results showed that both the film (boundary layer) and intra-particle diffusion were 

effective in the adsorption process. The thermodynamic studies suggested that the adsorption process was endothermic, 

spontaneous and the positive ΔS value indicated increased disorder at the solid-solution interface during the adsorption. 

Moreover, the synthesized adsorbent showed high adsorption efficiencies at the end of seven sequence usages. 

 

Keywords: Adsorption, Bimetallic Nanoparticles, Cobalt Oxide, Iron Oxide, Tetracycline Removal 



Turkish Journal of Engineering (TUJE) 

Vol. 4, Issue 4, pp. 209-217, October 2020 

 

 

210 

 

1. INTRODUCTION 
 

Antibiotics a kind of significant pharmaceutical 

ingredient, have been used for many decades as both 

human and veterinary medicines (Cao et al., 2018).  

Tetracycline (TC, C22H24N2O8)  is the second most 

widely used antibiotics family in the world. TCs are often 

used in human therapy and livestock industry due to their 

broad-spectrum antimicrobial activity against a variety of 

pathogens (Erşan et al., 2013; Bao et al., 2013).  

However, nowadays, the presence of antibiotics in the 

environment and their potential threat to human health 

and aquatic ecology has led to great concerns. Because 

antibiotics taken by humans and animals are not 

completely absorbed in the body. It has been suggested 

that about 90% of an administrated dose of antibiotic may 

be excreted through urine and feces (Turku et al., 2007).  

In addition, the removal of these drug residues reaching 

sewage treatment plants cannot be fully achieved due to 

their resistance to biological degradation. Therefore, 

antibiotic residues can easily mix with surface and ground 

waters. They also pose a risk for ecological and aquatic 

environments due to their toxic effects and long half-life 

(Zhao et al., 2011; Güler, 2016).  

It has been reported that the antibiotics concentrations 

in untreated domestic wastewater range between                 

100 ng/L and 6 μg/L, while the concentrations in 

pharmaceutical and hospital wastewater can reach up to 

100–500 mg/L (Cao et al., 2018). 

Therefore, the treatment of wastewater containing 

antibiotic residues with high organic load is one of the 

important environmental problems. So, it is necessary to 

develop inexpensive and efficient treatment methods for 

this purpose.  

The oxidation methods, membrane filtration, reverse 

osmosis, ultrafiltration, Fenton process, and adsorption 

are applied as alternative treatment methods for the 

removal of antibiotics from wastewaters. Adsorption is 

commonly believed the easiest and cheapest one among 

these techniques.  

Graphene oxide (Gao et al., 2012), carbon nanotubes 

(Ji et al., 2010), silica (Turku et al., 2007), kaolinite (Li 

et al., 2010), goethite (Zhao et al., 2011), clay mineral 

illite (Chang et al., 2012), montmorillonite (Parolo et al., 

2008); biosorbents such as maize stalks                            

(Balarak et al., 2016), Pachydictyon 

coriaceum and Sargassumhemiphyllum (Li et al., 2015); 

activated carbon (Martins et al., 2015), chitosan (Kang et 

al., 2010); composite materials such as  Fe3O4@SiO2-

Chitosan/graphene oxide nanocomposite (Huang et al., 

2017), Heteropolyacid–chitosan/TiO2 composites (Yu et 

al., 2014); nanomaterials such as Co-doped UiO-

66 nanoparticle (Cao et al., 2018) and Fe/Ni bimetallic 

nanoparticles (Dong et al., 2018), and cobalt ferrite 

nanoparticles (Zhao et al., 2014) were used as adsorbents 

for the removal of TC.  

The aim of this work synthesis and characterization 

of bimetallic Co3O4/Fe3O4 NPs and investigate the 

adsorption of TC on Co3O4/Fe3O4 NPs. In this study, the 

experimental parameters that affect the adsorption of TC 

on Co3O4/Fe3O4 NPs such as initial pH of the solution, 

adsorbent concentration, initial TC concentration, and 

temperature were optimized to obtain maximum TC 

removal yield and also, the reusability of adsorbent was 

tested. The thermodynamic, equilibrium, kinetic, and 

mass transfer modeling studies were also carried out to 

evaluate the adsorption process. 

 

2. MATERIALS AND METHODS 

  

2.1. Materials 
 

All of the chemicals were of analytical grade and they 

were used without further purification. For the synthesis 

of Co3O4/Fe3O4 bimetallic nanoparticles,   

Fe(NO3)2.9H2O and Co(NO3)2.6H2O were supplied from 

Across. Tetracycline hydrochloride (C22H24N2O8.HCl) 

was purchased from Sigma Aldrich. The chemical 

structure of TC antibiotics was presented in Fig. 1. 

 A stock solution of 250 mg/L of Tetracycline (TC) 

was first prepared and then the desired antibiotic 

concentrations were prepared by appropriate dilutions 

from the stock solution. The initial pHs of the solutions 

was adjusted with 0.1 N hydrochloric acid and/or 0.1 N 

sodium hydroxide.  
 

