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ABSTRACT 
 

The effects of SiC-Fe3O4 nanoparticles doped electrospun Polysulfone (PSF) nanofibers on compressive and interlaminar 

shear strength of glass/epoxy composite laminates were investigated in this study. Pure PSF and hybrid PSF nanofibers were 

produced by the electrospinning process. Nanofiber interleaved glass/epoxy composite laminates were manufactured by 

using a vacuum-assisted hand-lay-up method.  The addition of SiC-Fe3O4 nanoparticles into PSF nanofibers improved the 

tensile properties of nanofiber mats. The results revealed that PSF hybrid nanofiber interleaving increased the compressive 

and interlaminar shear strengths of composite laminates up to 26% and 12.4%, respectively. 

 

Keywords: Electrospinning, Nanofiber interleaving, Mechanical testing, Composite laminates 
 

 

1. INTRODUCTION 
 

Fiber-reinforced polymer composites have superior material properties like strength-to-weight ratio, 

stiffness-to-weight ratio, and low density compared to traditional metallic materials. Therefore, they 

are used widely in aircraft, automotive, marine, and many other industrial applications to reduce 

weight and improve structural performance [1, 2]. However, the coexistence of brittle epoxy matrix 

and the anisotropic nature of fiber-reinforced composites can lead to unexpected damages growing 

with intra-ply cracks, delamination, and fiber failure, respectively. Delamination occurring in the 

resin-rich interlaminar region is one of the most common damages in fiber-reinforced polymer 

composites [3, 4]. 

 

In recent years, thermoplastic nanofiber interleaving, first introduced by Dzenis and Reneker [5], has 

become an attractive technique to enhance the toughness of weak interlaminar regions in fiber-

reinforced composites. Thermoplastic nanofibers are produced by the electrospinning method and 

accumulated on a separate surface or directly fabric layer. Having diameters in nanoscales, tiny 

thickness with a porous structure, and a very high area to volume ratio are the superior properties of 

electrospun nanofibers [6, 7]. Many studies have been reported that PA6.6 [3, 8], PAN [6, 9], PVDF 

[10], PVA [11], PSF [12-15] nanofibers interleaving improved the mechanical properties of fiber-

reinforced composites. These entangled nanofibers act like the hoops and loops in Velcro to enhance 

interlaminar toughness and take an active role in interlaminar toughening mechanisms like crack 

bridging, crack deflection, plastic deformation, and nanofiber pull‐ out [16]. Beylergil, et al. [8] 

carried out three-point bending, tensile, compression, Charpy impact, interlaminar shear strength, and 

DCB (Double cantilever beam) tests on reference and nanofiber reinforced carbon/epoxy composites 

to examine the effects of PA 6.6 nanofibers on mechanical properties. They revealed that PA 6.6 

nanofibers improved flexural modulus by 16%, flexural strength by 13%, compression strength by 

15%, and Charpy impact strength by 18%, while a 10% decrease in the tensile strength. Li, et al. [13] 

used PSF films and nanofibers for increasing Mode I fracture toughness of carbon /epoxy composites. 

The results showed that PSF nanofiber interleaving improved the Mode I fracture toughness by 140% 

mailto:fatihmetin64@gmail.com
https://orcid.org/0000-0001-9876-1227
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and 280% compared to film interleaved and untoughened composite laminates. Anand, et al. [17] 

showed that interleaved Nylon 6/6 nanofibers with an areal density of 0.4 gsm could increase 

compressive and interlaminar shear strengths by 30% and 17%, respectively, in glass/epoxy 

composites.  

 

The addition of nanoparticles into electrospun nanofibers can further increase the mechanical strengths 

of nanofiber mats and nanofiber interleaved polymer matrix composites. Liu, et al. [18] observed no 

significant change in diameter and morphological properties of PLGA/MWCNT composite nanofibers 

with 1 wt% MWCNT compared to pure PLGA nanofibers. Moreover, the addition of 1 wt% MWCNT 

improved the tensile strength and Young’s modulus of nanofibers by 49% and 88%, respectively. Li, 

et al. [14] studied the effects of 5 wt%, 10 wt%, 15 wt%, and 20 wt% MWCNT-EP/PSF hybrid 

nanofibers on flexural, interlaminar shear strength (ILSS), and Mode II fracture toughness on 

carbon/epoxy composite laminates.  They observed that 20 wt% MWCNT-EP/PSF hybrid nanofibers 

increased the flexural strength and modulus by 13.3% and 22.8%, respectively, compared to PSF 

toughened laminates. The results showed that the ILSS of 20 wt% MWCNT-EP/PSF hybrid nanofiber 

toughened laminates was 11.9% higher than the reference laminates. The best improvement of Mode 

II fracture toughness was achieved in 10 wt% MWCNT-EP/PSF hybrid nanofiber toughened 

laminates, compared to PSF toughened laminates. 

 

In the literature, no study has been found examining the effects of SiC-Fe3O4 nanoparticle doped PSF 

hybrid nanofiber interleaving on the mechanical performance of glass/epoxy composites. This study 

aims to improve the compressive strength and interlaminar shear strength of glass/epoxy composites 

by incorporating pure PSF nanofibers, 1 wt%, and 2 wt% SiC-Fe3O4/PSF hybrid nanofibers between 

plies.  

 

2. EXPERIMENTAL 

 

2.1. Material 

 

Polysulfone (PSF) pellets were purchased from Sigma-Aldrich. Acetone (AC) and Dimethylacetamide 

(DMAC) were used as solvents of PSF pellets. SiC and Fe3O4 nanoparticles were supplied from 

Nanografi. 2/2 twill weave E-glass woven fabrics having 390 g/m2 areal weight were provided from 

Hexcel. Epoxy resin (MGS L 160) and curing agent (MGS H 160) were obtained from Hexion. 

 

2.2. Method 

 

Three different polymeric solutions were prepared for the electrospinning process. For the first 

solution, 20 wt% PSF pellets were dissolved in a mixture of DMAC/AC (9:1 w/w) on a magnetic 

stirrer at 70 ° C for 5 hours for pure PSF solution. For the second and third solutions, 1 wt% and 2 

wt% SiC-Fe3O4 nanoparticles by PSF weight were separately dispersed in the mixture of DMAC/AC 

(9:1 w/w) using an ultrasonic sonicator for 10 minutes. Then, 20 wt% PSF pellets were dissolved in 

each mixture using the magnetic stirrer at 70 ° C for 5 hours. At the last step, SiC-Fe3O4 nanoparticles 

doped solutions were sonicated for 10 minutes at room temperature. Each PSF solution was withdrawn 

into four syringes and positioned on the syringe pump for electrospinning. The main parts of a typical 

electrospinning setup are shown in  

Figure 1. The electrospinning process was performed at 26-32 kV applied voltage, 13 cm tip to 

collector distance, 1.5 ml/h feeding rate, and 600 rpm collector speed.  
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Figure 1. Schematic illustration of the electrospinning setup 

 

Reference (non-interleaved), pure PSF interleaved, 1 wt% and 2 wt% SiC-Fe3O4/PSF interleaved 

composite laminates having eight plies of E-glass fabrics were manufactured using the vacuum-

assisted hand lay-up method. Nanofiber mats with 160 mm x 300 mm in size were incorporated into 

each successive ply. After completing the hand lay-up process, the whole system sealed by a vacuum 

bag was vacuumed under 0.85 bar pressure for 1.5 hours to remove the excess epoxy resin and air 

bubbles, and then cured at 45 °C for 6 hours followed by 80 °C for 8 hours. 

 

Tensile tests of pure PSF, 1 wt% and 2 wt% SiC-Fe3O4/PSF nanofiber mats were conducted with a 

Shimadzu AGS-X table-top universal testing machine having a 10 N load cell at the cross-head speed 

of 12 mm/min.  

Figure 2 shows the preparation of tensile test strips of nanofiber mats and tensile test setup. Nanofiber 

mats were cut into strips 10 mm x 50 mm in size. Tensile test strips were glued to a paper square 

frame with double-sided tapes to protect the nanofibers from damage while mounting in the tensile 

grips. The paper frames were cut with scissors just before starting the test. 

 

 
 

Figure 2. Preparation of tensile test strips of nanofiber mats and tensile testing 
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Compression and interlaminar shear tests of composite laminates were conducted with Shimadzu 

AGS-X Universal testing machine with a 100 kN load cell at the cross-head speed of 1.3 mm/min. 

Reference and nanofiber interleaved composite laminates were cut into specimens' dimensions to 

determine compressive and interlaminar shear strengths according to ASTM D695 and ASTM D3846.  

Figure 3 shows the specimen dimensions with double notches according to ASTM D3846 and the anti-

buckling fixture used in compression and interlaminar shear strength tests. Interlaminar shear strength 

was calculated by dividing the maximum compression load by the interlaminar surface area (specimen 

width x the length between notches). 

 

 

 

Figure 3. Interlaminar shear test specimen dimensions and anti-buckling fixture 

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Sem Analysis of PSF Nanofibers 

 

SEM images of pure PSF and 2 wt% SiC-Fe3O4/PSF hybrid PSF electrospun nanofibers are shown in  

Figure 4a and  

Figure 4b. Nanofiber networks with a continuous and homogeneous form were obtained by the 

electrospinning process. The diameters of pure and hybrid nanofibers are between 300 and 500 nm.  It 

is seen that there is no significant change in diameters and morphological properties of PSF nanofibers 

with 2 wt%  SiC-Fe3O4 nanoparticles addition. 
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Figure 4. SEM images of (a) Pure PSF, (b) 2 wt% SiC/Fe3O4/PSF electrospun nanofibers. 

 

 

3.2. Mechanical Tests 

 

Effects of SiC-Fe3O4 nanoparticles addition to PSF solution in different concentrations on the tensile 

properties of electrospun PSF nanofibers are shown in Figure 5  and Table 1. In the stress-strain curves 

of the nanofiber mats in Figure 5, it is clearly seen that the nanoparticle doped hybrid nanofibers are 

positively separated from the pure PSF nanofibers until the breaking point. Compared to pure PSF 

nanofiber mats, no significant decrease in ductility was observed in 1% SiC-Fe3O4/PSF hybrid 

nanofiber mats. However, the elongation at break in 2% SiC Fe3O4/PSF hybrid nanofiber mats 

decreased by 13%, resulting in a significant loss in ductile deformation behavior. 

 

Figure 5. Tensile stress-strain curves of nanofiber mats 
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Considering the tensile strengths and Young’s modulus values presented in Table 1, adding 1 wt% 

SiC-Fe3O4 nanoparticles into PSF nanofibers enhanced the tensile strength by 5% and Young’s 

modulus by  27%. Moreover, 2 wt% SiC-Fe3O4/PSF hybrid nanofiber mats reached the highest tensile 

strength and Young's modulus values with an increase of 7.9% and 28.7%, respectively. 
 

Table 1. Tensile properties of nanofiber mats 

 Tensile 

Strength 

(Mpa) 

Young’s 

Modulus 

(Mpa) 

PSF 1.54 ± 0.03 26.21 ± 0.26 

1 wt% SiC-Fe3O4/PSF 1.62 ± 0.08  33.27 ± 1.89 

2 wt% SiC-Fe3O4/PSF 1.66 ± 0.09 33.75 ± 2.32 

 

Figure 6 shows the compressive stress-strain curves of reference and nanofiber interleaved composite 

laminates. The non-linear regions formed at the beginning of loading in the stress-strain curves of 

composites are toe regions caused by loosening, alignment, or seating of the specimens until the 

specimen is fully positioned between steel plates. The incorporation of PSF nanofiber mats between 

plies improved the compressive strength of glass/epoxy composite laminates. The reference composite 

laminate had a compressive strength of 210 MPa. Pure PSF, 1 wt% SiC-Fe3O4/PSF nanofiber 

interleaved laminates reached the compressive strength values of 264 MPa and 265 MPa, respectively, 

increasing by approximately 26%. 2 wt% SiC-Fe3O4/PSF nanofibers slightly decreased the 

compressive strength by 2% compared to pure PSF nanofibers. Relatively ductile PSF nanofibers 

made the interlaminar resin-rich regions tougher. Thus, nanofiber interleaving increased the ultimate 

compressive strain by up to 23% compared to the reference laminate. There was no considerable effect 

of 1 wt% and 2 wt% SiC-Fe3O4 nanoparticles addition into PSF nanofibers on the compressive 

strength of nanofiber interleaved laminates. 
 

 

 
Figure 6. Compressive stress-strain curves of reference and nanofiber interleaved composite laminates 
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The influence of nanofiber interleaving on interlaminar shear strengths of glass/epoxy composite 

laminates is shown in Figure 7. The interlaminar shear strength of reference glass/epoxy composite 

laminates was 41.7 MPa. Pure PSF, 1 wt%, and 2 wt% SiC-Fe3O4/PSF nanofibers enhanced the 

interlaminar shear strength by 6.9%, 10%, and 12.4%, respectively. SiC-Fe3O4 nanoparticles doped 

PSF nanofibers provided further improvement in interlaminar shear resistance than that of the PSF 

nanofibers. 1 wt% and  2 wt% SiC-Fe3O4/PSF  hybrid nanofibers increased the interlaminar shear 

strength by 3% and 5%, respectively, compared to pure PSF nanofibers. 

 

 

Figure 7. Interlaminar shear strength of reference and nanofiber interleaved composite laminates 

 

4. CONCLUSIONS 

 

In this study, pure and SiC-Fe3O4 nanoparticles doped PSF nanofibers were produced by the 

electrospinning method. Electrospun nanofibers were interleaved in glass/epoxy composites laminates 

to determine their effects on the compressive and interlaminar shear properties of the laminates. In 

summary,  

 

The addition of SiC-Fe3O4 nanoparticles into PSF nanofibers improved tensile properties of nanofiber 

mats. 2 wt% SiC-Fe3O4 loading into PSF nanofibers provided the highest increase in the tensile 

strength and Young modulus by 7.9% and 28.7%, respectively. 

 

1 wt% SiC-Fe3O4/PSF hybrid nanofibers increased the compressive strength by up to about 26% 

compared to reference laminates. However, it was observed that there was no significant difference in 

compressive strengths between hybrid and pure PSF nanofiber interleaved laminates. 

 

The maximum improvement in the interlaminar shear strength was achieved by 2 wt% SiC-Fe3O4/PSF 

hybrid nanofibers with an increase of 12.4%. 

 

Incorporation of pure PSF nanofibers and SiC-Fe3O4/PSF hybrid nanofibers between plies 

considerably enhanced compressive and interlaminar shear strength of glass/epoxy composites.   
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ABSTRACT 
 

Upon the outbreak of the COVID-19, community wide mask wearing has become an important tool to prevent the spread of 

the virus. The use of disposable masks -that are generally produced of three or more layers of synthetic nonwovens- by the 

general public is being questioned from an environmental and waste perspective. Conventional textile fabrics, on the other 

hand, may not provide the desired level of protection against the virus. In this study three layer fabric mask structures having 

a middle layer of nonwoven (100 g/m2 or 120 g/m2) sandwiched between knitted polyester fabrics were prepared. The particle 

filtration and breathability properties of the fabric assemblies were investigated. In order to prevent bacterial growth and enable 

safer use, the outer layer was antibacterial and water repellent functionalized. The middle layer was also antibacterial treated. 

The air permeability of the three layer fabric structure with an antibacterial nonwoven (100 g/m2)  middle layer and an 

antibacterial and water repellent outer layer was ≥ 96 l/m²/s. The particle filtration efficiency was 23% when tested for 0.3 µm 

NaCl aerosol particles. The particle filtration efficiency was not reduced after washing up to 20 cycles.  

 

Keywords: Face mask, Fabric, Antibacterial, Air permeability 
 

 

1. INTRODUCTION 

 

Before the global pandemic of Coronavirus Disease 2019 (COVID-19), the use of masks and respirators 

had been mostly limited to the industrial and healthcare settings where the protection of wearers from 

exposure to dangerous substances (chemical or biological)  is required. There are well established 

national and international standards on the requirements of medical/surgical masks and respirators. For 

instance, the Turkish Standard TS EN 149 + A1 defines the requirements for respiratory protective 

devices and presents a classification (FFP1, FFP2 and FFP3) based on the performance criteria [1]. The 

classification of medical face masks (Type I, Type II, Type IIR) are defined in TS EN 14683+AC:2019-

09 based on the assessment of bacterial filtration efficiency (%), differential pressure (Pa/cm2), 

microbial cleanliness (cfu/g) and splash resistance (kPa, only for Type IIR) [2].  

 

Upon the outbreak of COVID-19, community-wide mask wearing was recommended by the authorities 

as the new coronavirus (SARS-CoV-2) mainly spreads in the form of liquid particles (liquid droplets, 

aerosols) from the mouth and nose, and mask wearing could reduce the risk of transmission of the virus 

[3, 4]. This has triggered the demand for face masks and eventually led to a shortage in the supply of 

face masks that are compliant with the previously established standards [5]. The use of fabric masks 

(barrier masks, community masks, DIY masks) by the general public has been debated not only due to 

the shortage of medical masks and respirators, but also because the fabric masks pose lower risk of 

adverse health effects [6, 7]. Surgical masks and N95 masks were found to cause discomfort as they 

prevent normal transpiration and increase perspiration [8]. The reports on the adverse skin reactions and 

sensation of dry nose due to the prolonged use of medical/surgical masks and respirators are not rarely 

found [9-11]. Several organizations, both regional and international, have issued guides and standards 

on the minimum requirements of the fabric masks [12-15]. Although the testing methods and/or 

https://orcid.org/0000-0002-9055-3228
https://orcid.org/0000-0002-6310-4136
https://orcid.org/0000-0002-8316-9818
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classifications vary, the published documents address three essential parameters: filtration, breathability 

and fit. In the absence of systematically reported data on the filtration performance of various textile 

fabrics/structures, most of the studies conducted so far have focused on the filtration performance of the 

masks [16, 17]. On the other hand, breathability is just as important due to the concerns associated to 

difficulty in breathing [6]. There are a few works concerned with both filtration and breathability 

performance of the fabric masks [18].  