 
 

Fig.1. The structure of tetracycline, the framed regions 

represents the structural moieties associated with the 

three acidic dissociation constants (pKa). 

 

2.2. Synthesis and Characterization of 
Co3O4/Fe3O4 NPs 

 

The synthesis of Co3O4/Fe3O4 bimetallic 

nanoparticles (Co3O4/Fe3O4 NPs) was carried out by the 

chemical co-precipitation method. In the experiments,        

25 mL of 0.1 M Fe(NO3)2.9H2O and 25 mL of 0.2 M 

Co(NO3)2.6H2O solution were mixed at room temperature 

for 15 min. Then 1.0 M sodium hydroxide solution was 

slowly added to the prepared solution. This mixture 

constantly stirred until the pH of 11.0 was reached. The 

changing of the color of the salt solution to intense black 

indicated the formation of Co3O4/Fe3O4 NPs. The 

obtained final mixture was kept under vigorous stirring 

for 3 h at 90°C. The formed nanoparticles were separated 

by centrifugation and then collected nanoparticles were 

washed several times with deionized water and dried in 

an oven at 105°C overnight.  

The morphology of the Co3O4/Fe3O4 NPs was 

analyzed by Scanning Electron Microscope (SEM) 

analysis with Zeiss/Supra 55 SEM and the crystal 

structure was determined by X-ray Powder Diffraction 

(XRD) analysis, using nickel-filtered Cu Kα radiation in 

a Philips XPert MPD apparatus operated at 40 kV and 30 

mA, in the 2θ range of 10°–90°.   

 

2.3. Adsorption Studies 
 

The batch adsorption experiments were carried out in 

250 mL Erlenmeyer flasks containing 100 mL of TC 

https://www.sciencedirect.com/science/article/pii/S0960852417315043
https://link.springer.com/article/10.1007/s13762-014-0690-0
https://link.springer.com/article/10.1007/s13762-014-0690-0
https://www.sciencedirect.com/science/article/pii/S0144861716311857
https://www.sciencedirect.com/science/article/pii/S0144861716311857
https://link.springer.com/article/10.1007/s11144-013-0631-9
https://www.sciencedirect.com/science/article/pii/S1385894718312932
https://www.sciencedirect.com/science/article/pii/S1385894718312932
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antibiotic solution. 0.1 g of adsorbent, except for 

adsorbent concentration experiments, was contacted with 

100 mL of TC solution at known initial antibiotic 

concentration and initial pH of solutions.  Then the flasks 

were agitated at a constant temperature and shaking rate. 

Samples were taken before mixing the Co3O4/Fe3O4 NPs 

and TC solution and at pre-determined time intervals for 

the unadsorbed antibiotic concentration in the solution. 

Samples were centrifuged and the supernatant liquid was 

analyzed by UV-vis spectrophotometer at the wavelength 

of 360 nm.  

The adsorbed amount of TC [qe; (mg/g)] and the 

percentage of adsorption [Adsorption (%)] at equilibrium 

were calculated with Eqs. (1) and (2) as presented 

follows: 

    

qe (mg/g) = 
𝐶0−𝐶𝑒

𝑚
 ∙ V          (1)                                                                                                           

                          

Adsorption (%) = [
(𝐶0−𝐶𝑒)

𝐶0
] ∙100                       (2) 

                  

Where Co (mg/L) and Ce (mg/L) are the initial and 

equilibrium concentrations of TC solution, respectively; 

and m(g) is the mass of adsorbent, and V(L) is the volume 

of the liquid phase. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1. The Characterization of Co3O4/Fe3O4 NPs  
 

The morphology of Co3O4/Fe3O4 NPs before and after 

adsorption was determined by SEM analysis and SEM 

images obtained at different magnifications were 

presented in Fig. 2. (a – d).  SEM images of the 

synthesized Co3O4/Fe3O4 NPs (Fig. 2 (a, b)) showed that 

highly clustered surfaces, and agglomerated irregular 

spherical particles were formed. The SEM images 

obtained after the adsorption process showed that the 

morphology of Co3O4/Fe3O4 NPs changed a bit slightly; 

the clustered surfaces were disappeared, and the 

nanosized, spherical, and agglomerated particles became 

more apparent. 

 The mean particle size of the synthesized 

Co3O4/Fe3O4 NPs was calculated by using the modified 

form of the Williamson–Hall method, as presented 

following Eq. (3): 

 

βcos(θ) = kλ/D + 4Ɛsin(θ)                     (3) 

 

Where ‘λ’ is the wavelength of X-Ray (0.1541 nm), 

‘β’ is FWHM (full width at half maximum), ‘θ’ is the 

diffraction angle, Ɛ is the strain, k is shape factor (0.9) and 

‘D’ is mean particle diameter size.  

 The strain and particle size are calculated from the 

slope and y-intercept (kλ/D) of Williamson–Hall plot, i.e. 

the plot of between 4sin(θ) and βcos(θ).  The slope of the 

graph gives strain and the intercept on the βcos(θ) axis 

gives the mean particle size corresponding to zero strain 

(Mote et al., 2012). The mean particle size of 

Co3O4/Fe3O4 NPs was calculated to be 57.75 nm by using 

the Williamson–Hall method.  
 