 

The increased use of disposable medical masks/respirators that are produced of several layers of 

nonwoven fabrics has also been raising concerns from an environmental and waste perspective [19]. 

The re-use or extended use of masks has also been questioned.  The risk of bacterial growth on the mask 

due to successive use may also lead to serious health problems. The antimicrobial treatment of fabrics 

can provide efficient protection against microorganisms and address some of the problems related to the 

extended use of fabric masks [20]. Among other antibacterial agents, silver doped calcium phosphate 

based inorganic powders were successfully used for the antibacterial treatment of textiles [21]. Such 

inorganic structures are expected to pose lower toxicity as they tend to release silver ions at a relatively 

slow rate [22].  

 

In this study the potential of the knitted polyester fabrics for the production of face masks has been 

investigated. Three layer fabric structures were designed to provide efficient filtration performance 

without compromising breathability. In order to reduce the risk of bacterial growth upon use, the middle 

and outer layers were antibacterial (A) treated. A water repellent (S) finish was applied on the outer 

layer to reduce the hydrophilicity of the polyester fabric. The performance of the fabric structure after 

washing has also been assessed to put forth the potential of mask for re-use after washing.  

 

2. MATERIALS AND METHODS 

 

Polyester (PET) knitted fabrics and 70% polyester (PET)-30% polyamide (PA) nonwoven fabrics were 

supplied by Meyteks Textile, Turkey and Mogul Co. Ltd, Turkey. Fabric properties are included in 

Table 1. For antibacterial treatment, an aqueous solution of silver doped calcium phosphate based 

antibacterial agent (PAG-C-75, Nanotech, Turkey) and an acrylic resin (ORGAL NA 430, Organik 

Kimya, Turkey)  was prepared at pH=5-5.5. The fabrics were passed through this solution and squeezed 

with a laboratory padder (ATC-F350, Ataç, Turkey) to achieve 85% pick-up. After drying at 110°C for 

three minutes, the knitted fabrics were treated by a fluorocarbon based water repellent agent  (Nuva 

2110, Clariant, Turkey) to achieve 90% pick-up. Curing was performed at 160°C for three minutes.  

 
Table 1. Fabric properties  

 

 

 

Code Type Composition Areal Density 

(g/m²) 

Thickness 

(µm) 

Bulk Density 

(g/cm3) 

N1 Nonwoven 70% PET-30% PA 100 260 0.4 

N2 Nonwoven 70% PET-30% PA 120 330 0.4 

N3 Nonwoven 70% PET-30% PA 80 250 0.3 

M1 Knitted 100% PET 128 430 0.3 

M2 Knitted 100% PET 114 400 0.3 

M3 Knitted 92% PET-8% EL 237 580 0.4 
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The fabric surfaces were analyzed by a light microscope (Discovery V20, Zeiss, Germany) equipped 

with a digital camera (Axiocam ERc 5s, Zeiss, Germany). Fabrics were tested for antimicrobial activity 

(ASTM E2149:2020) using Escherichia coli (ATCC 25922) as the test organism. The initial bacteria 

concentration was 1.5×105 cfu/ml. The % reduction (R) was calculated according to Equation 1 where 

A and C are the number of colony-forming units in the test specimen and control (untreated) specimen 

in cfu/ml, respectively, after the contact time (24 hours). 

 

 
𝑅% =

𝐶 − 𝐴

𝐶
× 100 

 
(1) 

In order to resemble mask assemblies, three types of fabric structures  (I, II, III) each having three layers 

of fabric were prepared as shown in Figure 1. For each assembly the inner layer fabric that would be in 

contact with the mouth, nose and skin was of 100% polyester (M1) and used without any further 

treatment. Structure Type  I is composed of untreated fabric layers. Structure Type II represents the 

samples which consist of a middle layer of PET/PA blend nonwoven (N1 or N2) and an outer layer of a 

knitted polyester fabric, both treated with the antibacterial agent. Structure Type III represents the 

samples which consists of a middle layer of antibacterial treated PET/PA blend nonwoven (N1 or N2) 

and an outer layer of antibacterial and water repellent treated polyester. Fabrics and fabric structures 

were tested for breathability according to TS 391 ISO 9237 using an air permeability tester (Proser, 

Turkey) at a pressure drop of 100 Pa. Three measurements were collected from different parts of each 

sample and the average results were reported.  

 

Figure 1. Three layer fabric structures (A: Antibacterial S: Water Repellent) 

The particle filtration efficiency (η) of three layer structures was tested with an automated filter tester 

(8130a, TSI, USA) using NaCl aerosol particles of 0.3 µm at a flow rate of 95 L/min (face velocity of 
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15.8 cm/sec). The filtration efficiency was calculated using Equation 2 where 𝐶𝑢 and 𝐶𝑑 are the aerosol 

concentrations at the upstream and downstream, respectively.  

 
𝜂% =

𝐶𝑢 − 𝐶𝑑
𝐶𝑢

× 100 

 

(2) 

Washing was performed according to ISO 6330-2002 5A program in a wascator (FOM 71 CLS, 

Electrolux, Sweden) and the durability was tested after 20 washing cycles.  

3. RESULTS AND DISCUSSION 

 

3.1.  Breathability 

Air permeability is often used to evaluate the breathability of textile fabrics [23]. The air permeability 

values of different fabrics, measured as received, are given in Figure 2.  

 

Among the most important factors that control the air permeability of a fabric are, areal density, 

thickness and bulk density [24, 25]. As can be seen in Figure 2 (a), for the PET/PA blended nonwoven 

fabrics (N1, N2 and N3), as the areal density, bulk density and thickness increases the air permeability 

decreases. When compared to M1, sample M2 has a lower areal density and thickness and thus higher 

air permeability (Figure 2(b)). As can be seen in Figure 3 (c), the sample M3 which has the highest areal 

density, bulk density and thickness, also has a less porous structure which resulted in a lower air 

permeability. The air permeability measurement results of three layer fabric structures are given in Table 

2. Each sample code begins with the outer layer fabric type, the middle and inner layer fabrics were 

mentioned consecutively. The letters  “A” and/or “S” following the fabric type denote the treatment 

applied to that fabric. The air permeability of the fabric structure decreased when the areal density of 

the middle (nonwoven) layer was increased. The air permeability of structures having antibacterial 

treated layers were higher than those having only untreated layers. This may be due to the heat applied 

during drying/fixation which damage the nonwoven fabric structure and loosen the pores (Figure 3 (e)). 

The air permeability of  N1 after antibacterial treatment was increased by 37%, whereas, such an 

increase was not observed for M1.  Nevertheless, the air permeability of Type II and Type III samples 

(M1AN1AM1, M1ASN1AM1, M1AN2AM1, M1ASN2AM1) were ≥ 96 l/m²/s which is the minimum 

value of air permeability specified in CWA 17553:2020 [15]. The air permeability values of fabric 

structures, whether treated or untreated, were reduced gradually upon washing  possibly due to fabric 

shrinkage and felting (Figure 3 (f)). 

Figure 2. Air permeability of fabrics 
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Figure 3. Microscopy images of untreated a) M1, b) M2, c) M3, d)N1, e) AB treated N1, f) AB treated N1 after 

20 washing cycles at 50X magnification. 

Table 2. Air permeability of three layer fabric structures (W:Washing cycle, SD:standard deviation)  

 

 

3.2. Particle Filtration 

 

The particle filtration efficiencies were calculated using Equation 1, for two different fabric structures 

(Type I and Type III in Figure 1) having N1 or N2 fabric as their middle layers. The calculated values 

are presented in Figure 4. The particle filtration efficiency of sample M1N2M1 (36.2%) was higher than 

that of M1N1M1 (32.2%). In comparison to M1N1M1, the better filtration performance of M1N2M1 

may be attributed to the higher grammage and thickness of the middle layer nonwoven (N2) used in the 

structure [26]. The filtration efficiencies of both samples were reduced after treatment. After 20 washing 

cycles, the filtration efficiency of treated samples (M1ASN1AM1, M1ASN2AM1) were enhanced. 

These results are in good agreement with the decreasing tendency of air permeability after washing. In 

this study the tests were carried out using NaCl aerosol particles of 0.3 µm. Although the current 

European standards for fabric masks specify the minimum filtration efficiency (90%) to particles of 3 

µm [15], aerosol particles of smaller size were specified in some other standards for respirators and face 

Sample Code Middle 

Layer 

Fabric 

Structure 

Type 

Air permeability 

(before washing)±SD 

l/m²/s 

Air permeability  

(after 5 W))±SD 

l/m²/s 

Air permeability  

(after 20 W))±SD 

l/m²/s 

M1N1M1 N1 I 91.7 ± 5.7 77.1 ± 5.8 75.4 ± 3.3 

M1AN1AM1 N1 II 134.5 ± 9.1 101.7 ± 8.1 82.5 ± 4.3 

M1ASN1AM1 N1 III 145.8 ± 5.6 107.1 ± 4.2 83.5 ± 1.8 

M1N2M1 N2 I 72.3 ± 6.5 69.5 ± 6.3 67.7 ± 0.9 

M1AN2AM1 N2 II 96.8 ± 9.0 88.2 ± 7.1 69.1 ± 6.1  

M1ASN2AM1 N2 III 96.8 ± 10.2 70.8 ± 4.9 65.6 ± 3.2  
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masks [27]. Previous studies have shown that the filtration efficiency increases significantly with the 

increasing particle size of the aerosol used for testing [28, 29]. 

 

 

Figure 4. Particle filtration efficiency of three layer structures (W: Washing cycle) 

3.3. Antimicrobial Activity 

The fabrics N1, N2 and M1 were tested for antimicrobial activity after being treated with antibacterial 

and water repellent agents. The treated samples were washed according to the standard washing 

procedure and the washed samples were also tested to evaluate the effect of washing on antimicrobial 

activity. The antimicrobial activity test results are presented in Table 3. The PET/PA blended nonwoven 

samples exhibited higher antimicrobial activity than polyester knitted fabric. This may be due to larger 

surface areas of nonwoven fabrics which enable them to accommodate higher amounts of antibacterial 

agent [30]. The reduction in antimicrobial activity also occurred at a greater extent in polyester knitted 

fabric after washing when compared to the samples PET/PA blended nonwoven samples.  

Table 3. Antimicrobial test results 

 

 

 

 

4. CONCLUSION 

 

Antibacterial and/or water repellent finishes may be useful in reducing the health risks associated with 

the extended use of masks during the pandemic. However, these treatments may lead to significant 

changes in the fabric structure and porosity and thus, breathability and filtration properties. It was shown 

that for the three layer fabric assemblies, the filtration efficiency to 0.3 µm particles was reduced after 

functional treatments but increased after washing. The increase in filtration performance after washing 

might be promising in terms of reuse. The number of uses on the other hand is limited by the reduction 

in air permeability. Type II and Type III fabric structures using 100 g/m2 nonwoven could comply with 

the current air permeability requirement (≥ 96 l/m²/s) up to 5 washing cycles.  

 

 
 

Code Treatment Reduction (%) 
Before Washing 

Reduction (%) 
After 20 Washing Cyles 

N1 A 99.99 99.64 

N2 A 99.99 98.85 

M1 A+S 97.73 95.91 
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ABSTRACT 
 

In this study, the drop weight impact response and the interlaminar shear strength of hybrid carbon/aramid fiber-reinforced 

laminated composites with different stacking sequences were investigated. Seven different laminates including two types of 

sandwich-like interply hybrid, three types of interply hybrid, and two types of non-hybrid named carbon and aramid were 

produced using the vacuum-assisted resin transfer molding method. Drop weight impact and short-beam shear tests were applied 

to the laminates to calculate the low-velocity impact response and the interlaminar shear strength, respectively. It is observed that 

while the outer layer of the hybrid structure is carbon, the structure can carry less load but absorb more energy. Pure carbon and 

pure aramid composites cannot carry loads but can absorb energy as much as their hybrid versions can. Sandwich-like interply 

hybrid with central carbon showed the best results when load and energy values were compared. Also, sandwich-like interply 

hybrid with central carbon has higher ILSS among hybrid structures because its center region consists of carbon layers. 

 

Keywords: Carbon fiber, Aramid fiber, Hybrid composites, Low-velocity impact response, Interlaminar shear strength (ILSS)  
 

 

1. INTRODUCTION 

 

Composite materials are widely used in many areas especially in aviation due to their mechanical and 

light-weight properties [1]. Increasing demand for composite materials led to the combination of 

different composite materials called hybrid structures [2]. These hybrid composites are used for 

increasing the effectiveness of non-hybrid structures. Carbon-aramid composites are one of the most 

known hybrid structures used in different areas  [3].  
 

The DWI test is generally applied to structures to determine the resistance of the material to a sudden 

impact force. A typical example of sudden impact is hail rain on aircraft wings. For each sequence, three 

samples were tested to include deviation of results from each other. The impact material effect on the 

peak load and energy absorption was discussed. Yang et al. [4] studied the low-velocity impact response 

of plain-woven glass and carbon fiber fabrics. Experimental results show that the energy absorption 

capacity of hybrid composites can be higher than non-hybrid composites in the impact event. In the 

study of Sun Ying et al. [5], it is observed that hybridization of carbon and aramid improves the impact 

properties of carbon/epoxy composites by softening the sharp drop after peak load.  
 

The interlaminar shear strength (ILSS) parameter which can be determined by the short beam shear (SBS) 

test method, indicates the strength of composite material against delamination type damage. Previous 

studies on the carbon/glass fiber hybrid composites [6] and carbon/aramid fiber hybrid composites [7] 

showed the effects of the hybridization process, ply angle, and stacking sequence on the ILSS parameter. 
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Since the hybrid composites consist of different plies, there might be different problematic cases. There 

might be problems such as stress concentrations due to transverse multifilament failure [8], compatibility 

of different polymer phases [9], delamination of different layers [10]. These problems might cause 

catastrophic failures at the earlier stage of the composite. Therefore, necessary precautions should be 

taken by using standard test methods. 
 

This study aims to examine and compare the low-velocity impact response and the interlaminar shear strength 

(ILSS) of carbon/aramid hybrid composites by drop weight impact (DWI) and short beam shear (SBS) tests. 

 

2. EXPERIMENTAL 
 

2.1 Material 
 

A 200 g/m2 plain woven carbon fiber fabric (DOWAKSA, Turkey) and TWARON CT709 aramid fiber 

fabric (Teijin, Holland) were used as reinforcement materials for the composites. The DTE1200 series 

of Duratek epoxy resin was used with the DTS2110 hardener. 
 

2.2 Method 
 

Carbon-aramid reinforced epoxy composite structures were produced with vacuum-assisted resin 

transfer molding (VARTM) technique as shown in Figure 1. In this system, 12 layers of reinforcing 

fabrics were stacked over a flat surface. A release film was laid under fabrics to remove the sample after 

production. Then, a flow mesh is used to make the resin flow fast, and a peel ply is used to separate the 

composite sample from the flow mesh. Two spiral tubes were placed to opposing edges. Furthermore, a 

vacuum bag was used to create a vacuum ambient to the system. The resin was fed from one spiral tube 

towards the other with the help of a vacuum pump. Hence, resin impregnation was completed after 

nearly 10 minutes. After resin impregnation, the system kept 36 hours under vacuum ambient to 

complete the curing process of the resin.   

 
 

Figure 1. VARTM method demonstration (a) side view; (b) top view (view A) 
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Two types of sandwich-like interply hybrid ([C3A3]s, ([A3C3]s), three types of interply hybrid ([C3A3]2, 

[A3C3]2 and [CA]6 and two types of non-hybrid carbon ([A12]) and aramid laminates ([C12])  were tested 

for the comparative study. The stacking sequences of the laminates are given in Table 1. It has been seen 

that different stacking sequence of hybrid structures has shown different results under DWI and SBS 

tests [4], [5].  

 
Table 1. Different stacking sequences of carbon/aramid hybrid laminates 

 

Stacking Sequence 
Ply number 

1 2 3 4 5 6 7 8 9 10 11 12 

[C12]             

[A12]             

[C3A3]s             

[A3C3]s             

[C3A3]2             

[A3C3]2              

[CA]6              

 

Low-velocity impact tests were carried out using the BESMAK BMT-DW series drop weight impact 

material testing machine according to the ASTM D7136 [6]. The demonstration of the DWI test is shown 

in Figure 2. The dimension of the DWI sample was 80 mm x 50 mm. At least five samples were tested 

and the average value was calculated. As a result of the literature review, the impactor energy required 

for the test was selected as 30 J. If a larger amount of energy were used, it would pierce the samples. 

Therefore, the damages in all samples would be the same. In this study, how much energy it absorbs at 

a given joule value and how it causes damage was analyzed. 

 

 
 

Figure 2. A closer demonstration of the DWI test setup. 

 

ASTM D2344 [7] standard was used for the SBS test. The rectangular samples with dimensions of 24 

mm x 8 mm were used. For each sequence, five samples were tested. The test was conducted using the 

AG-100kNXplus model of SHIMADZU. The demonstration of the SBS test is shown in Figure 3. 
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Figure 3. A closer demonstration of the SBS test setup 

 

3. RESULTS AND DISCUSSIONS 

 

After the laminates were produced, the thickness of each laminate was measured to use for the ILSS 

calculations. The thickness values are shown in Table 2.  

 
Table 2. The thicknesses of the laminates 

 

Sample Thickness (mm) 

[A12] 3.15 

[C12] 3.20 

[C3A3]s 3.15 

[A3C3]s 2.95 

[C3A3]2 3.25 

[A3C3]2 3.05 

[CA]6 3.10 

 

3.1. Low-Velocity Impact Test 

 

Damage to the specimens reveals information about the characteristic behavior of materials. When 

Figure 4 is examined, different forms of damage are observed. Aramid fiber absorbs the load in a ductile 

manner. On the contrary, carbon shows brittle behavior under the test. Damage types in the hybrid 

samples were different from those in the non-hybrid samples. Since one side of the laminate [CA]6 is 

carbon fiber and one side is aramid fiber, the force was applied to the carbon fiber side in half of the 

samples and to the aramid fiber side in the other half, and damage behaviors were observed. 
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Figure 1. The damages in the specimens of the laminates (a)[A12], (b) [C12], (c) [C3A3]s, (d) [A3C3]s, (e) [C3A3]2, 

(f) [A3C3]2, (g) [CA]6 from front and (h) [CA]6 from back, respectively 

 

When Figure 5 is investigated, it can be observed that the maximum load that the pure carbon and pure 

aramid composites can carry is less than hybrid composites. 

 

 

 
 

Figure 5. Load-time curves of hybrid composites  
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When Figure 6 is investigated, it is noticed that while non-hybrid carbon sample peak moment point 

energies shifts to the left, non-hybrid aramid sample peak moment point energy shifts to right, and 

remaining hybrid structures lie in between. 

 
 

Figure 6. Momentary point energy-time curves of hybrid composites 

The initial energy was set to 30 J for the DWI test. According to data in Table 3, as [A3C3]s carried the 

maximum load, in contrast, it showed the poorest energy absorption. When the data of the seven samples 

are compared, it is seen that [A3C3]s has the most proper maximum load, absorbed energy, and fiber 

weight fraction values. 

 

Table 3. The average loads, absorbed energies, and fiber weight fraction values of the samples. 

Sample Max. Load (kN) Absorbed Energy (J)  Fiber Weight Fraction (%) 

[A12] 5.139 ± 0.102 27.193 ± 0.035 54.962 ± 0.149 

[C12] 4.599 ± 0.126 26.700 ± 0.132 63.862 ± 0.528 

[C3A3]s 6.075 ± 0.557 27.091 ± 0.298 59.632 ± 0.527 

[A3C3]s 8.141 ± 0.314 25.463 ± 0.429 60.379 ± 0.310 

[C3A3]2 8.103 ± 0.320 26.023 ± 0.504 54.969 ±0.649 

[A3C3]2 7.777 ± 0.650 26.767 ± 0.204 58.068 ± 0.437 

[CA]6 7.743 ± 0.436 26.715 ± 0.330 57.143 ± 0.000 

 

3.2 Short Beam Shear Test 

 

As shown in Figure 7, the weakest configurations have higher displacement, and the strongest 

configuration has low displacement [11].  



Atmaca et al. / Eskişehir Technical Univ. J. of Sci. and Tech. A – Appl. Sci. and Eng. Vol. 22  – 2021 

8th ULPAS - Special Issue 2021 

 

25 

 
 

Figure 7. Load - displacement curves of hybrid composites 

 

As seen in Table 4, [A12] full aramid composite configuration has the lowest ILSS due to its nature while 

the opposite situation is valid for [C12] full carbon composite configuration. The other five 

configurations contain the same amount of carbon and aramid. However, the ILSS of [CA]6, is the 

weakest configuration because it has the greatest number of faces which is between different materials 

and this situation decreases its shear strength. In the SBS test, maximum normal stresses occur upper 

and lower surfaces of a specimen and maximum shear stress occurs at the middle plane of the specimen. 

[A3C3]s the configuration has higher ILSS among hybrid structures because its center region consists of 

carbon layers. 

  

 
Table 4. Overall results for the SBS test 

 

Sample Max. Load (𝐤𝐍) ILSS (MPa) 

[A12] 62.39 ± 9.03 1.86 ± 0.27 

[C12] 1604.98 ± 127.25 47.02 ± 3.73 

[C3A3]s 293.16 ± 41.28 8.72 ± 1.23 

[A3C3]s 590.82 ± 54.16 18.78 ± 1.72 

[C3A3]2 445.10 ± 39.41 13.68 ± 1.21 

[A3C3]2 352.53 ± 59.40 10.17 ± 1.71 

[CA]6 244.43 ± 28.90 7.39 ± 0.87 
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4. CONCLUSION 

 

In this study, the effect of carbon aramid hybrid structures on the low-velocity impact response and ILSS 

was investigated experimentally. The following conclusions are obtained: 

 It is observed that while the outer layer of the hybrid structure is carbon, such as [C12], [C3A3]s, 

[C3A3]2, [CA]6, the structure can carry less load but absorb more energy.  

 Pure carbon, and pure aramid, composites cannot carry loads but can absorb energy as much as their 

hybrid versions can.  

 The sequence of [A3C3]s showed the best result when load and energy values were compared.  

 It was observed that the DWI tests results were close and not affected by the stacking sequences of 

[C3A3]2, [A3C3]2, and [CA]6. 

 [A3C3]s the configuration has higher ILSS among hybrid structures because its center region consists 

of carbon layers. 

 

5. FURTHER WORK 

 

The further aim of the research will be conducting the other tests such as tensile, flexural, and dynamic 

mechanical analysis (DMA).  
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ABSTRACT 
 

Wearable electronics, which include wearable sensors, energy generating textiles, textile based energy storage devices, etc. is 

a rising trend on materials science and textile researches for last a few decades. Textile based flexible capacitors, 

nanogenerators, motion sensors, photovoltaic cells have been studied greatly and these devices getting commercial for last a 

few years. Strain is the concept that expresses mechanical deformation rate for a material. Strain sensors are smart materials, 

which works according to piezoelectric and piezoresistive mechanism to determine the mechanical deformation rate of 

materials, that can be used in mechanical characterization, structural quality control and, more recently, wearable electronics. 

Piezoresistive effect defines the electrical conductivity (or resistivity) changes of a material under mechanical stress. Especially 

on nanocomposite based strain sensors, contact between conductive nanoparticles is interrupted and this dissociation causes 

the resistivity change under mechanical effect. We have used a commercial, highly flexible woven fabric as base material and 

its flexibility provided the stretchable character for developed sensor fabric. Combining its flexibility with conductivity of 

graphene and/or polyaniline, promising resistivity values were observed. Furthermore, flexible nature of graphene and brittle 

behavior of polyaniline clearly seen in electro-mechanical characterization. The developed fabric strain sensor can be used in 

smart textiles and future applications for wearable electronics. 

 

Keywords: Strain sensor, Graphene, Conductive polymer, Smart textiles, Electronic fabrics 
 

 

1. INTRODUCTION 
 

With the improvement of wearable technology flexible smart wearable devices have been significant in 

the daily life. One of these devices, flexible strain sensors have been attracted a lot of interest due to 

their highly flexibility on surface coating and with the purpose of observing structural stability of 

wearable electronics, smart devices, smart fabrics, soft robotic and materials lately [1]. Fabrics are useful 

for different implementations by the developing technology and taking the human body shape for smart 

textile applications [2–4]. In this qualifications some of the applications are based on elastic deformation 

ability. Strain sensors are the devices which have signal generation ability under mechanical forces [5].  

 

Generally, various fibers, yarns and fabrics can be used to develop wearable devices. Lately, researches 

on flexible sensors based on successfully-produced fabrics for wearable devices are becoming more 

important [6]. For that reason, flexible fabrics with lycra is eligible for obtaining wearable flexible 

sensors that have high performance and easy production processes. Graphene and its derivatives are 

commonly used for flexible sensors in literature [7, 8], due to their remarkable electrical and mechanical 

properties [9]. Graphene is a material one-carbon-atom-thick, structure of hexagonally arranged, sp2-

hybridized carbon atoms. In addition to its remarkable 2-dimensional structure, graphene also stands out 

with its low electrical resistance and thermal conductivity (31Ω/m2 resistivity, 5300 W/m.K), and high 

mechanical properties compared to its thickness at the atomic level[10–12]. On the other hand, 

polyaniline is a conducting polymer that has a wide range of usage area, affordable, easily-producible 

and multi conductive [13, 14]. It can be synthesized with oxidative chemical or electrochemical 
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oxidations by polymerization of aniline monomer, in acidic aqueous medium [15, 16]. PANI coating of 

textile materials is a low cost and efficient method by oxidative polymerization and PANI coated textiles 

have many usage areas such as; sensors electromagnetic protection, static charge distribution [17]. PANI 

can be implemented in coating the surface of polyester, nylon, wool, acrylic, cotton, silica and glass. It 

is a widely used polymer among conductive materials in addition to its unique properties such as high 

thermal, electrical and environmental/chemical stability as well as its reasonable cost. PANI is widely 

used with different materials such as graphene and its derivatives to gain synergistic mechanical or 

electrical effect due to its poor performance in energy storage, contra ion addition/discharge and 

charge/discharge cycle life and weak mechanical properties [13, 14, 18].  

 

Thanks to easy applicable to textiles, low cost, unique electrical and mechanical properties, and 

synergistic effect of PANI and graphene (or derivatives), there too many researches on PANI/graphene 

based electronic textiles. Fabric electrodes, textile based supercapacitors, solar cells, sensors, and energy 

generators [19–23]. 

 

In this study, conductive fabrics were obtained by dip-coating and in-situ oxidative polymerization 

processes on elastic polyester fabric. Reduced graphene oxide (rGO), PANI or both are successfully 

coated onto the textile surface. The electrical resistances of the obtained conductive fabrics were 

measured simultaneously under tensile stress, and the feasibility of different coatings in sensor 

applications was evaluated by revealing the change in their electrical resistance with elongation. The 

fabrics also characterized by differential scanning calorie spectrometry (DSC), Fourier-transform 

infrared spectrophotometry (FT-IR), UV-VIS spectrophotometry and scanning electron microscopy 

(SEM).       

  

2. MATERIALS AND METHODS 

 

2.1. Materials  

 

For graphene oxide (GO) production, graphite (Merck), phosphoric acid (85% Sigma-Aldrich), sulfuric 

acid (98% Merck), hydrogen peroxide (35%, Sigma-Aldrich), hydrochloric acid (37%, Fischer 

Chemicals), ethyl alcohol (ISOLAB); for reduction process, hydrazine hydrate (55%, Sigma) and for 

polyaniline synthesis aniline (99,9%, Sigma-Aldrich), hydrochloric acid (37%, WVR Chemicals) and 

ammonium persulfate (APS) (98%, Sigma) were purchased. 

 

2.2. Methods 

 

Polyester fabric was washed at 30°C in a home-type washing machine then dried. In order to purify the 

dried fabric from the ions in the detergent or mains water, it was kept in distilled water for 30 minutes 

and dried again. Then it was cut into 6 cm × 20 cm dimensions. 

 

2.2.1. rGO coating of fabrics 

 

In this study, graphene oxide is used as graphene precursor material thanks to its highly homogenous 

dispersion ability in water. Graphene oxide (GO) was produced by wet chemical process, according to 

Improved Hummers’ Method [24]. GO particles are purified by distilled water and centrifuged 

repeatedly in order to removal of residual ions and acid molecules which come from synthesis step. 

Purified GO was dried in fume hood in room conditions. GO dispersion was prepared at a concentration 

of 1 mg/mL by homogenizing solid GO in distilled water with an ultrasonic homogenizer. 6 cm × 20 

cm fabrics are immersed in GO/water dispersion and kept in dispersion for 10 minutes for each coating 

and then dried at 50°C for 30 minutes. Fabrics were stored by coating once, twice and three times. Once, 
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twice or three times GO coated fabrics were reduced in 0.3 M hydrazine hydrate solution at 95°C for 3 

hours [25]. 

 

2.2.2. PANI coating of fabrics 

 

rGO coated or neat polyester fabrics were coated with polyaniline by in situ polymerization method. 

PANI synthesis was carried out in accordance with the method in the literature with presence of rGO 

coated or neat polyester fabric [26]. Firstly, aniline was dissolved in 1 M HCl solution. The reaction 

flask was cooled between 0-5 °C and the fabrics were immersed in the reaction flask by wrapping it 

around a cylinder like shaped apparatus to keep it stable and coat homogeneously. Ammonium 

persulfate used as initiator was also dissolved in 1 M HCl and added dropwise to the reaction flask. 

APS:aniline molar ratio was determined as 1:4. The reaction was continued for 3 hours from the start of 

addition of the initiator. Since the rGO coated fabrics shrink due to the heat during GO reduction process, 

the neat fabric was also boiled at the same temperature. All of samples were named in Table 1. 
 

Table 1. Sample names of fabrics with different coatings 

 

Sample Name Coatings 

rGP1 Once rGO + PANI 

rGP2 Twice rGO + PANI 

rGP3 3 times rGO + PANI 

P PANI 

rG2 Twice rGO 

rG3 3 times rGO 

GO1 Once GO 

GO2 Twice GO 

GO3 3 times GO 

 

2.2.3. Characterization 
 

In order for determining the elastic region of the fabric, a tensile test was applied to fabric (SHIMADZU 

- AGS-X). It was then subjected to tensile test to examine its electro-mechanical sensing features. The 

fabric sensor was held for 5 seconds at every 5% elongation. Electrodes were mounted onto fabrics and 

connected a multimeter (KEITHLEY 2400) and resistance values were recorded at this time. The test 

speed was determined as 5 mm/s. The effect of the coating was observed by subjecting the raw fabric 

and rGO and/or PANI coated fabrics to FT-IR spectrophotometry (Nicolet‐ IS50), UV-VIS 

spectrophotometry, DSC methods. Fiber morphology and coated areas of fabrics also examined by SEM 

(Carl Zeiss / Gemini 300) device with different magnifications. 

 

3. RESULTS  
 

FT-IR analysis were performed between 400 cm-1 and 4000 cm-1 with Attenuated Total Reflectance 

(ATR) unit. As the result of FT-IR analyzes it was observed that the characteristic polyester peaks 

between 1750 cm-1 and 400 cm-1 were visible after coating, although their intensity decreased (Figure 

1). It was determined that the C-H peaks at approximately 2900 cm-1 disappeared with the coating 

process. The peaks at 1711 cm-1 represents from stretch of carbonyl groups, at 1409 cm-1 comes from 

aromatic groups on backbone, 1235 cm-1 is C-O stretching, and 720 cm-1 is C-H bending vibrations, 

respectively (Figure 1) [27–29]. 



Çelik Bedeloğlu et al. / Eskişehir Technical Univ. J. of Sci. and Tech. A – Appl. Sci. and Eng. Vol. 22  – 2021 

8th ULPAS - Special Issue 2021 

 

31 

 
 

Figure 1. FT-IR spectra of neat and coated polyester fabrics 

 

Light absorption characteristics of raw and coated fabrics were characterized with spectrophotometer 

between 350 nm-750 nm wavelength (Figure 2). UV-VIS absorbance spectra of neat polyester fabric 

showed regular absorbance curve with absorbance increase under 400 nm wavelength. However, 

graphene and/or PANI coated fabrics showed serrated and regular horizontal lines thorough the visible 

spectrum. Heterogeneity of graphene or PANI at nano or sub-micro scale caused this irregularity. The 

rG1 sample showed only different UV-VIS absorbance curve with lower light absorbance. Furthermore, 

PANI coated fabric showed a peak at 520 nm. This peak is the characteristic peak of polyaniline, 

according to literature [30]. 

 

 
 

Figure 2. UV-VIS absorption curve of neat and coated fabrics 
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DSC analysis were performed in order to investigate the rGO and/or PANI effect on thermal properties 

of fabrics. DSC experiments were performed with 3 °C/min heating rate under nitrogen atmosphere. All 

samples gave a melting dip at 250 °C independently from coating amount and material (Figure 3). 

Additionally, PANI and rGO/PANI coated fabrics showed two dips at 139 °C and 210 °C which are 

caused by glass transition and melting of PANI, respectively [31]. 

 

 
 

Figure 3. DSC curves of neat and coated fabrics 

 
The woven fabrics were investigated by SEM technique to show fiber morphology, fabric surface and 

coating morphology. According to SEM images (Figure 3) of neat elastic polyester fabric, fabric surface 

was relatively rough, and diameter fibers were about 10 µm. Because of that, graphene sheets cannot 

completely wrap the fibers due to its a few micrometers of planar sizes. Graphene coating was consisting 

of partially wrapping of fibers, as shown in SEM images of rGO coated polyester fabric (Figure 4). 

Graphene sheets although could not wrap the woven fiber bundles, it could wrap the single fibers and 

wrapped fiber structure provided the electrical pathway formation. Moreover, graphene sheets could 

infuse the woven structure as an advantage of dip-coating method. SEM images also showed that the 

aniline successfully synthesized onto the fiber or rGO coated fiber surface (Figure 5). 

 

 
 

Figure 4. SEM images of neat polyester fabric 
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Figure 5. SEM images of rGO coated polyester fabrics 

 

 
 

Figure 6. SEM images of PANI+rGO coated polyester fabrics 

 

Neat fabric was an elastic and woven structure. Although elastic materials have regaining the original 

shape ability, because of high mechanical force and nature of polyester fibers, plastic deformation is 

possible for elastic polyester fabric. Because of that, a tensile test was performed on neat fabric in order 

to determine the elastic region. The fabric with 6 cm×15 cm sizes is used for tensile test and test speed 

was 5mm/s. Fabric sample also boiled at 95 °C to achieve structural equality with coated samples since 

the coated fabrics were exposed to heat in GO reduction process. As the result of the tensile tests, it was 

determined that the uncoated fabrics were in the elastic region up to 100% elongation and were exposed 

to plastic deformation at elongations above 100% (Figure 7). Since the range in which the fabric sensor 

can be used will be until the end of the elastic region, electromechanical tests were continued until the 

fabric reached 100% elongation value. 
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Figure 7. Stress-strain curve of neat fabric sample 

 

In electromechanical tests, distance between shoulders were 10 cm. Copper tapes were mounted at the 

two ends of sample as top and bottom electrodes and electrical contacts connected to KEITHLEY 2400 

multimeter. As mentioned in characterization topic, sample was elongated 5% and it stopped for 5 

seconds. Resistivity value on multimeter’s screen was manually recorded. This cycle was maintained 

until the total elongation reaches to 100%. 