 

  

  

  

 
 

Fig.2. SEM images obtained at different magnifications 

before a) 50 KX, b)1000 KX; after c) 100 KX, d) 200 KX. 
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The mean particle size of the spherical particles was 

determined as 101.85 ± 15.04 nm by using the Image J 

program utilizing randomly selected particles from SEM 

images after the adsorption process.  

The larger mean particle size of the Co3O4/Fe3O4 NPs 

was obtained from the SEM images than that obtained 

from XRD data. The reason for this result may be due to 

the fact that the SEM images indicate the size of 

polycrystalline particles which show the tendency to 

agglomerate due to their high surface energy.  

The XRD pattern of synthesized Co3O4/Fe3O4 NPs 

was presented in Fig. 3. 

 

Fig.3. XRD diagram of synthesized Co3O4/Fe3O4 NPs 

 

The peaks at 2θ = 30.91°, 36.46°, and 58.83° 

correspond to Fe3O4 and the peaks at 2θ = 19.02°, and 

44.59°, and 64.46° showed the Co3O4 phase (Manigandan 

et al., 2013). 

 

3.2. Effects of Environmental Conditions on the 

Adsorption  

 

3.2.1. Effect of initial pH 

 
The initial pH is one of the most important parameters 

affecting the adsorption of TC on the active adsorbent 

surface. The interaction between the TC molecules and 

the adsorbent is mainly dependent on the TC species and 

variation of the surface loading of the adsorbent. 

The isoelectric point (pHIEP) of Co3O4/Fe3O4 NPs was 

determined by solid addition method at different pH (3.0 

- 12) values (Uzunoğlu et al., 2016). The variation of the 

isoelectric point with pH was presented in Fig. 4. 

TC molecules are very sensitive to the initial pH of 

the solution due to their protonation status. As shown in 

Fig. 4, the isoelectric point at which the surface electrical 

charge of Co3O4/Fe3O4 NPs changes from negative to 

positive value was found to be pH 8.47. 

Accordingly, the surface of Co3O4/Fe3O4 NPs was 

charged negatively below pH 8.47 and positively charged 

above this pH value. However; the structure of TC 

contains many polar and ionizable groups, including 

amino, carboxyl, phenol, alcohol, and ketone. The TC 

molecules can be present in three forms, cationic             

(pH<3.3), zwitterionic (3.3<pH<7.7) and anionic              

(pH>7.7) in aqueous solutions at different pH values 

(Roca Jalil et al., 2018). In this case, there is an 

electrostatic interaction depending on the initial pH 

values in the adsorption of TC on Co3O4/Fe3O4 NPs 

surface. The effect of initial pH on the adsorption of TC 

to Co3O4/Fe3O4 NPs was given in Fig. 5. 

As shown in Figure 5, the highest adsorption capacity 

was obtained at the initial pH: 9.0. At pH: 9.0, the TC 

molecules are in anionic form, while the adsorbent 

surface is positively charged. Therefore, the amount of 

TC adsorbed is the highest due to the increased 

electrostatic attraction between the TC molecules and the 

adsorbent surface at pH: 9.0. 

 
 

Fig.4. The isoelectric point of Co3O4/Fe3O4 NPs 

 

 
 

Fig.5. Effect of initial pH on the adsorption of TC               

(Co=50 mg/L; Xo=1.0 g/L; T=25 °C; t= 420 min) 

 

3.2.2. Effect of initial TC concentration 
 

The effect of initial antibiotic concentration on 

adsorption was depicted in Fig. 6. As can be seen from 

Fig. 6, the adsorption capacities increased linearly 

(qe=0.3047*Co, R2=0.999) in the studied TC 

concentrations as a result of the increase in the driving 

force (∆C) to get over mass transfer resistances of the 

pollutant between the aqueous and solid phases. 

 

3.2.3. Effect of adsorbent concentration 
 

The adsorbent concentration effect on the equilibrium 

uptake was presented in Fig.7. According to Fig. 7, a 
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decrease was observed in adsorption capacity by 

increasing the adsorbent concentration from 0.5 g/L to 3.0 

g/L. However, the adsorption percentages increased by 

increasing the adsorbent concentration values. Therefore, 

although the highest adsorption capacity for tetracycline 

antibiotic was obtained at 0.5 g/L of adsorbent 

concentration, the optimum adsorbent concentration was 

determined as 3.0 g/L, since the highest removal yield 

was obtained at this adsorbent concentration value. 

 

 
 

Fig.6. Effect of initial antibiotic concentration on the 

adsorption of TC (pH=9.0; Xo=3.0 g/L; T=50 °C; t=420 

min) 

 

 
 

Fig.7. Effect of adsorbent concentration on the adsorption 

of TC (Co=50 mg/L, pH=9.0; T=25 °C; t=420 min) 

 

3.2.4. Effect of temperature 
 

The effect of temperature was presented in Fig. 8. 