 

Firstly, PANI coated sample were electromechanically tested. It was observed that the resistance 

increased abruptly and the resistance value could not be read after 40% elongation, which also means 

that the resistance increased above 1 GΩ (Figure 8). The resistance changes up to this level was 

determined as 2488%. The maximum resistance value was measured as 68 MΩ. It was predicted that 

the reason for this abrupt increase and the loss of conductivity of the fabric at 40% elongation was due 

to the hard and fragile behavior of PANI [32]. 

 

 
 

Figure 8. Elongation-electrical resistivity curve of PANI coated fabric 

 

In rGO coated fabrics, it was determined that rG1 sample was quite insulating structure that it did not 

show any resistance value. It was observed that fabrics with initial resistances directly proportional to 

the amount of coating were produced in 2-layer and 3-layer rGO coated fabrics. It was determined that 

the electrical resistance of rG2 and rG3 fabrics increased by 12.5% and 30.4%, respectively, at the end 

of 100% elongation (Figure 9). Maximum electrical resistance of the rGO coated fabrics was measured 
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to be approximately 32MΩ. In the rGO-coated samples, a slower increase in resistance was observed 

with elongation movement, unlike the PANI-coated sample. The fact that the rGO particles were up to 

a few microns in width and length ensured that the fibers were tightly wrapped, the conductivity was 

higher than PANI, and the interface between fiber and conductive material was more stable [33]. 

 

 
 

Figure 9. Elongation-electrical resistivity curve of rGO coated fabric 

 

In electromechanical tests for 1 layer, 2 layer, and 3 layer rGO and fabric sensors coated with PANI on 

top of it, a more conductive structure was obtained compared to those coated with PANI or rGO. Under 

mechanical deformation, rG2 and rG3 samples and rGP2 and rGP3 samples showed similar curves, 

while rGP1 sample showed a non-linear curve. For rGP1, rGP2 and rGP3, the changes in resistance at 

the end of 100% elongation were measured as 191%, 87% and 97%, respectively (Figure 10). The 

synergistic effect of PANI and graphene derivatives in PANI/rGO samples was confirmed [34]. 

 

 
 

Figure 10. Elongation-electrical resistivity curve of rGO coated fabric 

 

4. CONCLUSIONS 

 

In electro-mechanical tests on conductive coated elastic fabrics, it was observed that the type and 

configuration of the coating material gave different responses in the detection of transformation. While 

a striking change in resistance to unit strain was observed in the PANI coated fabric, it was observed 
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that the intensity of this reaction decreased with the inclusion of rGO in the structure. On the other hand, 

it was determined that a signal can be received from the PANI coated sensor fabric up to a limited 

amount of elongation, and it can be used in a wider strain area in rGO and PANI/rGO coated structures 

despite the lower signal strength. The reason for this situation is the flexibility and particle sizes of 

graphene and its derivatives, and the hard and brittle structure of PANI. In the light of this study the 

reduction of fabric sensors with different reduction methods of GO in the following studies, coating with 

different methods and the application of different conductive polymer coatings on rGO to wearable 

electronics by comparing them among themselves are planned in future studies. 
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ABSTRACT 

 
In this study, water vapour permeability, wrinkle recovery, UV protection and contact angle properties of ion implanted 

Polyester (PES) fabrics were investigated. In order to achieve this goal; a Metal Vapor Vacuum Arc (MEVVA) source 

implanted Pb, Ag, Ag+N, Ti+O and Cr+O to the PES fabrics with 5x1016 ion/cm2 and 30 kV acceleration voltage. The test 

results were compared with unimplanted PES fabric. The results indicated that UV Protection and contact angle values 

increased significantly and also almost no change observed at water vapour permeability and wrinkle recovery. These results 

also varied on severly with different ion species. 

 

Keywords: Ion implantation, Wrinkle recovery, UV Protection, Hydrophobia, Contact angle 
 

 
1. INTRODUCTION 
 

The textile industry is on crisis. Continuos seek for a lower cost and environmentally friendly 

manufacturing methods are still not satisfactory enough. There are several promising techniques are 

being utilized to create  products with higher quality, higher performance, special abilities and longer 

life span. Surface modification of textiles appears to be a good solution for all these problems. The 

surface treatments that alters any desired specifications of the textile surfaces without harming them will 

provide great benefits for all humankind [1]. 

 

For this reason, new methodologies are investigated to modify textiles with special abilities. It is 

obviously understood that one of these methodologies is one step ahead then all other techniques. This 

technique is called ion beam implantation technology. 

 

Metal Vapour Vacuum Arc (MEVVA) appears to be one of the most effective surface modification 

technology available nowadays [1]. In this study, MEVVA was used for surface enhancement. 

 

Ion implantation is a novel technique that enhances the surface properties of any selected materials. Ion 

implantation can especially be useful for the surfaces of the materials which can also have capability to 

upgrade the textile products from conventional textiles to smart textiles [2]. 

 

Ion implantation has been evaluated for several materials [3-12]. However, the textile applications are 

still very limited. In this study, MEVVA ion implantation technique was applied to textile surfaces in 

order to provide them UV resistance, hydrophobia, water vapour permeability and wrinkle recovery 

abilities. 
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2. EXPERIMENTAL 

 

2.1. Ion implantation of polyester fabrics 

 
A Metal Vapour Vacuum Arc (MEVVA) type of ion implantation system was used for Polyester (PES) 

fabrics [1]. In this study, MEVVA ion source implanted Pb, Ag, Ag+N, Ti+O or Cr+O to the polyester 

fabrics with 5x1016 ion/cm2 and 30 kV acceleration voltage. Each ion species was implanted to a different 

10x10 cm2 sized 100% polyester fabric. From now on, the word polyester will refer 100% polyester 

fabric. 

 
The ions penetration depth depends on several factors such as the energy level of the ions, ion doses, 

ion species, ion flux and the atom density in the substrate [13]. 

 

2.2. Water Vapor Permeability Test 

 
The analysis of water vapor transport properties of textile materials are important in this study. Water 

vapor permeability tests provide measurable informations about the comfort properties of textiles. In 

this test ASTM F2298-03(2009)e1 Standard Test Methods for Water Vapor Diffusion Resistance and 

Air Flow Resistance of Clothing Materials Using the Dynamic Moisture Permeation Cell test 

methodology was used to determine water vapor permeability. [14] 

 
2.3. Wrinkle Recovery Angle Test 

 
Analysis of wrinkle recovery is also a very important parameter in this study since it provides 

information about either MEVVA harms the textiles or not. Wrinkle recovery tester is used to investigate 

the wrinkle structures of polyester fabrics. Tests were done according to the AATCC 128 Wrinkle 

Recovery of Fabrics: Appearance Method test methodology [15]. 

 

2.4. UV Protection Factor Test 

 

UPF Protection factor test will provide the information of either MEVVA has capability to provide 

special abilities to textile materials or not. This test measured the amount of blocked and transmitted 

ultraviolet radiation on textile materials. The blocked percentage of UVA and UVB radiation is 

calculated according to AATCC Test Method 183-2004 Transmittance or Blocking of Erythemally 

Weighted Ultraviolet Radiation through Fabrics [16]. In order to achieve that a spectrophotometer is 

utilized. Spectrophotometer analyzed the transmittance of UV radiation in this study. 

 

Table 1. UV Protection Factor(UPF) Categories. 

 

 

 

 

UPF Categories (%) UV Permeability 

15-24 Protection 6.7-4.2 

25-39 very well protection 4.1-2.6 

40-50, 50+ perfect protection <2.5 
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Figure 1. MEVVA Ion implantation Unit, (1) Control Panel, (2) Faraday Cage, (3) MEVVA Ion source, (4) 

Electrical supply circuit, (5) Charge control unit, (7), (8) Power supply, (9) Vacuum chamber 

 

2.5. Contact Angle Test 

 

This test was used to evaluate the fabric's capability of wetting by a standardized solutions with different 

surface tensions. In this work, standard drops of test liquids applied to polyester surfaces and observed 

for contact angle. The test methodology used in this test was AATCC 193-2004 Aqueous Liquid 

Repellency: Water/Alcohol Solution Resistance Test [17]. 

 

To compare success of each ion species at each test more efficiently, a success rate system was 

developed. This success rates were calculated with following formula 

 

                                                           𝑆𝑅 = [(100 𝑥 𝐵)/𝐴];                                                    (1) 
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SR=Success rate, 

B= Test result of selected ion species, 

A=Test result of unimplanted polyester fabric. 

 

For contact angle success rate; A=35, for UPF success rate; A=3,87 and for WRA success rate; A=296. 

These results are presented at Table 2. Detailed results were investigated in the following figures. 

 

3. RESULTS AND DISCUSSION 

 

After executing all the tests, the following table was resulted. All tests were achieved three times in 

order to obtain statistically meaningful results. The results presented below are arithmetic means of the 

experiments. 
Table 2. All results obtained from the tests 

 

Two tests were realized in order to understand ion implanted polyester fabric’s UV Protection and 

hydrophobia abilities. One was UPF test and the other was contact angle test. On the other hand, two 

tests were also realized to understand if there had been any degredation formed after the ion 

implantation, One was water vapor permeability test and the other was wrinkle recovery angle test. The 

reason for performing these tests to fabrics was if there had been any degredation on fabrics, the results 

of WVP and WRA tests would have been changed significantly when compared with unimplanted 

polyester fabric. However no significant change observed at any implanted polyester fabrics. This may 

prove that MEVVA ion implantation causes no deformation on the surfaces of polyester fabrics. Further 

experiments are necessary to prove this claim. 

 

UPF and contact angle test results are very promising. At UPF test, when compared with unimplanted 

polyester, especially Ag and Cr+O implanted polyesters resulted with high efficencies. Also, at contact 

angle test, all implanted polyesters presented at least 3 times higher efficiencies when compared with 

untreated polyester fabric. 

 

3.1. SUCCESS RATES OF THE TESTS 

 

When contact angle test was analysed, it is obviously understood that ion implanted fabrics has shown 

distinctive success. This means polyester fabrics had become more hydrophobic after implantation. The 

highest success was seen at Ti+O implantation, it has presented 3.57 times higher hydrophobia after 

implantation. The least success was shown at Cr+O ion implantation and even at that situation, it has 

presented 2,87 times higher hydrophobia when compared with unimplanted polyester fabric. 

 

 

    

No 

Water Vapor 

Permeability 

(WVP) 

Water Vapor 

Permeability 

Index (L)% 

Wrinkle 

recovery angle 

(WRAº(W+F)) 

UV 

Protection 

Factor 

(UPF) 

Contact 

Angle 

(º) 

Unimplanted 546,6 109% 296º 3,87 35 

Pb 394 95% 307 º 15 111,68 

Ag 434,9 87,3% 281 º 30 113,32 

Ag+N 524,3 105% 303 º 10 123,87 

Ti+O 524 105% 284 º 10 125,05 

Cr+0 451 90,7% 285 º 20 100,69 
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Figure 2. Contact angle success rate results of the ion implanted and unimplanted polyester fabrics 

 

In this test, more contact angle success rate means more hydrophobia and more hydrophobia means 

more liquid repellent. Finally this means; less stains on textiles, less laundry, less electricity 

consumption, less detergant consumption, improved life-time for textiles, less textile production and a 

result with a more cleaner world. Original test results can be seen at Table 1. 

 

 
 

Figure 3. UV Protection Factor success rate results of ion implanted and unimplanted polyester fabrics 

 

When UPF test analysed, it has been seen that ion implanted fabrics has presented the best results of the 

study. Especially Ag ion implanted polyester fabric has increased it’s UPF value 775,19% higher when 

compared with unimplanted polyester fabric. Even the least successful Ag+N implantation has presented 
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258,39% increase it’s UPF value. These results has proved us great benefits of MEVVA ion implantation 

for textile industry. Original test results can be seen at Table 2. 

 

3.2. SUCCESS RATE OF CONTROL TESTS 

 
Table 3: Water Vapor Permeability Test results. 

 

 

 

 

 

 

 

 
When WVP tests resulted, it has been observed that only a slight difference occured at ion implanted 

fabrics. The reason of this is implanted ion species do not cover and thicken the fibers. So, only a slight 

difference at WVP values may or may not perform on polyester fabrics. This results means, even after 

the implantation, polyester fabrics can still breath and will not disturb the user. This test proved us, 

MEVVA ion implantation has no harm for polyester fabrics. No success rate needed for water vapor 

permeability results due to WVP test has got it’s own WVP Index. 
 

 
 

Figure 4. Wrinkle Recovery Angle (WRA) success rate results of ion implanted and unimplanted polyester fabrics. 

 
When WRA tests resulted, it was noticed that all ion implanted polyester fabrics have almost same score 

with unimplanted one. Almost no difference seen in this test. This test proved that MEVVA ion 

implantation did not harden or loosen textile fibers. Because of this reason, all ion implanted polyesters 

could be able to present same wrinkle recovery angle performance with unimplanted polyester. 

 

 

 

 

 

No Water Vapor Permeability (WVP) Water Vapor Permeability Index (L)% 

Unimplanted 546,6 109% 

Pb 394 95% 

Ag 434,9 87,3% 

Ag+N 524,3 105% 

Ti+O 524 105% 

Cr+0 451 90,7% 
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3.3. SUCCESS RATE OF ION SPECIES 
 

 

 

Figure 5. Pb success rate results at wrinkle recovery angle, contact angle and UPF tests. Water vapor permeability 

index result is 95%. 
 

While determining success rate of each ion species, just like the figures shown before, unimplanted 

polyester fabric had taken as a reference point and success of ion species were analysed according to 

that reference point. 
 

In Figure 5, it can be seen that Pb succeded at much at UPF test. Also with same ion dose, Pb has 

presented very effective hydrophobia success rate which can be understood from contact angle test 

results. Finally it is seen that Pb has no harm for polyester fibers that can be analysed from wrinkle 

recovery angle and water vapor permeability index since if Pb implantation disordered the fibers of the 

fabric, wrinkle recovery angle would have been decreased or increased significantly. However, almost 

no change at wrinkle recovery angle was observed. This analyse can also rely on water vapor 

permeability index. No significant change was seen at that result too.  
 

 
 

Figure 6. Ag success rate results at wrinkle recovery angle, contact angle and UPF tests. Water vapor permeability 

index result is 87,3% 
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In Figure 6, it has been seen that, Ag has the most successful result of the study at UPF test. The UPF 

result of Ag implanted polyester was increased 775,19% when compared with unimplanted polyester. 

Also with same ion dose, contact angle results increased significantly. As a similar result to Pb, no 

degredation at fibers was observed at polyester fabric. This can be analysed from both wrinkle recovery 

angle result and water vapor permeability index result. Almost no change was seen at both results. 

Further investigations will strengthen the results of this claim. 
 

 
 

Figure 7. Ag+N success rate results at wrinkle recovery angle, contact angle and UPF tests. Water vapor 

permeability index result is 105% 

 

In Figure 7, Ag+N implantation was succeeded at contact angle test at much and also it showed high 

success at UPF test. No significance increase or decrease determined at both wrinkle recovery angle test 

and water vapor permeability test. 
 

 

 

Figure 8. Ti+O success rate results at wrinkle recovery angle, contact angle and UPF tests. Water vapor 

permeability index result is 105%. 
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At Figure 8, Ti+O implantation presented it’s most successful result at contact angle test. Also 

UPF test resulted with success. Just like Pb, Ag, Ag+N; Ti+O did not resulted any degredation 

at polyester fabrics. This can be understood from wrinkle recovery angle and water vapor 

permeability index results. 
 

 

 

Figure 9. Cr+O success rate results at wrinkle recovery angle, contact angle and UPF tests. Water vapor 

permeability index result is 90,7%. 

 

In Figure 9, Cr+O implantation presented one of the highest result of the study at UPF Test. Also contact 

angle test resulted with success. No disorder was presented at polyester fabrics. 

 

4. CONCLUSION 

 

Polyester (PES) textiles are at a leading position in their share at textile industry therefore polyester 

fabrics was used at this study. In the first part of this study, UV Protection Factors and contact angle test 

results of implanted PES fabrics were investigated. In order to achieve this goal; Pb, Ag, Ag+N, Ti+O 

and Cr+O implanted to the PES fabrics with 5x1016 ion/cm2 and their test results were compared with 

unimplanted PES fabric. The results of tests are promising. It has been seen that at both Contact angle 

test and UPF test, all ion implanted polyester fabrics presented distinctive success. 

 

In the second part of the study, wrinkle recovery angle and water vapor permeability tests were done at 

PES fabrics to understand if there are any degredation formed on polyester fabrics after the ion 

implantation. Just like the first two tests; Pb, Ag, Ag+N, Ti+O and Cr+O implanted to the PES fabrics 

with 5x1016 ion/cm2 and their WVP and WRA test results were compared with unimplanted PES fabric. 

At the end of these tests, It has been understood that almost no significant disorder formed at polyester 

fabrics after ion implantation. 

 

There might be several questions asked about why some elements and compounds behave much 

different than the others. There are several theories about how these ions effect the chemical structures 

of the materials however the exact answers of the chemical pathways of surface modification are still 

unkonown up to date. Those answers can be research subjects of multiple other investigations.  
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This study proved us great benefits of MEVVA ion implantation on polyester textile surfaces. In 

additionally, as a more important result, this study has presented that MEVVA ion implantation 

technique is not harmful for polyester textiles fibers. 

 

The results of this study were partially published at some conferences [18-19] and based on several prior 

studies achieved by same group [20-21]. The results shared at this paper are much more extended version 

of those studies. 

 

Similarly, several investigations based on the antibacterial efficiencies of Ag and TiO2 implantations by 

MEVVA are investigated deeply in another publication of the same group [22]. Therefore, those results 

are not included in this publication. 

 

In addition, hopefully this study is aimed to strenghen the biomedical research achievements of the 

same group [23-28] and also be an important step at smart textile researches. 
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ABSTRACT 
 

Thermoplastic composite parts in the aerospace industry have recently increased due to the reshaping and reusing potentials of 

thermoplastic composite materials. The thermoforming process is one of the effective manufacturing methods to form 

thermoplastic composite materials. The main benefits of the process are low cost and short process time. Optimization of the 

process parameters is essential to produce accurate parts. In this present study, effects of plate geometry and connection 

technique, preheating, and pressing parameters are investigated experimentally for the thermoforming of Poly Ether Ketone 

Ketone / Carbon Fiber (PEKK / CF) and Polyphenylene Sulfide (PPS) sheets. Results reveal that wrinkle and warping problems 

of the formed sheets are minimized by optimization of these parameters. 

 

Keywords: Thermoplastic, Thermoforming, PEKK, PSS 

 

 

1. INTRODUCTION 
 

Composite materials are significant and attractive for many industries, especially for the aerospace 

industry. The superior mechanical properties and the substantial weight reduction in systems are the 

main reasons for their attractiveness [1]. Moreover, composites can provide comparable performance to 

conventional metallic materials while decreasing the weight from 10 to 50% [2]. Not only weight but 

also cost reduction is possible from 10 to 20% using composite instead of metallic materials [3]. 

Thermoset materials are widely used in the aerospace industry. However, the production of thermoset 

composites consists of many stages, which are obstacles to rapid production. Thermoplastics have got 

significant attention in primary aircraft parts due to their fast production advantage [4]. 
 

 
Figure 1. Processing methods for thermoplastic composites [6] 

https://orcid.org/0000-0002-6708-5307
https://orcid.org/0000-0002-8797-4224
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There are many manufacturing methods developed for thermoplastic composites [5]. Some of these 

processes are generally used for thermosetting composites and sheet metal forming, but these fabrication 

techniques such as compression molding, tape winding, thermoforming, joining, and pultrusion have 

become for the thermoplastic composites (Figure 1) [6]. 

 

The aerospace industry is particularly interested in the press forming (thermoforming) of thermoplastic 

materials for rapid production [7]. Press forming is a type of ‘thermoforming,’ a set of processes for 

shaping a blank that has been melted by an oven and consists of three main steps: preheating, forming, 

and cooling.  

 

Preheating is categorized as infrared (radiation) heating, contact or conduction heating, or convection 

heating, depending on how heat is applied to the blank. While contact heating is the most effective form 

of heating, and convection heating allows for the most uniform temperature distribution, contact heating 

fails in practical use due to bonding between tool and blank. Convection heating is slow and inefficient, 

lagging behind infrared heating. In the scope of rapid manufacturing, the most crucial parameter is the 

overall process time. [8,9] Infrared heating allows for a quick preheating process, reducing overall 

process time while providing great convenience and flexibility. 

 

Blanks are heated over the melting temperature and transferred from the oven to the hot press system to 

form the pre-consolidated blanks into a 3-D shape. However, forming for thermoplastic composites have 

also some issues. It can be a restrictive aspect of whether the defects like warping and wrinkle can occur 

while processing. Wrinkles and warpage can cause damages that make the produced part a scrap. 

Moreover, the material defects which may not be noticed could cause catastrophic failure. Production 

parameters and processes must be examined precisely without errors since aircraft components have to 

comply with aviation regulations completely. 

 

In the presented study, blank geometry, connection technique (blank to frame), heating, and pressing 

parameters are optimized to resolve the problems. 

 

2. EXPERIMENTAL PROCEDURE 

 

In this study, PPS and PEKK thermoplastic blanks were used. The aerospace-grade materials were 

supplied from TenCate and ATC companies. Sheets were formed at the Turkish Aerospace 

Thermoplastic Research Laboratory. 

 

As mentioned earlier that preheating before shaping is essential for thermoplastics. Therefore, 

experiments were carried out in an IR oven. It is closed on four sides and has two tip-up gates, upper 

and lower heater sections. Each of these sections consists of 120-mm by 120-mm 25 ceramic heaters. 

Upper and lower sections can be controlled to set distances between surfaces of plate and heaters by 

servo motors, as seen in Figure 2 (a). Heaters in each section are divided into two groups to heat different 

controlled zones utilizing an embedded PID (Proportional integral derivative) control unit 
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    (a)         (b) 
 
Figure 2. (a) Control and heating unit; (b) Experimental setup and the thermoplastic sheet attached to the frame 

 

In PLC controlled PC, desired temperature, blank distance, heating ramp-up values were set. The 

temperature was checked by the system using Type-K thermocouples, which are placed inside of the 

heaters. When heaters reached that value, the blank was sent to the oven. The blank is held by springs 

from the corners to prevent materials from necking because of softening during heating. Holes were 

drilled in the four corners of the blank and connected to the frame with springs, as shown in Figure 2(b). 

 

When the oven reached the desired temperature, the frame was sent, and the gates were closed. After a 

few minutes, the thermoplastic blank reaches the process temperature above the melting point. The 

molten blank was ready to be shaped. Therefore, it was left in the oven and moved under the press. 

When the frame located under the upper press side of the tool moved down, and the blank was stamped 

a few minutes between the press tool after the required time passed, the shaped blank was removed from 

the frame, and the thermoforming process thermoplastic composites was completed. 

 

3. RESULTS AND DISCUSSION 

 

In this paper, PPS and PEKK thermoplastic composites were used for the aircraft rib production process. 

It is necessary to fulfill the required mechanical properties. Therefore, it is required to find optimum 

parameters to get desired properties. The part should pass all required tests. 

In Table 1, IR was preheating, and IR instant heating was compared. In IR preheating, the PPS plate has 

51.9% faster heating to reach the steady-state temperature (𝒕𝒔𝒔), 8.63% higher plate temperature at 

steady state (𝑻𝒔𝒔,𝒑𝒍𝒂𝒕𝒆), 56.4% smaller temperature difference (𝛥𝑇𝑠𝑠) and 82.9% lower power 

consumption (𝒒𝒂𝒗𝒈). These results were expected because IR heaters consume massive power to heat 

themselves first in IR instant heating, and the heated air contributes to heat the PPS plate faster. The 

critical issue is heating time for the part productions. As a result, IR preheating is more efficient for 

mass production and reduction of cycle time 
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Table 1. Results of Exp.1, Variable parameter: Heating method 

 𝒕𝒔𝒔 (𝒔𝒆𝒄)  𝑻𝒔𝒔,𝒑𝒍𝒂𝒕𝒆 (°𝑪) 𝛥𝑇𝑠𝑠 𝒒𝒂𝒗𝒈 (𝒘𝒂𝒕𝒕) 

IR 

preheating 

380 200 300 500 

IR instant 

heating 

430 260 200 500 

 

The part was successfully processed, as seen in Figure 3.  

 

Figure 3. Produced aircraft rib 

Based on experimental results, essential parameters were determined and optimized, i.e., heating 

temperature, heating time, and tooling temperature (Table 2). Degree of crystallinity tests was performed 

for thermoformed ribs, and results are shown in Figure 5. The expected percent of crystallinity values 

between 23 - 27% were achieved, and these values are sufficient to enable required mechanical 

properties. A summary of the degree of crystallinity is given in Table 3. 

Table 2. Summary of optimum process parameters 

Material 

Oven Set 

Temperature 

(°C) 

Tool Set 

Temperature 

(°C) 

Preheating 

time (s) 

Pressure 

(psi) 

Time (tool) 

(s) 

PPS 380 200 300 500 150 

PEKK 430 260 200 500 130 

 
Table 3. Summary of the degree of crystallinity 

Sample Name 
Sample Weight 

(mg) 

Resin 

Content(%) 

Percent 

Crystallinity 

(%) 

Melting 

Temperature 

Peak (°C) 

Blank Panel 

(BT) Run1 
17.80 43 23.66 284.32 

Blank Panel 

(BT) Run2 
17.70 43 23.88 283.92 

Blank Panel 

(BT) Run3 
18.90 43 26.21 283.46 

Rib Trial-2 

(T2) Run1 
17.50 43 24.07 281.78 

Rib Trial-2 

(T2) Run2 
16.50 43 24.80 282.61 
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Rib Trial-2 

(T2)  Run3 
17.30 43 23.72 281.41 

 
 

 
Figure 4. Degree of crystallinity graph 

 

Micro-cut measurements (thickness measurements) of the surface profile were performed at different 

points from the web and both flanges of the part with a ball-ball micrometer (Figure 5.). It was observed 

that the thickness difference is within the acceptable tolerances. All the measurement data were tabulated 

in Table 4. 
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Figure 5. Micro-cut measurements of the PPS RIB 

 
Table 4. Thickness measurements 

 Zone 1 (µm) Zone 2 (µm) 
Zone 3 

(µm) 

Deviation 

Zone 1 (%) 

Deviation 

Zone 2 (%) 

Deviation 

Zone 3 (%) 

Blank Panel A 2817 2828 2818 -0.46 -0.07 -0.42 

Blank Panel B 2812 2796 2791 -0.64 -1.20 -1.38 

Rib Trial  (Part 1) 2853 2809 2809 0.81 -0.74 -0.74 

Rib Trial  (Part 2) 2840 2831 2776 0.35 0.04 -1.91 

Rib Trial  (Part 3) 2837 2826 2823 0.25 -0.14 -0.25 

 

In addition to DSC and micro-cut analysis, tensile tests were also applied to PEKK and PPS samples to 

investigate their mechanical performance. Tensile tests were performed at the INSTRON testing 

machine. There were five samples prepared for each composite (PEKK and PPS) according to the ASTM 

D3171 - 99. Tensile tests were performed at room temperature and 5mm/min deformation speed. Results 

of these tensile tests are given in Figure 6 and Table 5. These results were average values of 5 samples. 
 

 
Table 5. Tensile test results of the PEKK and PPS rib parts 

 

  Ave. Tensile Strength (MPa) Ave. Elastic Modulus (GPa) 

PEKK 823.7 ± 63.2 24.3 ± 0.3 

PPS 607.7 ± 17.3 23.1 ± 0.8 
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Figure 6. Tensile test results of PEKK and PPS thermoplastics 

 

As seen from the results, the tensile strength of the PEKK is greater than PPS. Average tensile strength 

(608 MPa) and elastic modulus (23 GPa) of the PPS were observed. These results have complied with 

the literature [10]; therefore, it can be concluded that thermoforming process of PPS does not affect the 

mechanical properties. Moreover, tensile strength and elastic modulus results of the PEKK composite 

(824 MPa; 24 GPa) were also similar to the literature [11]. It shows that during thermoforming, the 

mechanical properties of the PEKK thermoplastic composite were also conserved. No significant change 

was recorded. As a result, selected thermoforming parameters for PEKK and PPS were accepted as 

optimum since their thermal and mechanical properties are not changed after they are shaped.  

 

 

4.CONCLUSIONS 

 

Thermoplastic composite materials are quite important for the aerospace industry, because of their 

superior advantages compared to metals and thermoset composites. Thermoforming is a standard 

method used for the shaping of thermoplastics. However, the thermoforming process has many 

parameters, and optimizing these parameters is critical for each material and part of the aircraft. This 

paper studied the thermoforming process of two different thermoplastic composites, e.g. PEKK and 

PPS. These two were selected since they are widely used in aircraft structures. After studying several 

parameters, the optimum of thermoforming parameters (temperature, pressure, time, etc.). 

 

Results indicated that wrinkle and warping problems of the thermoformed sheets are minimized by 

parameter optimization. The most optimum parameters were determined. 

 

FUTURE WORKS 

 

This study was completed using consolidated blanks. In the future, the primary goal is to study 

consolidation, i.e., producing blanks from semi-crystalline pre-preg under high temperature and pressure 

conditions.  
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ABSTRACT 
 

In recent years, while people are dealing with problems such as global warming caused by environmental pollution caused by 

the use of traditional fossil energy sources, they have also faced the dilemma of energy crisis in the search for alternative 

renewable energy sources. The development of renewable and clean energy sources such as wind, solar and tidal energy has 

become increasingly important. In addition, nanogenerators, which convert waste mechanical energy into electrical energy 

through physical interaction, have attracted great interest among innovative studies in recent years. There is a need for 

maintenance-free and flexible wearable nanogenerators that can provide a sustainable power source for wearable/portable 

electronics. In this study, thermoplastic polyurethane (TPU) coated nanogenerator fabrics containing graphene / Zinc Oxide 

(ZnO) / Silver nanowires (AgNW) were developed for use in wearable electronics and the effect of zinc oxide concentration 

on the output power of textile-based nanogenerators was investigated. As a result, the nanogenerator fabricated using 7% by 

weight of ZnO produced 10 mW of power, indicating that ZnO-based materials can assist in the development of flexible TPU-

based piezoelectric nanogenerators and advance to a new stage. 

 

Keywords: Piezoelectric nanogenerator, Nanocomposite, Wearable electronic, Graphene, Textile electrode 
 

 

1. INTRODUCTION 

 

The use of fossil fuels for years along with the increasing energy demand has brought environmental 

problems, and the depletion of fossil fuels and their environmental damage has led to the concern of 

energy resources for the future. Driven by the latest technological advances and growing concerns about 

the environmental impact of the sustainability of traditional fuel usage, the possibility of generating 

significant amounts of clean, sustainable energy from renewable energy sources is of great interest 

worldwide for last a few decades. Solar, wind, biomass, and geothermal based energy sources are most 

known renewable energy sources [1]. It is stated that the global consumption of renewable energy 

sources will be reached a level equivalent to 318 exajoules (1 exajoule: 1 quintillion joules) of fossil 

fuels per year by 2050. This production rate also means that less than 0.01% of the 3.8 million exajoule 

solar energy reaching the earth's surface is used each year [2]. Moreover, there are studies that used two 

different energy conversion mechanisms in order to increase the energy conversion efficiency [3]. The 

conversion of small amounts of mechanical energy takes place between the vibrational and electrical 

forms of the material. The devices that convert small amounts of mechanical energy (or thermal) to 

electrical energy are named as nanogenerators [4]. The nanogenerators are divided into three main 

classes as pyroelectric nanogenerators that convert thermal energy into electrical energy, triboelectric 

nanogenerators and piezoelectric nanogenerators that convert mechanical energy into electrical energy 

[5]. Pyroelectric nanogenerators consist of thermally polarizable active layer and electrodes; thermally 

polarized active material generates the potential difference by a thermal gradient effect [6]. Triboelectric 

nanogenerators, based on static electrification between at least two different dielectric materials [7]. 

Finally, piezoelectric nanogenerators are devices that generate electrical energy under pressure or 

mailto:ayse.bedeloglu@btu.edu.tr
https://orcid.org/0000-0002-4079-4218
https://orcid.org/0000-0001-8405-3676
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bending forces [8]. The nanogenerators convert human motion, water flow, rain droplets, wind, or 

vibration based mechanical energy into the electrical energy [9]. Wearable nanogenerators took 

remarkable attention for last five years in order to harvest human motion with textile comfort and low 

maintenance [10]. Wearable nanogenerators can be used for different purposes like health care sensors 

[11], energy harvesting [12], motion monitoring [13], human-machine interaction [14], and electronics 

[15]. Especially for wearable technologies, flexibility is one of the most studied points in engineering 

fields [16]. These devices can also be used as a power source for self-powered systems and reduce 

battery usage, which contributes to a reduction in environmental pollution in the long run. 

 

ZnO, the well-known and cheapest piezoelectric material, is also a brittle, acid-soluble and white 

wurtzite crystal. ZnO nanowires was first time used as energy harvester in 2006 by Wang and then, 

nanogenerator concept was emerged. Wang produced vertically aligned ZnO nanowires on a polymeric 

substrate by chemical vapor deposition (CVD) method and The ZnO nano-forest produced electrical 

energy under the action of mechanical forces [9]. ZnO is also used by hybridizing with carbon-based 

materials for nanocomposite-based nanogenerator applications [17–20]. Chung et. al. used a thermoset 

polyurethane (PU) foam as substrate. PU foam was first coated with graphene oxide (GO) as bottom 

electrode and GO was reduced with ascorbic acid. Then, vertically aligned ZnO nanowires were grown 

by hydrothermal method. Finally thin Au film was coated onto nanogenerator as top electrode and 

nanogenerator generated 0.5 V voltage and 0.2 μA/cm2 current density [21]. In another work, ZnO nano-

forest was grown on graphene-coated PET foil. ZnO-graphene layer was detached from PET substrate 

and other side of graphene was also coated with ZnO nanowires by hydrothermal method and 

ZnO/graphene/ZnO structure is obtained. Indium tin oxide (ITO) coated PET foils were used as top and 

bottom electrodes of the nanogenerator. Obtained piezoelectric nanogenerator generated 0.17 V voltage 

and 27.5 nA current [17]. Zhou group developed a highly stretchable energy generator based on 

thermoplastic polyurethane (TPU), silver nanowires (AgNW), reduced graphene oxide (rGO) and ZnO 

nanowires. This study demonstrated that AgNW and rGO has a synergistic effect to form electrically 

conductive pathway [10]. Besides, the ZnO nanomaterials, perovskite nanomaterials [22],  

polyvinylidene fluoride (PVDF) films [23], or nanofibers [24] can also be used as piezoelectric 

nanogenerators, while ZnO is more preferred due to its low cost and easy synthesis advantages.  