According to Fig. 8, the increase in temperature has a 

positive effect on the adsorption of TC. The obtained 

adsorption capacities were increased with the increase in 

temperature from 25°C to 65°C. This result indicated that 

the studied adsorption process was endothermic nature. 

Also, it was observed that when the temperature was 

increased from 55°C to 65°C,  a slight change was 

obtained on adsorption capacity. So, the adsorption 

capacities approximately became constantly after 55°C.  

Therefore, the optimum temperature value for TC 

adsorption was determined to be 55°C.   

 

   Fig. 8. Effect of temperature on the adsorption of TC  

  (Co= 50 mg/L, pH=9.0; Xo=3.0 g/L; t=420 min) 

 

3.3. Thermodynamic Parameters 

 
The temperature effect was also confirmed with 

thermodynamic studies by calculating the entropy change 

(ΔS), enthalpy change (ΔH), and Gibbs energy change 

(ΔG). ΔH and ΔS were calculated from the slope and 

intercept of the linear plot of ln Kc versus 1/T according 

to Van’t Hoff equation (Eq. 4), while ΔG was calculated 

according to Eq. 5. 
 

   ln Kc = (
ΔS

R
)− (

ΔH

R
 ) · 

1

𝑇
                            (4) 

        

  ΔG = − RT ln Kc =  ΔH – TΔS                            (5) 

        

In this study, the linear form of Van’t Hoff equation 

for the adsorption of TC onto Co3O4/Fe3O4 NPs was 

found as ln Kc = - 8502.2 x 
1

𝑇
 + 28.569 with the regression 

coefficient 0.993 (data not shown) and the 

thermodynamic parameters were calculated and 

presented in Table 1. According to Table 1, the calculated 

ΔG values had negative indicating that adsorption was 

spontaneous. The positive value of ΔS suggested that 

randomness of the adsorbed TC species at the solid-

solution interface during adsorption and the studied 

adsorption systems were endothermic (ΔH>0). 

 

Table 1. Thermodynamic parameters of adsorption 
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3.4. The reusability of adsorbent 

 
The operation cost is one of the important issues that 

need to be carefully considered. Therefore, operation cost 

can be significantly reduced owing to adsorbent 

reusability in practical applications. The reusability of the 

adsorbent was evaluated through seven recycled tests. 

The results regarding the TC adsorption efficiency for 

seven cycles of the adsorbent were given in Fig. 9. 

Between each cycle of use, the adsorbent was separated 

from the solution with Whatman #1 filter paper, washed 

several times with deionized water and then applied for 

the next experiment without any modifications. After 

each recycling test, the adsorption percentage of TC was 

determined.  As seen in Fig. 9, the adsorption % of TC 

declined slightly from 99.43% in the first cycle to 88.42% 

after seven cycles of adsorption for 10 mg/L of TC 

solution. This result showed that the adsorbent can be 

recycled and reused for at least seven successive cycles 

without any significant loss of its efficiency.  
 

 
 
Fig. 9. Reusability of adsorbent within experimental runs 

for seven successive cycles (Co=10 mg/L, pH=9.0; 

Xo=3.0 g/L; t=420 min) 

 

3.5. Equilibrium, Kinetic, and Mass Transfer 

Modelling 

 

3.5.1. Equilibrium modeling 
 

The well-known linearized forms of the Langmuir 

and Freundlich isotherm models were used to describe the 

adsorption equilibrium. The linearized forms of 

Langmuir and Freundlich isotherm models were given in 

Eqs. (6) and (7):  

 

Langmuir:         
1

qe
 = 

1

𝑄° 𝑏
 ·

1

𝐶𝑒
+

1

𝑄°             (6) 

                            

Freundlich:        lnqe =  lnKF   + (
1

𝑛
) lnCe                         (7)                       

     

 Langmuir isotherm model based on the assumption of 

maximum adsorption corresponds to a saturated 

monolayer of adsorbed molecules on the adsorbent 

surface with constant energy. Freundlich isotherm model 

suggests non-ideal sorption that involves heterogeneous 

surface energy systems (Malik, 2004).  

The isotherm constants with regression coefficients 

(R2) were presented in Table 2. Also, the experimental 

and predicted isotherms for adsorption at 55°C was given 

in Fig. 10.  

According to Table 2 and Fig. 10, the Langmuir 

isotherm model was better fitted to experimental 

equilibrium data. This result showed that the adsorption 

occurred at specific homogeneous sites within the 

adsorbent forming monolayer coverage of TC at the 

surface of Co3O4/Fe3O4 NPs. The maximum monolayer 

coverage capacity of Co3O4/Fe3O4 NPs was determined as 

149.26 mg/g at 55°C which is the optimum temperature. 

Moreover, as seen in Table 2, the maximum monolayer 

coverage capacity values of the adsorbent for TC 

increased by increasing temperature may be due to the 

endothermic nature of the studied adsorption process. The 

comparison of Qo values of various types of adsorbents 

for TC adsorption was presented in Table 3.  