 

In this study, the effect of ZnO nanowire concentration on the output voltage and current of textile-based 

nanogenerator devices was investigated. AgNW and rGO were used to form conductive pathways and 

transmit the generated electrical charge from the ZnO nanowires to the upper and lower electrodes. 

However, since the concentrations of AgNW and rGO in the nanocomposite will affect the output signals, 

the conductive filler concentrations were kept constant for each sample to clearly observe the effect of 

ZnO on the output signals. The prepared nanocomposite solutions were coated on a polyaniline-coated 

cotton fabric as the bottom electrode and coagulated on the fabric. The nanogenerators were fabricated by 

mounting the upper and lower electrodes on fabric samples. The nanogenerators were subjected to the 

bending test to simulate human elbow movement and output signals were recorded simultaneously. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

Dimethyl formamide (DMF) (Merck) is used as solvent. Ether-based TPU was used as matrix polymer. 

Graphite powder(Merck), phosphoric acid (85% Sigma-Aldrich), sulfuric acid (98% Merck), hydrazine 

hydrate (55%, Sigma), hydrogen peroxide (35%, Sigma-Aldrich), hydrochloric acid (37%, Fischer 

Chemicals), and ethanol (ISOLAB) were used for rGO synthesis. Silver nitrate (99.5%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP), ethylene glycol (EG) (99.9% Sigma-Aldrich), and sodium chloride (NaCl) 

(99.9%, Sigma-Aldrich) were used for AgNW synthesis. Zinc nitrate hexahydrate, hexamethylene 

tetramine (HMTA) and ethanol were used for ZnO nanowire synthesis. Aniline (99.9%, Sigma-Aldrich), 
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hydrochloric acid (37%, WVR Chemicals) and ammonium persulfate (APS) (98%, Sigma) were used 

for polyaniline synthesis on fabric surface.  

 

2.2. Methods 

 

2.2.1.  GO synthesis and chemical reduction 

 

GO was synthesized according to Improved Hummers’ Method [25]. 2 g of graphite powder was added 

into sulfuric acid-phosphoric acid mixture (9:1 by volume) and stirred for 30 minutes. After 30 minutes, 

12 g of KMnO4 was added into flask and reaction was maintained overnight at 50 °C. Obtained brown 

mixture was poured onto 300 mL of deionized (DI) water ice in order to prevent sudden temperature 

rise. Then, 2 mL of H2O2 (30%) added in reaction mixture to neutralize the excess amount of KMnO4. 

Reaction mixture was centrifuged and brown GO powder was separated from liquid phase. GO flakes 

was washed with ethanol and HCl for once and washed with DI water for 20 times to removal of 

impurities. After washing step, GO was dried in fume hood for one week. GO powder was homogenized 

with ultrasonic homogenizator in DI water and reduced in 0.3 M hydrazine hydrate at 95 °C for 12 hours. 

Black rGO powder was washed with DMF for a few times to remove residual DI water and stored in 

DMF. 

 

2.2.2.  AgNW synthesis 

 

AgNWs were synthesized with a modified method of literature [26]. Firstly, 0.007 g of NaCl was 

dissolved in 10 mL of EG. Separately, 0.204 g of AgNO3 was dissolved in 10 mL EG. 1 g of PVP was 

also separately dissolved in 20 mL of EG at 80 °C. NaCl solution was added slowly into the PVP 

solution. AgNO3 solution was also added dropwise to the reaction mixture. Heater was set to 180 °C 

and color change observed with increasing temperature (Figure 1). The color change is due to AgNO3-Ag 

transformation and Ag nanocube-Ag nanowire transformation [27]. The reaction mixture was cooled at 

room conditions. The AgNW dispersion was washed several times with acetone and DI water to remove 

PVP and ionic impurities. The final product was washed several times with DMF and stored in DMF. 

 

 

Figure 1. Color change with increasing temperature in AgNW synthesis 
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2.2.3.  ZnO nanowire synthesis 

 

0.1 M of Zn(NO3)2.6H2O and 0,1 M HMTA solutions were mixed in equal volume [28]. Mixed solution 

was transferred in a PTFE lined hydrothermal reactor and heated to 180 °C for 8 hours. The reactor was 

cooled and white ZnO powder was washed with DI water and ethanol, respectively. Final powder was 

stored in DMF. 

 

2.2.4.  Polyaniline (PANI) coating of cotton fabric 

 

PANI was synthesized by in-situ polymerization method [29]. with presence of woven cotton fabric. 

Molar ratio of aniline monomer and ammonium persulfate (initiator) was 4:1 and polymerization was 

performed in 1 M HCl solution. Firstly, Aniline-HCl solution was cooled in ice bath between 0-5 °C 

and cotton fabric was soaked in the solution. APS was dissolved in 1 M HCl solution and APS-HCl 

solution was added into monomer solution dropwise. Polymerization was maintained for 12 hours and 

PANI coated fabric was dried in an oven. Dried fabrics were doped with HCl fume. 

 

2.2.5.  Preparation of nanocomposite solutions 

 

Each nanomaterial was stored in DMF, after synthesis steps and concentrations of each nanomaterial 

solution were determined by solvent removing method: Known volume of nanomaterial solution was 

heated up to 150 ˚C and residual solid was weighed with precision. All nanocomposite solutions contain 

14% solid (polymer and additive) by weight. The concentration of conductive additives (rGO and 

AgNW) was 0.25% by weight in TPU. Nanomaterial concentrations were given in Table 1. 

 
Table 1. Sample names and nanocomposite solution compounds 

Sample Name ZnO (%) AgNW (%) rGO (%) 

PNG1 1 0.25 0.25 

PNG2 3 0.25 0.25 

PNG3 5 0.25 0.25 

PNG4 7 0.25 0.25 

PNG5 9 0.25 0.25 

 

2.2.6.  Device fabrication 

 

PANI coated fabrics were used as substrate of nanogenerators. Nanocomposite solutions were firstly 

poured onto fabrics and nanocomposite films were coated with a film applicator with thickness of 200 

µm. The fabrics were immediately immersed in 1M HCl solution to coagulate the PU. HCl solution in 

coagulation bath prevented the dedoping of PANI in coagulation step due to ion impurity in water. The 

nanocomposite film-coated fabrics were sandwiched between two aluminum tapes, as the top and 

bottom electrodes. Sandwiched structure encapsulated with polydimethylsiloxane (PDMS) to 

mechanical stability and electrical insulation [30].  

  

2.2.7. Characterization  

 

The morphological analysis of AgNW and ZnO nanowires was performed by scanning electron 

microscopy (LEO GEMINI 1530, Carl Zeiss SEM) under 5 kV voltage with the distance between 8-9 

mm. The electromechanical characterization was performed with a periodic bending apparatus designed 
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in our previous study [30]. The electrical contacts of nanogenerators were connected to an oscilloscope 

(GW INSTEK 1102-B) and output signals were recorded. A current clamp (FLUKE i30s) was also used 

for output current measurements. Output power values are calculated with Ohm's Law [31]: 

 

 𝑃 = 𝑉 × 𝐼 (1) 

   
where P is power, V is open circuit voltage and I is short circuit current. 

 

3. RESULTS AND DISCUSSION 

 

3.1. SEM Results 

 

SEM images of ZnO nanowires were given in Figure 2. ZnO nanowires have a diameter of about 130 

nm and a length of 570 nm. As seen in the SEM images, several ZnO nanowires were grown on a nucleus 

[32]. SEM images also showed successful synthesis of AgNWs (Figure 3). The diameter distribution of 

AgNWs was very homogeneous and very thin (mean 23.6 nm) at 700 nm in length. 

 

 

 
 

Figure 2. SEM images of ZnO nanowires 
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Figure 3. SEM images of AgNWs 

 

 

3.2. Electromechanical Characterization 

 

Piezoelectric energy conversion of all samples were monitorized with an oscilloscope. Every bending 

movement represented a peak in time-voltage graphs. Maximum signals were determined by Vp-p 

values. V-t graphs of nanogenerators were given in Figure 4. As a result of the voltage measurements, 

it was observed that the voltage signals increased with increasing The 9% ZnO doped nanogenerator 

showed lower piezoelectric output voltage than the 7% ZnO doped nanogenerator. On the other hand, 

the signal intensity increased up to the addition of 7% ZnO (Figure 4a-IV). The short-circuit current 

output signals were given in Figure 4b. All nanogenerators showed similar output current characteristics. 

However, a periodic signal (such as voltage graphs) could not be observed because the current produced 

was very low and not stable. 

 

As a result of power calculations and P-t graphs, 7% ZnO doped nanogenerator showed the highest 

output power with 10.88 mW and the most intense signal output (Figure 4c-IV). Maximum output 

voltage, current and power values are also given in Figure 5. Maximum voltage and power values were 

obtained from 7% ZnO doped nanogenerator 1.12 V and 10.88 mW. The voltage and power values were 

increased with ZnO amount [33]. until 7% doping. It can be said that falling at 9% ZnO doping can be 

caused by increase on ZnO/conductive filler ratio with increasing ZnO amount. In other words, optimum 

ZnO/conductive ratio was 14 (7% ZnO doping, 0.25% graphene and 0.25% AgNW doping) for 

nanocomposite-based piezoelectric nanogenerators. The maximum output current as 72 mA was 

obtained from the 5% ZnO doped nanogenerator. 
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Figure 4. a) Voltage-time, b) current-time, and c) power-time graphs of piezoelectric nanogenerators 
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Figure 5. Maximum voltage, current and power output of nanogenerators 

 

4. CONCLUSION 

 

It has been observed that the amount of ZnO used in the produced nanogenerators generally increases 

in direct proportion to the energy conversion efficiency. According to the electromechanical results, it 

was observed that the PNG4 sample produced 1.12 V voltage and 52 mA current (the nanogenerator 

produced a total of 10 mW power). The energy conversion efficiency exhibited by the rGO/ZnO/AgNW 

doped samples showed that nanogenerators could be used by developing them with these materials. In 

addition, this study revealed the importance of the "piezoelectric material/conducting material" ratio for 

nanocomposite-based nanogenerators. It can be clearly seen that increasing the piezoelectric/conductor 

ratio improves the output signals up to a piezoelectric/conductor ratio of 14. However, above 14 output 

voltage and current signals started to decrease. Thanks to the sustainable features of nanogenerators, 

which are cleaner, renewable and environmentally friendly devices, it is predicted that they will take 

more place in human life in the future. 
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ABSTRACT 
 

In this study, novel wound dressing materials based on non-woven (NW) surfaces were developed using the electrospraying 

(e-spraying) process. Polyester spun-bond (PET SPB), polypropylene spun-bond (PP SPB), and polypropylene melt-blown 

(PP MB) surfaces used as matrix, and folic acid (FA), vitamin B9weresprayed on these surfaces. The resulting NW fabrics 

with the same FA content were investigated in terms of physical, morphological, thermal, wettability properties.Scanning 

Electron Microscopy and (SEM) and Fourier Transform Infrared (FT-IR) spectroscopy results showed the formation of 

physical interaction between NWs and FA.Notably, FA was successfully deposited onto NWs with average fiber diameters 

from 2.6 µm to 23.11 µm. According to the thermogravimetric analysis (TGA),FA loaded-PP SPB has enhanced thermal 

stability compared to pure one (PP SPB). The FA-loaded surfaces have a hydrophobic property with contact angles values 

more than >90°. The in-vitro release was carried out by UV-Vis within the 8 hour-period phosphate buffer saline (pH 7.2). 

The results indicated that FA-loaded surfaces have a fast release behaviour. The total FA release amounts of the FA-loaded 

PET SBP, PP SPB and PP MB NWs were found as 22.8, 17.1, and 17.5 ppm. Moreover, the biocompatibility of all resulting 

NW surfaces was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and neutral red uptake 

(NRU) cytotoxicity tests in L929 cell lines.The obtained NWs are biocompatible and non-toxic material, except PET SPB-

sFA.The study indicated that FA-loaded NWs can be potential candidates for wound healing applications. 

 

Keywords: Non-woven surfaces, Wound healing, Folic acid, Contact angle, Thermal analysis 
 

 

1. INTRODUCTION 
 

Cell proliferation, migration, reepithelization, and tissue remodelling are all part of the wound healing 

process that is assisted by complex interactions between growth factors, extracellular matrix, bioactive 

agents, and cells [1, 2]. B-vitamins are regenerative agents, which are playing an essential role in 

many bodily functions as cofactors for enzymes. Especially, due to the epigenetic role of folic acid 

(C19H19N7O6) in many human metabolic activity, it is an important member of B-complex vitamins, 

which is known as B9 vitamin, plays a crucial role in the maintenance of many metabolic functional 

processes in the body, such as cell growth, and development, synthesis of nucleic acids and 

metabolism of many amino acids [3, 4]. Folic acid (FA) is being studied due to its role in the synthesis 

of both building-block molecules and their effects on differentiation. It is one of the most important 

factors in tissue regeneration and repair [2].  

 

There have previously been reported in various studies that folic acid can promote cell growth when 

added to polymer forms (in cream, fiber, microcapsule, micro/hydrogel, and even neat powder, etc.). 

In this context, Duman et al. (2018) reported that folinic acid enhances wound healing in rats. Fischer 

et al. investigated the effects of topical folic acid and creatine-containing formulations on skin 

firmness on collagen gene expression [5]. Moreover, in endothelial cell line proliferation experiments, 

the effect of folic acid on cell proliferation at different concentrations was investigated by in vitro 

proliferation experiments [2]. In the study that wound healing process simulated by software 

mailto:nur.parin@btu.edu.tr
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analysisincreased cell proliferation was reported compared to the control group by almost 40% at the 

end of 48 h. In our previous study, cytocompatibility assays results showed folic acid-loaded 

hydrophilic fibers have no toxicity and neat folic acid improved cell generation by nearly 177 % [6]. It 

is contrary to the restriction of the utilization of folic acid in pure form, Pagano et al. (2019) 

synthesized folic acid-based emulgels and MTT tests have indicated cell viability over 100 % 

[7].Furthermore, Zhao et al. (2018) indicated folic acid can accelerate collagen formation in diabetic 

wounds [8].In a similar study, Khan et al. asserted folic acid could be a potential candidate for the oral 

mucosal wound healing process [9].  

 

Camacho et al. (2019) createdcopper-alginate hydrogels containing folic acid. The slow folic acid 

release observed only at pH>5, particularly in simulated intestinal conditions, and these 

organometallic hydrogels performed as a gastro-resistant material (pH 8.2). Furthermore, with a zero-

order k, the successful compounds showed greater release in alkaline medium (>80 ppm) compared to 

acidic media (pH 5.4) ( ̴ 8 ppm) [10]. 

 

Mallakpour and Hatami (2020) preparedchitosan nanocomposite films containing folic acid for use as 

bone and tooth additives in tissue engineering [11]. Contact angle measurements showed that the 

produced films had improved wettability and were more hydrophilic. Furthermore, the bioactivity of 

these NC films by soaking them in simulated body fluid (SBF, pH 7.4), and the pH changes for this 

solution were observed for 1 month. In a similar study, Acevedo-Fani et al. (2018) developed folic 

acid/polysaccharide-based nanolaminate films [12]. With the addition of folic acid, the structure of the 

nanolaminates improved, resulting in homogeneous and smooth layers. At pH 3, only 22% of the FA 

was released from the films after 7 hours, while at pH 7, over 100% of the FA was released. This is 

due to folic acid becoming entrapped in nanolaminates due to its poor performance. 

 

Fonseca et al. (2020) did a study on improving folic acid bioavailability. The release behavior of 

nanofibers containing various amounts of FA (5, 10, and 15 %) were obtained using starch as a matrix. 

Although the diameters of nanofibers produced below 100 nm did not vary much, some beads in FA-

loaded fibers was detected [13]. 

 

A study on PVP/dextran octadecyl amine/montmorillonite/VB9 conjugate nanofibers have been 

fabricated by Şimşek et al. (2016). The nanofibers' cytotoxicity tests indicated that VB9 had no 

negative effects on Vero cells (liver cells), suggesting that these fibers might be a game-changer in 

cancer research and tissue engineering applications [14]. 

 

Electrospraying (e-spraying), one of the electrohydrodynamic atomization (EHDA) methods, in which 

low-viscosity liquids through electrical forces are coated with a carrier material to form regular 

structures in sub-micron or nanoscale sizes by an electric field [15,16]. It is more advantageous than 

other methods such as spray drying, coacervation, and emulsion with the formation of non-

agglomerated capsule structures with high active ingredient content with better size distribution 

without high temperature, pressure or toxic solvent. Hydrophobic and hydrophilic bioactive molecules, 

or therapeutics can be encapsulated into polymer matrices with almost 100% efficiency by this method 

[17]. 

 

The current study is focused on the development of FA-loaded fibrous structures via the 

electrospraying method. As distinct from the previous studies, there is no report on the electrospraying 

of FA onto melt-blown and spun-bond surfaces. Therefore, the optimum amount of FA was studied to 

investigate electrospraying capacity, in vitro release in PBS media, and cell viability, and the 

availability of the wound applications was evaluated. Moreover, a detailed characterization study of 

the resulting surfaces was carried out by performing Scanning Electron Microscopy and (SEM) 

Fourier Transform Infrared (FT-IR) spectroscopy, thermogravimetric analysis (TGA), and contact 
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angle test. TGA curves indicated that FA inhibits the degradation of the FA-loaded PP SPB and acts as 

an antioxidant at high temperatures. Overall, it has been suggested that the obtained surfaces can be 

used for wound healing applications. 