Accordingly, it was seen that the adsorption capacity 

of Co3O4/Fe3O4 NPs was comparable with other 

adsorbents reported in earlier studies. 

 
Table 2. The constants of the adsorption isotherm models with regression coefficients (pH=9.0; Xo=3.0 g/L; t=420 min) 

T 

(oC) 

Langmuir isotherm model                   Freundlich isotherm model 

Qo 

(mg/g) 

b 

(L/mg) 
R2  KF 

(mg/g)/(L/mg)1/n) 
1/n R2 

 

25 21.053 0.03536 0.999  1.0114 0.6988 0.995 
 

35 55.249 0.01745 0.998  1.0443 0.8627 0.991 

45 135.135 0.01380 0.997  1.9397 0.8699 0.979 

55 149.254 0.01020 0.999  1.4745 1.0089              0.994 
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Fig.10. The comparison of the experimental and 

predicted isotherms 

 

Table 3. The maximum monolayer adsorption capacity 

values (Q°) of various types of adsorbents in the 

literature 

 

 

3.5.2. Kinetic modeling  
 

The adsorption kinetics was elucidated by 

correlating the adsorption kinetic data using the linear 

forms of the Lagergen’s pseudo-first-order and the 

pseudo-second-order kinetic models. The linearized 

forms of pseudo-first-order and the pseudo-second-order 

kinetic models were given in Eqs. (8) and (9), 

respectively (Mall et al., 2007): 

 

Pseudo first order: log (qe − qt) = log (qe) − 
𝑘1 𝑡

2.303
       (8)  

 

 

Pseudo second order :   
𝑡

𝑞𝑡
 = (

1

  qe 
2 k2

) + 
𝑡

𝑞𝑒
                (9) 

 

For the adsorption of TC onto Co3O4/Fe3O4 NPs, the 

parameters of the pseudo-first-order and pseudo-second-

order kinetic models with regression coefficients were 

presented in Table 4. From Table 4, higher values of R2 

and the consistency between experimental and 

calculated uptake values showed a better agreement of 

the pseudo-second-order kinetics.  

 

3.5.3. Effect of mass transfer 
 

Weber-Morris model was used to determine the 

boundary layer and intra-particle diffusion mechanism 

between TC and adsorbent. Weber-Morris intraparticle 

diffusion model is expressed by the following Eq.(10) ; 

 

qt = Ki .t0.5 + I                  (10) 

 

In Weber-Morris equation; I is the intercept related to the 

boundary layer effect and Ki is the intraparticle diffusion 

rate constant which can be evaluated from the slope of 

the linear plots of qt versus t0.5.  According to this model, 

if the only intraparticle diffusion is the rate-controlling 

step in the adsorption process, the plot of uptake (qe) 

versus the t0.5 should be linear and these lines pass 

through the origin. On the other side, the Weber-Morris 

plot can be linear and also has an intercept value if the 

adsorption system follows both intraparticle and film 

diffusion (Wu et al., 2009). The model parameters and 

regression coefficients were summarized in Table 4. 

Based on the results, it was observed a multilinear plot 

(figure not shown) indicated that both intraparticle and 

film diffusion were effective on the adsorption. 

Moreover, according to Table 4; it was seen that the 

internal (Ki) and external diffusion constants (I) 

gradually increased with increasing initial contaminant 

concentration.  

 

 

    

Table 4. Kinetic and intra-particle mass transfer model parameters (pH=9.0,  Xo=3g/L, t=420 min) 

Co 

(mg/L) 

qe, exp 

  (mg/g) 

         Pseudo-first-order      Pseudo-second-order Weber-Morris Model 

k1 

(min-1) 
qe,cal1 

(mg/g) 
R2 k2                                    

(g/mg.min) 
qe,cal2 

(mg/g) 
R2 

Ki 
(mg/g.min0.5)    

I R2 

5 2.503 0.003685 2.3637 0.936 0.002233 2.749 0.970 0.0332 0.8925 0.995 

10 3.163 0.004376 2.2014 0.960 0.004520 3.300 0.995 0.1009 0.9907 0.982 

25 7.879 0.008521 7.3198 0.954 0.002852 8.453 0.991 0.3489 1.1454 0.990 

50 15.086 0.005758 13.3967 0.919 0.00071 17.065 0.972 0.563 1.9738 0.998 

0

4

8

12

16

0 4 8 12

q
e 
(m

g
/g

)

Ce (mg/L)

Experimental
Langmuir isotherm
Freundlich isotherm

Adsorbent 
   Q° 

(mg/g) 
   Reference 

Fe3O4@SiO2-

Chitosan/GO 
151.4 

(Huang et 

al., 2017) 

NH2-MIL 101(Cr) 14 
(Tian et al., 

2016) 

Zn-AC 51.65 
(Takdaştan 

et al., 2016) 

Cu2O-TiO2-Pal 113.6 
(Shi et al., 

2016) 

GBCM350 activated 

carbon 
58.2 

(Álvarez-

Torrellas et 

al., 2016) 

Co3O4/Fe3O4 NPs 149.25 This study 
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4. CONCLUSION 
 

In this study, Co3O4/Fe3O4 NPs were synthesized by 

the co-precipitation method for the removal of TC which 

is a kind of antibiotic from the aqueous solutions. The 

characterization studies of Co3O4/Fe3O4 NPs were carried 

out by SEM and XRD analysis.  According to XRD 

results, the peaks were obtained correspond to Fe3O4 and 

Co3O4.  