 

2. EXPERIMENTAL 

 

2.1. Material 

 

In this study, PET spun-bond (SPB), PP spun-bond (SPB) and PP melt blown (MB) non-woven (NW) 

fabrics (Mogul Textile Company, Gaziantep/Turkey) were used. Folic acid (C19H19N7O6) for 

Biochemistry (98-102 % purity) was supplied from ChemSolute Company (Germany). The ethanol 

(99 % purity) was purchased from Sigma-Aldrich Chemical Company (USA). Phosphate buffer saline 

(PBS) tablets (pH 7.2) were used for each in-vitro release study. The chemicals used in the MTT and 

NRU assay tests were purchased from the following suppliers; RPMI (Roswell Park Memorial 

Institute) 1640 medium, fetal bovine serum (FBS), penicillin-streptomycin, neutral red (NR) (3-amino-

7-dimethyl-amino-2-methylphenazine hydrochloride), 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide (MTT), trypan blue, ethanol from Sigma; dimethyl sulfoxide (DMSO) 

from Merck; Triton X-100, trypsin–EDTA, Dulbecco’s phosphate-buffered saline (DPBS) from 

Gibco. In all experiments, distilled water was used. 
 

2.2. Method 

 

2.2.1. Electrospraying of FA onto Non-woven Fabrics 

 

10 mL folic acid (22 mg) solution is prepared by mass with a mixture of 2/1 ethyl alcohol-water 

solvents. The folic acid solution is sonicated in an ultrasonic homogenizer by applying 60% power for 

30 min.It was then sprayed onto the surfaces of polyester spun-bond, PP spun-bond, and PP melt-

blown non-woven fabrics with 23 kV electrical power, 100 mm distance (drum-to tip) and 150 rpm 

drum speed at a flow rate ranging from 1-1.5 mL/h (Figure 1). 

 

 

Figure 1. Schematic illustration of electrospraying method. 
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2.3. Characterization 
 

The microstructural analysis of all NWs was observed with Carl Zeiss/Gemini 300 Scanning Electron 

Microscope (SEM) (ZEISS Ltd.,Germany). Allsamples were coated with gold before analysis. The 

fiber diameters were measured by using Image J (version 1.520 software) by randomly selecting the 

diameters of 60 individual fibers for each sample. Average fiber diameters and fiber diameter 

histogram data were performed with Origin Pro 2018 software. 
 

The physical analysis of all samples was analyzed by FT-IR Thermo Nicolet iS50 FT-IR (USA) 

spectrometer with an ATR adapter (Attenuated Total Reflectance) (Smart Orbit Diamond, USA). 
 

The contact angles of the samples were measured with an automatic dispenser system Attension Theta 

Lite model optical tensiometer (Biolin Scientific, Gothenburg, Sweden).Contact angle 

measurementswere made by dropping 4 µL distilled water to 2.5 cm x 2.5 cm samples. To calculate 

the average θ value, this analysis was repeated three times. 
 

The thermogravimetric analysis (TGA) was realized under nitrogen atmosphere with 20°C min-1 

heating rate, 30-600°C temperature range and then applied oxygen atmosphere with the same heating 

rate at 600-900°C temperature. 
 

The pycnometer (Micromeritics-AccuPycII 1340) was used to measure the fiber volume using helium 

gas. Therefore, the porosities of non-wovens were measured by using the following equation: 
 

P𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
Volume (Vf) of NWs by Pycnometer

𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 (𝐿𝑒𝑛𝑔𝑡ℎ 𝑥 𝑊𝑖𝑑𝑡ℎ𝑥 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)
                                                   (1) 

 

Thein-vitro release testswere applied to determine the FA release behaviour of NWs. The FA-release 

behavior of FA sprayed resulting non-wovens were studied in phosphate buffer solutions (PBS) at pH 

7.2 by the total immersion method [18,19]. 20 cm2 of the samples were put into sealed glass tubes with 

each containing 100 mL of PBS, separately. Afterwards, the samples were placed in a shaking 

incubator at 37°C with stirring 120 rpm to apply the release behaviour of the FA. About 3.5 mL of the 

samples were removed at the specified time intervals with the PBS and the corresponding absorbance 

value was determined with UV spectrophotometer (Scinco/NEOYSY 2000) at λmax= 282 nm, which 

was the characteristic peak of FA. The FA concentration was obtained from the calibration curve of 

the model vitamin prepared with a FA solution of known concentrations in PBS (pH 7.2). The 

calibration curve was found to be Y = 0.0639X + (0.0276) (R2 = 0.99997), where X is the 

concentration of FA (mg/L)and Y is the solution absorbance at 282 nm (linear range of 2.5–25 mg/L) 

(Figure 2). 

 

 
 

Figure 2. The calibration curve for FA in PBS. 
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Two cytocompatibility tests, MTT and NRU havebeen carried out on all resulting NW surfaces by 

using L929 cell lines according to the ISO 10993-5. 

 
3. RESULTS AND DISCUSSION  

 

3.1. Microstructural Analysis 

 

Figure 3-Figure 5 indicates the average fiber diameter distribution with SEM images of pure and FA-

sprayed NW surfaces. It is visible that pure NWs exhibit fibrillated smooth surface morphology, while 

FA particles are deposited on the surface of FA-sprayed NWs. The average fiber diameters of PET 

SPB and PET SPB-sFA were calculated as 16.91±3.28 µm and 17.55±2.61 µm, respectively. PP MBs 

havemore irregular fiber diameters than, and average fiber diameters are also quite low (2,59±1,14 

µm). Similarly, Ekabutret al. (2019) found that a 5% (w/v) amount of mangosteen extracts were 

coated on PP MB and some increase in fiber diameters were observed [20]. Jung et al. (2013) also 

produced an antibacterial filter and sophora extract (Sophora flavescens) was loaded on polyurethane 

filters having 10-20 mm via electrospraying method [21]. 

 

 
 

 
Figure 3. SEM images of non-wovens (a) PET SPB (b) PET SPB-sFA (Magnification 1.00 kX, scale bar : 10 µm). 
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Figure 4. SEM images of non-wovens (a) PP SPB (b) PP SPB-sFA (Magnification 1.00 kX, scale bar : 10 µm). 

 

 
 

Figure 5. SEM images of non-wovens (a) PP MB (b) PP MB-sFA (Magnification 1.00 kX, scale bar : 10 µm). 
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3.2. Physical Structural Analysis 

 

FT-IR spectra of the pure non-woven surfaces and resulting FA-loaded nonwovens produced as a 

result of the electrospraying process are shown in Figure 6. The characteristic peaks of PET SPB show 

at 1712 cm-1 (-C=O) and benzene ring at 1615 cm-1 [22]. The deformation vibration of the (-CH2) 

group is 1340 cm-1 [23]. Another absorption peak at 1240 cm−1 is due to the (-C-O-C) stretching 

vibration. Characteristic IR absorption peaks of FA are confirmed in 3500-3100 cm-1. PP-based SPB 

non-woven surfaces indicate asymmetric and symmetric stretching vibration peaks at 2948, 2916 and 

2836 cm-1 (-CH), respectively. The other peaks appear at 1455, 1376 cm-1, and 840 cm-1 belong to (-

CH2) bending. 

 

Figure 6. FT-IR spectra of non-woven surfaces. 

3.3. Contact Angle Analysis 

 

Wettability is related to the surface's hydrophobicity/hydrophilicity properties that acts an essential 

role to specify the wound healing management due to adhesion and cell proliferation between 

matrix/material and cells. Previous studies have suggested that the hydrophilicity of biomaterials is 

necessary for the cell healing process. However, these hydrophilic-based wound dressings can damage 

the wound and lead to secondary bleeding. Moreover, many studies have been reported hydrophobic 

surfaces inhibit bacterial adhesion [24]. 

 

The results of the contact angle measurements for water are given in Figure 8. According to the 

results, all NW surfaces have hydrophobic structure due to contact angle > 90°. For all FA-sprayed 

surfaces, loading of FA with hydrophilic structured on NWs reduced contact angle values. The 

measurements for water on PET SPB-sFA and PP MB-sFA were slightly similar, which were 

102.6±4.1º and 102.5±4º respectively. 
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Figure 7. Contact angle values of non-woven surfaces. 

 

 

 

Figure 8. Contact angle images of water droplets on the surface of non-woven surfaces (a) PET SPB, (b) PET SPB-sFA, (c) 

PP SPB, (d) PP SPB-sFA, (e) PP MB, (f) PP MB-sFA. 

 

3.4. Thermal Analysis 

 

Figure 9 shows TGA thermograms for pure and FA-loaded PET and PP nonwoven (NW) surfaces. All 

samples showed weight loss in the range of 30-100 °C associated with moisture out of NWs. The first 

degradation step of pure PET SPB fabrics with two degradation steps has begun at about 380 ºC. In 

this step, the chain scissions of the ester bonds in the structure and the vinyl ester and carboxylic acid 

groups began to form and ended at 525 ºC [25]. The second step is dominated by low molecular 

weight volatile components due to the complete breakage of the ester bonds with weight loss of 17.1 

% about 590 °C to 630 °C. 

 

PET SPB-sFA showed weight loss up to 100°C related to moisture out of sample. After, the first 

degradation step, which started around 370 ºC, was completed at around 560 °C. This step takes 
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longer than a pure sample to confirm the degradation of the FA. The second (last) step (590-640 °C) 

was related to the burning of the pyrolysis product which was formed during analysis in the N2 

atmosphere. 

 

For both PP SPB and PP SPB-sFA NWs, single-step degradation has been observed at 350-460 ºC and 

350-470 ºC, respectively. 

 
 

Figure 9. TGA thermograms of non-woven surfaces. 

 

3.5. Porosity Measurements 

 

High and low bulky non-woven fabrics have porosity values in the range of 90–99 % and 45–80 %, 

respectively [26, 27]. Table 1 shows the results of porosity by both the conventional method and 

pycnometer. 

 
Table 1. Porosity results by pycnometer and conventional measurement. 

 

Sample ID 

Porosity by 

pycnometer 

(1-Vf/V)*100, (%) 

Porosity by 

conventional 

measurement 

(%) 

PET SPB 80.92 78.57 

PET SPB-sFA 

PP SPB 

80.52 

75.17 

78.15 

71.55 

PP SPB-sFA 77.04 76.73 

PP MB 81.58 81.69 

PP MB-sFA 80.32 80.33 

 

The porosity of the non-woven surfaces is depends significantly on fiber orientation [28]. The random 

fiber orientation is clearly observed in SEM images. Generally, FA-loaded NW surfaces have almost 

the same porosity as pure NWs. This is due to the fact that FA desposited onto fiber structures, and 

this case does not directly effect the pore structure of the NWs. Further, the porosity phenomenon 

parallels to the fiber thicknesses. As FA was loaded onto NWs, fiber thicknesses increased slightly. In 

this study, the porosity values above 71% can be sufficient to increase cell migration in wound healing 

compared to our previous study [6].  

 

https://tureng.com/tr/turkce-ingilizce/phenomenon
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3.6. In-vitro Release Tests 

 

The release study of all FA-loaded NW surfaces was carried out over a period of 8 hours in PBS 

media (pH 7.2) at 37 °C (Figure 10). 

 

The release profiles show that the amount of cumulative FA releases are 22.8, 17.1, and 17.5 ppm for 

PET SPB-sFA, PP SPB-sFA and PP MB-sFA, respectively after 8 hours. PET SPB-sFA exhibited an 

initial burst release profile in the first 4 minutes of analysis while PP SPB-sFA and PP MB-sFA 

showed burst release in the first 20 minutes. After burst release, there was an increase in the amount of 

release for PET SPBs. The reason for this is that surface peeling occurs in PET SPBs in a pH 7.2 

environment and can be explained by the dissolution of FA in this environment. 

 

After sudden release, PP-based SPBs and MBs showed FA release reached a satisfaction point. 

 

 

Figure 10. FA in vitro release profiles of NWs. 

 

3.7. Cytotoxic Effects of NWs by MTT and NRU Assay 

 

In this study, ISO 10993-12: 2009 standard was used for sample preparation of both references and 

novel NW materials. Both sides of samples arranged according to standards (3 cm2 /mL) were 

sterilized in a laminar flow cabinet for 1 hour under a UV lamp. 30 cm2 (6 cm x 5 cm) sterile samples 

were put in a 10 mL culture medium (RPMI 1640 containing 1 % Penicillin-Streptomycin, 10 % 

serum) and kept at 37 °C for 72 hours to obtain extract solutions. At the end of the extraction period, 

samples were removed, and extract solutions were kept at 37 °C by the time cytotoxicity tests. The 

cytotoxic effect of the extract solutions of NWs was evaluated by both MTT and NRU assays in L929 

cells. To determine the cytotoxicity, the effects of the 100 % concentration of the original extract 

solutions of all reference and new NW samples on treated cells were compared with the negative 

control group without any chemicals. The average absorbance values and standard deviation values of 

living cells were calculated by averaging all the data obtained. In addition, cell viability in the control 

group was considered as 100 %, and living cell percentages were determined for all sample groups 

compared to the control. Results of the MTT and NRU tests are summarized in Figure 11. According 

to the results of cytotoxicity tests applied after 24 h of treatment in L929 cells, all reference and novel 
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NWs accept PET SPB-sFA are cytocompatible since viability did not fall below 70 %. In this study, 

50 % diluted concentrations of all samples (data was not given in the figure) were also tested but there 

is a clear decrease in viability of cells treated with the original 100 % extract concentration of PET 

SPB-sFA and cell death is concentration depended. 

 

 

 
Figure 11. Effects of NW surfaces on cell viability of L929 cells by MTT and NRU assays. 

 

It is important to evaluate the cytotoxic activity of novel biomaterials as a part of ISO 10993 protocols 

in terms of biocompatibility. In recent years, many methods have been developed to investigate cell 

viability and proliferation in cell culture. The most widely used of these are cytotoxicity assessments 

in 96-well plates which many samples can be analyzed quickly and easily in terms of cell viability 

[29]. In this study, cytocompatibility was determined with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) and neutral red uptake (NRU) cytotoxicity tests. MTT and NRU 

cytotoxicity assays are suitable biomarkers for evaluating live/death cell counts and the proliferation 

of cells based on mitochondrial and lysosomal functions [30]. In the general reduction of cell viability 

by more than 30 % is considered as a cytotoxic effect. In this study by using two different cytotoxicity 

assays effects of the tested materials both on mitochondrial and lysosomal functions were evaluated.  

 

In our previous study, we tested the cytotoxic effects of FA alone with MTT and NRU assays in L929 

cells and showed that this antioxidant did not cause any cytotoxic effects [6]. Moreover, we showed 

FA treatment caused increases in cell proliferation compared to the negative control. Our results also 

demonstrate that FA plays a critical role in cell growth and development, the synthesis of nucleic acids 

that promote wound healing.  

 

In recent years, many wound dressings containing different additives have been produced and tested 

for cytotoxicity similar to our study. Arslan et al. (2014) fabricated fibrous mats via electrospinning 

from solutions of polyethylene terephthalate (PET), PET/chitosan, and PET/honey at different 

concentrations. They evaluated the cytotoxicity of fibers by MTT and reported no cytotoxic activity. 

In this study after exposure to the various dilutions of extract (25, 50, and 100 %), the proliferation of 

L929 cells was measured and cell death and morphological damage were not observed throughout the 

incubation period [31]. In another study, Abouzekry et al. (2020) developed nanofibrous wound 

dressing by electrospinning using bee venom and pomegranate peel extract in combination with 

polyvinyl alcohol. According to the cytotoxicity testes on L929 cells, manufactured fibrous dressing 

has no cytotoxic effects [32]. Charernsriwilaiwat et al. (2012) also developed fibrous mats by 

electrospinning of a mixture of chitosan-ethylene diamine tetraacetic acid (CS-EDTA) (30/70 w/w), 

polyvinyl alcohol (PVA) solution (10 wt %), and lysozyme for wound healing. Results of the 

cytotoxicity tests, CS–EDTA/PVA nanofibers with or without lysozyme were nontoxic at 1–10 mg / 
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mL concentrations [33]. Kalalinia et al. (2021) produced vancomycin (VCM)-loaded hybrid 

chitosan/polyethylene oxide (CH/PEO) nanofibers via blend-electrospinning. According to the results 

of the Alamar Blue cytotoxicity testes on HDFs, there were no cytotoxic effects of any groups [34]. 

Bayat et al. (2019) developed nanofibers that were Bromelain-loaded chitosan for burn wounds repair. 

Cytotoxic activity of Ch-2 % and 4 % w/v Br were tested with Alamar Blue assay. Although there are 

no cytotoxic effects of chitosan, Ch-2 % w/v Br, and bromelain nanofibers, crosslinked Ch-4 % w/v 

Br had a cytotoxic effect when compared to the control group [35]. Merrell et al. (2009) fabricated 

curcumin-loaded poly(caprolactone) (PCL) nanofibers by electrospinning. They directly loaded 

Human foreskin fibroblast cells (HFF-1) on curcumin-loaded PCL nanofibers and reported that more 

than 70 % of cells were viable on nanofibers [36]. 

 

4. CONCLUSIONS 

 

In this study, FA was successfully electrosprayed onto non-wovens surfaces. In the FT-IR analysis of 

the resulting materials, characteristic peaks of FA have been observed. The surface roughness of the 

NWs was investigated by SEM. Further, the wettability studies demonstrated electrospraying process 

reduces hydrophobicity. In-vitro release test showed a fast release profile of FA from the surfaces. 

According to NRU test results, PP SPB-sFA surfaces indicated the best cell viability value. Our 

findings showed FA-loaded NWs can be good candidates for wound care applications. 
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ABSTRACT 
 

Mesenchymal stem cells (MSCs) are multipotent stem cells that can support various tissues including bone marrow, adipose 

tissue, and synovial fluids, from which they can be readily isolated. The objective of this study is to harness the advantages of 

microfluidic systems for controlling and enhancing the maintenance and viability, and regenerative properties of MSCs by 

providing a 3D culture microenvironment with gelatin methacrylate (GelMA) hydrogel and exposing the cells to a slow fluid 

flow and low shear stress conditions. GelMA has methacryloyl groups and can be crosslinked by a photocuring process using 

biocompatible photoinitiators. The most common used photoinitiator for cellular encapsulation within hydrogels is the 

ultraviolet (UV) initiator 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959 or I2959), but due to its low 

water solubility and the necessity of using a shorter wavelength light (365 nm), it can lead to cellular phototoxic and genotoxic 

effects. To overcome these limitations, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) have recently been used with 

GelMA as an alternative photoinitiator. Because LAP is highly water soluble and has a 10 times faster polymerization rate, and 

it requires a visible light (λ = 405 nm) which makes it much safer for the cells, we use 10% GelMA together with 0.05% LAP 

photoinitiator for bioprinting human adipose tissue derived MSCs (hAT-MSCs) onto a membrane that has a 40 µm mesh size. 