The adsorption was highly dependent on initial pH, 

adsorbent concentration, initial TC concentration, and 

temperature. The kinetics of TC adsorption on 

Co3O4/Fe3O4 NPs follows the pseudo-second-order 

model. The equilibrium data fitted well in the Langmuir 

model of adsorption, showing monolayer coverage of TC 

molecules at the outer surface of Co3O4/Fe3O4 NPs.  The 

maximum monolayer coverage capacity of                 

Co3O4/Fe3O4 NPs for TC adsorption determined to be 

149.26 mg/g. Both intraparticle and film diffusion effects 

were determined on the adsorption process. Moreover, 

the adsorbent showed reusability at least seven sequence 

usages without loss of adsorbent property. The TC 

adsorption onto Co3O4/Fe3O4 NPs was found to be 

feasible and spontaneous from thermodynamic studies. 

Consequently, these results provided the synthesis of 

an efficient adsorbent for the effective removal of 

antibiotic contaminants like tetracyclene in wastewater. 

 

NOMENCLATURE 

b  : A constant related to the affinity of the 

binding sites (L/mg) 

Ce  : Unadsorbed Cr(VI) metal ion 

concentration at equilibrium (mg/L) 

Co  : Initial Cr(VI) metal ion concentration 

(mg/L) 

KF : Freundlich constant indicating adsorption 

capacity ((mg/g)/(L/mg)1/n) 

Ki : Intraparticle diffusion rate constant 

(mg/g.min0.5) 

k1 : Pseudo first order kinetic rate constant 

(1/min) 

k2  :Pseudo second order kinetic rate constant 

(g/mg.min) 

qe  :Adsorbed amount per unit mass of 

adsorbent (mg/g) 

qe,cal₁  :Calculated adsorbed amount per unit mass 

of adsorbent from pseudo first order kinetic model (mg/g) 

qe,cal₂ :Calculated adsorbed amount per unit mass 

of adsorbent from pseudo second order kinetic model 

(mg/g) 

qe,exp :Experimental adsorbed amount per unit 

mass of adsorbent (mg/g) 

qt  :Adsorbed amount per unit mass of 

adsorbent at any time (mg/g) 

Qo :Maximum monolayer coverage capacity of 

adsorbent (mg/g) 

1/n : Freundlich constant indicating adsorption 

intensity 
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ABSTRACT 

This paper investigates the buckling analysis of simply supported symmetrically thin and thick composite plates. Using the 

Hamilton’s principle, the governing equation for thin and thick composite plates is derived. The equation of motion for thin 

and thick laminated rectangular plates subjected to in-plane loads is obtained with the help of Hamilton’s principle. The 

loading conditions of rectangular plate are uniaxial and biaxial compression. Considering the Navier solution technique, 

closed form solutions are attained and buckling loads are found by solving the eigenvalue problems. In this study, the effect 

of edge ratios and anisotropy on the buckling analysis of rectangular plate was investigated. The computer programs have 

been written separately with the help of Mathematica (MATHEMATICA 2017) program for the solution of the buckling 

analysis of laminated composite plates. Results of the numerical studies for the buckling of laminated composite plates 

(LCP) are demonstrated and benchmarked with former studies in the literature and ANSYS finite element methods.  
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1. INTRODUCTION 
 

Recently, due to the many paramount properties 

advanced composite materials such as laminated plates 

are found an application area in the engineering projects. 

Tremendous researches have been performed on the LCP 

to clarify the advantages of using these types of materials. 

One of the focused topics in research subject is the 

buckling analysis of the composite plates.  

Reissner theory (1945) is one of the theories which 

include the shear deformation effect and many 

researchers have studied on the buckling analysis of LCP 

by using Reissner theory. Noor (1975) examined the 

stability and vibration analysis of the composite plates. 

Qatu used energy function to develop governing 

equations of LCP. Phan and Reddy (1985) are analyzed 

of laminated composite plates using a higher-order shear 

deformation theory. Reddy and Khdeir (1989) 

investigated buckling and vibration analysis of LCP. 

Some studies have been performed on characteristics of 

plates by Qatu (1991-2004) using different plate theories. 

Dogan et al. (2010) have analyzed the effects of 

anisotropy and curvature on vibration characteristics of 

laminated shallow shells using shear deformation theory. 

Dogan (2012) investigated the effect of dimension on 

mode-shapes of composite shells. Akavci (2007) 

presented buckling and free vibration analysis of 

symmetric and antisymmetric laminated composite plates 

on an elastic foundation. Akavci et al. (2007) examined 

buckling and free vibration behavior of LCP on elastic 

foundation by using first order shear deformation theory 

(FSDT). Functionally graded plates thermal buckling 

analysis have been investigated by Akavci (2014) using 

the theory of hyperbolic shear deformation. Phan and 

Reddy (1985) analyzed laminated composite plates by 

using a higher-order shear deformation theory. 

Setodehand Karami (2004) studied on buckling analysis 

of laminated composite plates of elastic foundation. 

Sophy (2013) studied buckling and free vibration of 

exponentially graded sandwich plates resting on elastic 

foundations under various boundary conditions. Dogan 

(2019) investigated buckling analysis of symmetric 

laminated composite thick plates. Sayyad and Ghuga 

(2014) presented a study about buckling and free 

vibration analysis of orthotropic plates by using 

exponential shear deformation theory. 

In this research, buckling analysis of symmetric LCP 

are investigated using various of number of layers, plate 

edge ratio and anisotropy ratio. This study might be a 

pioneer work in terms of laminated composite plates and 

experimental studies. 

 

2. EQUATIONS  
 

A lamina is produced with the isotropic homogenous 

fibers and matrix materials (Fig. 1). Any point on a fiber, 

and/or on matrix and/or on matrix-fiber interface has 

crucial effect on the stiffness of the lamina. Due to the big 

variation on the properties of lamina from point to point, 

macro-mechanical properties of lamina are determined 

based on the statistical approach.  

 
 
Fig. 1. Fiber and matrix materials in laminated composite 

plate 

 

According to FSDT, the transverse normal does not 

cease perpendicular to the mid-surface after deformation. 

It will be assumed that the deformation of the plates is 

completely determined by the displacement of its middle 

surface. Using the given equation below (Eq.1) nth layer 

lamina plate stress-strain relationship can be defined in 

lamina coordinates (Qatu 2004). 

 



























xy

xz

yz

z

y

x













=



























66

5545

4544

362616

36

26

16

332616

232212

131211

00

0

0

000

000

00

00

00

Q

QQ

QQ

QQQ

Q

Q

Q

QQQ

QQQ

QQQ



























xy

xz

yz

z

y

x













 (1) 

 

The displacement based on plate theory can be 

written as 
 

u(x, y, z, t)=u0(x, y, t)+z 𝜑𝑥 (x, y, t) 

v(x, y, z, t)=v0(x, y, t)+z 𝜑𝑦 (x, y, t)    (2) 

w(x, y, z, t)=w0(x, y, t) 

 

where u, v, w, φx and φy are displacements and 

rotations in x, y, z direction, orderly. uo, vo and wo are 

mid-plane displacements. 

Equation of motion for plate structures can be derived 

by Hamilton’s principle 

 

 =−+
2

1

0)(

t

t

dtUWT       (3) 
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 (4) 

 
W is the work of the external forces 

 

dxdymmwqvquqW

x y

yyxxzyx  ++++= )(  (5) 

in which, qx , qy ,qz ,mx, my  are the external forces and 

moments per unit length, respectively. U is the strain 

energy and defined as, 

 

𝑈 =
1

2
∫(𝜎𝑥𝜀𝑥 + 𝜎𝑦𝜀𝑦 + 𝜎𝑧𝜀𝑧 + 𝜏𝑥𝑦𝛾𝑥𝑦 + 𝜏𝑥𝑧𝛾𝑥𝑧 +

               𝜏𝑦𝑧𝛾𝑦𝑧)𝑑𝑥𝑑𝑦𝑑𝑧     (6) 
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Solving equation 3 gives set of equations called equations 

of motion for plate structures. This gives equation 7 in 

simplified form as, 
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Equation 7 is defined as equation of motion for thick 

plates. Where I1, I2 and I3 are mass moment inertia. Based 

on the FSDT plate, moment resultants are Mx, My and Mxy, 

in plane force resultants are Nx, Ny, Nxy and transverse 

shearing force resultants are Qx and Qy. The force and 

moment resultants are defined as 
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(9) 

 

Where the parameter Ks is the shear correction factor. 

Here, Ks is taken as 5/6.  

The Navier type solution might be implemented to 

thick and thin plates. This type solution assumes that the 

displacement section of the plates can be denoted as sine 

and cosine trigonometric functions. A plate with shear 

diaphragm boundaries on all edges is assumed. For 

simply supported thick plates, boundary conditions can 

be arranged as follows: 

 

b0,y0ψMuwN

a0,x0ψMvwN

xy00y

yx00x

======

======
 (10) 

 

The displacement functions of the satisfied the boundary 

conditions are applied; 

 

( ) ( ) ( ) ( )tωSinyySinxxCosUty,x,u mn

0m 0n
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=



=
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=

=
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=

(11) 

( ) ( ) ( ) ( )tωSinyySinxxCosψty,x,ψ mn
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=
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( ) ( ) ( ) ( )tωSinyyCosxxSinψty,x,ψ mn
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=
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where xm=mπ/a, yn=nπ/b. and ωmn is the naturel frequency. 

The loads are defined as, 
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Substituting the above equations into the equation of 

motion in matrix form, 
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Equation 12 can be arranged in a closed form as follows: 
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 ( ) 0][ =− NKmn 
   (17) 

 

where [Kmn], stiffness matrices, [N] is buckling load. 

 

3. NUMERICAL SOLUTIONS AND   

DISCUSSIONS   
 

In current research, buckling analyses of symmetric 

LCP are investigated. Navier solution procedure for 

buckling analysis of LCP is obtained. The computer 

programs have been prepared using Mathematica 

program separately for the solution of the buckling 

analysis of LCP. The results were compared with the 

semi-analytical method and the ANSYS finite element 

software and previous studies in the literature. The effects 

of the E1/E2, and a/b ratio are also investigated.  

In numerical calculations, the material and 

geometrical properties are defined as: 

 a = 1m (a/b = 1, 2; a/h = 10, ρ = 2000 kg/m3, E1 = 40×103 

MPa (E1/E2 =3, 10, 20, 30, 40), G12/E2 = G13/E2 = 0.6, 

G23/E2 = 0.5, υ = 0.25. In the analysis, following 

parameter is studied for non-dimensional buckling load 

as; 

3

2

2

hE

a
N x=    (18) 

 

It can be seen from Tables 1 that the non-dimensional 

buckling load factors increase when the ratio of E1/E2 

change from 3 to 40 (Fig. 3). The non-dimensional 

buckling load factors decrease when the ratio of a/b 

change from 1 to 2 for Table 2 and Fig 4-5. Also, the non-

dimensional buckling load factors obtained for present 

study seem to be compatible with other study. Buckling 

analysis results showed that when the number of layer 

increases, the non-dimensional buckling load factors 

obtained by present study increase as well (Fig. 6-7).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The loading conditions of plate 

 

Table 1. Unaxial non-dimensional buckling load factors of (0/90/90/0) laminate for different orthotropy ratios 

(a/b=1 and a/h=10) 
 

 

 

 

 

 

 

 

 

 

 

 

Table 2.  Unaxial and biaxial non-dimensional buckling load factors of (0/90/0) rectangular plate (b/h= 10 and E1/E2=40) 

 

 

 

 

 

 

 

 

 

 

Method 

  E1/E2   

3 10 20 30 40 

CLPT [Phan etc.] 

HSDT[Phan etc. ] 

3DElasticity[Noor] 

ANSYS (FEM) 

Akavci 

Present Study 

5.7538 

5.1143 

5.2944 

7.2290 

5.4192 

5.4550 

11.4920 

9.7740 

9.7621 

11.2470 

10.0671 

10.0056 

19.7120 

15.2980 

15.0191 

16.2720 

16.6358 

15.3828 

27.9360 

19.9570 

19.3040 

19.4090 

19.3040 

19.7824 

36.1600 

23.3400 

22.8807 

23.8800 

24.1601 

23.4746 

 

a/b 

 Unaxial    Biaxial   

Setodeh Akavci Ansys 

[Fem] 

Present 

Study 

Setodeh Akavci Ansys 

[Fem] 

Present 

Study 

1 22.234 22.115 22.514 22.334 9.942 9.953 9.955 10.208 

2 16.424 16.308 18.122 16.450 3.269 3.261 3.328 3.290 

x 

y 

b 

a 

N0 N0 

(a) Uniaxial compression along x-axis 

x 

y 

b 

a 

N0 

N0 

(b) Biaxial compression 
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Fig. 3. Effect of orthotropy ratio on the uniaxal buckling load factor of a square symmetrically [0/90/90/0] 

laminated plate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Effect of edge ratio on the uniaxal buckling load factor of [0/90/0] laminated plate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Effect of edge ratio on the biaxal buckling load factor of [0/90/0] laminated plate. 
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Fig. 6. Effect of edge ratio on the uniaxial and biaxal buckling load factor of various laminated sequence. 
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Fig. 7. Effect of anisotropy ratio on the uniaxial and biaxal buckling load factor of various laminated  sequence
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4. CONCLUSION  
 

In this study, buckling analysis of symmetrically 

(LCP) resting is theoretically investigated. By applying 

Hamilton’s principle, the governing equation for thick 

LCP is obtained. The solutions are gathered by using 

Navier solution method. The effects of a/b, E1/E2 ratios 

on buckling loads are examined. The most important 

observations and results are summarized as follows: 

• The non-dimensional buckling load factors 

obtained for present study seem to be compatible 

with other study. 

• The a/b, E1/E2 ratios, are playing a crucial role on 

buckling loads. 

• The non-dimensional buckling load factors 

generally decrease when the ratio of a/b change 

from 1 to 2. 

• The non-dimensional buckling load factors 

increase when the ratio of E1/E2 change from 3 to 

40.  

• The number of layer increases, the non-

dimensional buckling load factors obtained by 

present study increase as well.  
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