To demonstrate a microfluidic culture advancement for improving the biological activities and regenerative capacity of the 

cells including cell adhesion, growth, viability and proliferation capacity as ultimate goals of this study, the membrane carrying 

the bioprinted construct was placed in a PDMS microchannel and exposed to the fluid to obtain dynamic microenvironments 

found in the human body. As a result, the cells were successfully maintained in the microfluidic 3D cell culture for two days, 

with a high cell viability of 99%. 

 

Keywords: MSCs, Organ on a chip, GelMA, 3D cell culture, Cell adhesion 
 

 

1. INTRODUCTION 

 

Organ-on-a-chip (also called organ chip or OoC) is a miniaturized bioreactor technology in a 

microfluidic cell culture device which reconstitutes the physiology and architecture of a notable 

functional unit of a specific organ of interest [1-6]. Organ chip technology is a cost-effective approach 

for the study of disease and treatment and has a potential for predicting drug-induced organ-specific 

responses and reducing the use of animal experimentation. Organoids are three-dimensional cell culture 

models composed of either natural extracellular matrix (ECM) molecules or biomaterials interacting 

with organ-specific cells that self-organize into their peculiar physiology and anatomy and mimic an 
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associated organ in vivo [2,7-9]. Organoids typically contain stem cells, though not necessarily, as they 

can be comprised of some primary cells or differentiated cells. Biomimetic platforms of many organs 

including the lung, liver, small intestine, kidney, and some other tissues like bone marrow and blood-

brain barrier can be designed and studied as organ chips [1]. Studies of drug development and disease, 

and cosmetic pipelines will likely involve organ-on-a-chip technology soon. 

 

Mesenchymal stem cells, or also called mesenchymal stromal cells (MSCs) are multipotent stem cells 

that can be isolated from many tissues/organs including bone marrow, adipose tissue, dental pulp, and 

amniotic or synovial fluids [10]. MSCs are unique cells for regenerative medicine that can support 

functions of many tissues and organs by releasing soluble factors such as growth factors, anti-apoptotic 

and anti-inflammation factors, and they can synthesize extracellular matrix (ECM) mainly composed of 

collagen fibrils, a key component of tissues [11]. Stem cell differentiation is known to be governed by 

a variety of soluble factors including growth factors, hormones and cytokines whereas numerous studies 

performed in recent decades point out that in addition to chemical factors, mechanical cues can also 

have remarkable roles on cellular differentiation, proliferation, biomechanical properties and tissue 

development. Likewise, MSCs have been shown to be highly responsive to extracellular mechanical 

cues [12-15], including responses to different magnitudes of shear stresses [16,17]. For instance, Riddle 

et al. uses parallel plate flow chambers to test the effects of high shear stress on human MSCs and report 

that oscillatory fluid flow-induced shear stress with high flow rates (i.e. 1-50 ml/min flow rates) resulted 

with increased cell proliferation due to a high shear stress-induced increase in intracellular calcium 

concentration [18]. On the contrary, high magnitude shears stresses above 10 mPa levels can exert 

damage on rat MSCs and lead to cell detachments and reduced proliferation [19]. Slow fluid flow and 

low shear stresses at flow rates ranging from few microliters up to hundreds of microliters per min 

upregulate osteogenic differentiation and proliferation of MSCs in microfluidic devices [20-22]. As 

such, shear stresses and interstitial fluid flow can influence and regulate the cellular behavior of MSCs. 

Furthermore, by using microfluidic devices, how interstitial fluid flow influences the MSC viability and 

differentiation in the presence of 3D cultures can be investigated in microchannels as well. 

 

Photo-crosslinking is a chemical crosslinking method performed by photoinitiation followed by 

photocuring in bioprinting, and photocurable biomaterials such as gelatin-methacrylate (GelMA) are 

frequently used as bio-ink material in a bioprinting process. To induce chemical cross-linking of bio-

ink right after the printing process, the construct is exposed to light (UV or visible light) in a way that 

stiffens enough but does not cause any major damage on the cells [23]. 2-hydroxy-4′-(2-

hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), as a most common UV photoinitiator used for 

cellular encapsulation within hydrogels, has low water solubility, and needs a shorter wavelength of UV 

light (365 nm) that can cause cellular phototoxic and genotoxic effects in cells. However, recent studies 

show that lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), as an alternative photoinitiator, can 

be used to overcome Irgacure limitations. LAP has high water solubility and a 10 times faster 

polymerization rate than Irgacure. Also, in comparison with Irgacure, LAP needs a higher wavelength 

of visible light (λ = 405 nm) for photoinitiation, that is much safer for cells [24-26]. GelMA has been 

used together with MSCs in recent bioprinting studies whereby tissue regeneration ended up with 

providing enhanced regenerative properties such as high cell viability, and improved cell adhesion and 

proliferation [27]. In a recent report, human bone marrow-derived MSC-laden GelMA constructs ended 

up having larger MSC spreading area and a high cell viability of 90% [28]. In the literature, only a few 

studies like Miri et al. investigate GelMA encapsulated MSCs as a bio-ink in microfluidic culture setups 

and organ chip studies [29]. As such, MSCs seeded in a 3D matrix of GelMA have not been thoroughly 

investigated in microchannels under, for instance, fluid flow with low shear stress conditions. 

In this study, human adipose tissue-derived mesenchymal stem cells (hAT-MSCs) encapsulated with 

photo-cross-linkable GelMA hydrogel were used as bio-ink to fabricate a construct for performing 3D 
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cell culture in a PDMS-based microfluidic channel. The GelMA/hAT-MSCs construct was bioprinted 

on a membrane which was later cut into a small piece with an appropriate size before transferring from 

Petri dish to the microfluidic device. The cells were cultured under low shear stress conditions for two 

days and the viability of the cells was determined by live/dead assay. 

 

2. EXPERIMENTAL 

 

2.1. Production of the Microfluidic Chip 

 

The microfluidic (MF) chip template was prepared using a 3D printer. SLA/DLP 3D printing technology 

(micraft 100) was used to fabricate of mold with resolution 30-35 micron and velocity 30 sec per layer. 

OOkuma FP60 resin was applied to prepare the mold.  The mold inside area was 39×46×5 mm. Then, 

PDMS (Sylgard 184 silicon elastomer base and Sylgard 184 silicon elastomer curing agent, Dow 

Corning, USA) layer was prepared using the soft lithography method [30]. In this study we used the low 

molecular weight Sylgard™️ 184 PDMS polymer (Component A: Mn = 5.8 × 103 Da; Component B: 

Mn = 7.5 × 103 Da) [31]. For this, 5.85 g (1.00 mmol) of PDMS (component A) and 0.65 g (0.087 mmol) 

of crosslinker (Component B) was used for preparation of upper and bottom PDMS microchannels. The 

mixture of PDMS and crosslinker (9:1) was prepared by stirring for up to 3 min and added to molds and 

vacuumed in the desiccator for 20 min [32,33]. It was then left to stand at 50 °C overnight, and then the 

microfluidic chip was prepared by peeling off the PDMS layer. On a PDMS layer, there is a 

microchannel and the input with output of the channel (top layer). The length of the channels is 15 cm, 

the width is 1000 µm and the height of the channel is 1000 µm. The other PDMS layer consists of a flat 

surface without a microchannel (bottom layer). A porous polyethylene terephthalate (PET) membrane 

with 40 µm pore size (pluriStrainer® pluriSelect, Leipzig, Germany) was used as a membrane. Cells 

were bioprinted onto the membrane which was later placed between two PDMS layers. Finally, the chip 

was sandwiched between poly (methyl methacrylate) (PMMA) frames and fastened by screws. Figure 

1 shows a schematic view and a final version image of the microfluidic device. 

 

 

 
 
 

Figure 1. (a) Schematic view and (b) final version image of microfluidic cell culture device. 
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2.2. Isolation, Culture, and Characterization of MSCs 

 

Human adipose tissue-derived mesenchymal stem cells (hAT-MSCs) were isolated by surgical removal 

from healthy donors undergoing surgical operation. Tissue samples were harvested from the 

informed/consented healthy patients under Eskişehir Osmangazi University Clinical Research Ethics 

Committee permission (Decision number: 23/Date 30.05.2019). Tissue samples were washed several 

times with Hanks' balanced salt solution (HBSS) with 5% penicillin-streptomycin and without calcium 

and magnesium. After the washing process, tissues were minced into small blocks and a single cell 

suspension of adipose tissue cells was obtained by using enzymatic digestion (0.075% type I 

collagenase, Sigma), and mechanically with shaker water bath 37 °C for approximately 60 min. The cell 

suspensions were filtered using a 70 μm cell strainer to separate individual cells from debris and 

undigested adipose tissue fragments. hAT-MSCs were cultured and characterized as in previously 

described protocols depending in vitro differentiation experiments and immunophenotyping by flow 

cytometry [34]. 

 

2.3. On-chip Experiments  

 

MSCs were mixed with 10% (w/v) gelatin methacrylate (GelMA) and 0.05% (w/v) lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator (CELLINK, Sweden). This pre-

polymer/MSCs blend was bioprinted by micropipette extrusion on the membrane before the chip was 

assembled. Due to its biocompatibility, GelMA was selected as hydrogel biomaterial to be used in the 

microfluidic chip [35]. The cells encapsulated within GelMA bioprinted on the membrane and then 

statically cultured in a 6-well polystyrene plate for 2 days in a cell culture incubator (Panasonic). After 

cell proliferation was observed on GelMA at the end of day 2, the membrane coated with GelMA/MSCs 

was integrated into the microfluidic chip as shown in Figure 1a and 2f, and the cells were grown in 

another incubator (Esco Lifesciences Group) for 2 days under the dynamic culture conditions. Syringe 

pump (NE-4000, New Era Pump Systems Inc., NY) was used with a flow rate of 0.5 µl/min to inject the 

culture medium through Tygon tubing into the microchip placed in the incubator. Waste culture medium 

was collected from the outlet of microchip in a 15 ml falcon tube inside the incubator. 37 °C with 5% 

CO2 gas supply and humid incubator conditions were used for all the experiments. Figure 2 shows the 

steps applied for on-chip experiments. 

 

Shear stress is the stress created when a tangential force is acting on hAT-MSCs by laminar flow of 

culture media over area of cell contact with the surface of PDMS microchannel. Shear rate and shear 

stress can be determined by equations 1 and 2 [36]. 
 

Shear Rate (γ) = 
𝑄

𝑊 ℎ2 104   (1) 

Shear Stress (τ) = Shear Rate (γ) ×  Viscosity (𝜇)             (2) 

where W is the width and h the height of the channel, μ is viscosity of culture media, and Q is the 

volumetric flow rate used in the microfluidic culture setup. 
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Figure 2. Schematic view of microfluidic cell culture experiment that includes (a) trypsinization, (b) mixing 10% 

(w/v) GelMA with MSCs, (c) GelMA/MSCs seeding on the membrane followed by photocuring (405 

nm), (d) incubation of the coated membrane in a Petri dish for 2 days at 37 °C with 5% CO2, (e) 

observation of cell growth, (f) schematic representative of the microfluidic culture device, (g) image of 

the final version microfluidic culture device shown inside the incubator and (h) a syringe attached on a 

syringe pump placed outside the incubator. 

 

2.4. Live/Dead Assay 

 

Cells were imaged with a live/dead assay to verify cell viability. To assess the viability of cultured MSCs 

cells within the microfluidic chip, the cells were incubated in Live/Dead (AAT Bioquest®) solution for 

30 min in dark and imaged using Carl ZEISS AXIO OBSERVER D1 fluorescence microscope. The 

percentage of cell viability was calculated by dividing the number of live cells (green) by the total 

number of cells, as shown in the equation below: 

 

Percentage of Live Cells = (Live Cells/Total Cell Number) × 100 (3) 

 

3. RESULTS AND DISCUSSION 

 

Stem cells are unique cells known for their self-renewal properties that ensure the preservation of the 

stem cell pool, while they can divide and differentiate into several cell type of tissues within the body 

according to their differentiation potential. This phenomenon refers to the potency (i.e. stem cells can 

be totipotent, pluripotent, multipotent, oligopotent or unipotent) [37]. MSCs are multi-potent cells that 

can differentiate into multiple types of cells present in specific organs. In stem cell research, it is 

important to maintain stem cells in undifferentiated state or controlled differentiation. The main reason 

for that is because stem cells are highly responsive to microenvironment alterations such as mechanical 

stimuli and biochemical signals that can change stem cell fate, and eventually leading to loss of potency 
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and stem cell identity [38]. Microfluidic technology has important potential for stem cell research. By 

utilizing a sophisticated microfluidic environment design, manipulation of stem cells can be controlled 

better than in conventional cell culture techniques. To direct the stem cell differentiation, it is crucial to 

know the role of various biochemical cues (e.g., soluble factors including trophic factors like growth 

factors and hormones, and also glucose, oxygen concentrations, etc.) in the decision-making process. 

Microfluidic devices have been used to study microenvironment mainly by focusing on the following 

two aspects: screening a wide range of conditions in a high-throughput fashion and reconstructing the 

physiological environment like heterogeneous, complex and 3D growth conditions. By utilizing the 

advantages of nanotechnology like micro- and nanofabrication tools and using various biomaterials that 

are biocompatible and bear hydrogel properties and/nanofibrous structures and assemblies which cells 

like to attach and live with, many different works have been performed using stem cells in microfluidic 

devices containing different polymeric materials with well-defined geometries and patterns [22]. 

 

In this study, we aim to provide in vivo like 3D and microfluidic culture conditions for the maintenance 

human adipose derived-mesenchymal stem cell in vitro. MSCs were obtained from liposuction materials 

of healthy donors and cultured conventional method before using in a microfluidic bioreactor device. 

Afterwards, the cells were subjected separately to both 3D microfluidic culture and static control which 

had the same 3D culture conditions used in for encapsulation of MSCs with GelMA hydrogel and culture 

on a membrane. In this regard, the isolated cells from human adipose tissue adhered on the culture flasks 

and were successfully cultured, and as a result, most cells displayed a spindle-shaped and fibroblast-like 

morphology, as shown in Figure 3. The cultured cells reached a monolayer confluency in the primary 

culture 7 days after the first passage and were expanded until they reached passage 3 (P3). Morphology 

of the cells indicate that the isolated cells can attach and expand on the surface of polystyrene cell culture 

flasks and proliferate over subcultures. 

 

 

 
 

Figure 3. Phase contrast microscopy image of hAT-MSCs in a polystyrene culture dish showing the MSC 

morphology of the expanded cells (scale bar 200 µm). 
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The cells isolated from human adipose tissue adhered to polystyrene flasks (Figure 3), and flow 

cytometry was used to show that they were phenotypically positive for CD90, CD73, CD29, and CD105 

markers but negative for CD34, CD45, MHC class II (HLA-DR) and hematopoietic lineage markers as 

shown in Figure 4. These results suggest that the isolated cells can be identified as MSCs, as previously 

described [39]. Moreover, previous works by our group showed that these cells could differentiate into 

chondrocytes, adipocytes, and osteoblasts [34, 40, 41].  
 

 
 

Figure 4. The immunophenotypic characterization of MSCs isolated from human adipose tissue by flow cytometry. 

Flow cytometry analysis of MSCs were performed at P3 (P: passage number). 

 

MSCs were stained with calcein AM (green) within the microfluidic chip for live cells and with 

propidium iodide (red) for dead cells, which was followed by observing at an inverted fluorescence 

microscope (Zeiss Axio Observer D1), as shown in Figure 5. The microfluidic chip culture system 
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containing the hAT-MSCs could be maintained successfully for 2 days with approximately 99% of cell 

viability within 10% (w/v) GelMA. Fibroblast-like and spindle-shaped morphologies of MSCs were 

observed on microfluidic chip culture (Fig. 3 and 5b). On the other hand, the morphology and 

cytoskeletal structure of the MSCs in static culture conditions were slightly more filamentous. Cell 

adhesion is key to formation of morphological characteristics of cells. Thus, ECM components such as 

collagen and its derivates including gelatin-based hydrogels such as GelMA can regulate cytoskeletal 

rearrangements, cell traction forces and shape [42,43]. Here, the GelMA/hAT-MSCs construct was 

bioprinted on a PET membrane with 40 µm pore size of which we considered a membrane for allowing 

the cells and GelMA to attach on it, and this approach could be used in future organ-on-a-chip studies. 

As a future experiment, cell adhesion molecules can be immunostained, cell-cell contact interactions and 

cell-ECM interactions between hAT-MSCs and GelMA can also be analyzed in detail. However, imaging 

of the MSCs directly inside the microfluidic device comes with difficulty of resolving the details of 

cytoskeletal structures of the cells, especially when using a typical inverted fluorescence microscope. 

 

 

 
Figure 5. Live/dead assay images of static culture of MSCs on membrane under fluorescence microscope captured 

at the end of day 2 (a). Live/dead assay images of microfluidic chip culture MSCs on membrane under 

fluorescence microscope captured at the end of day 2 (b). The green mesh-like background view shows 

the membrane, and also microfluidic channel area of the chip on b. Scale bar of the images on the left is 

200 µm, and scale bars of the images at the middle and on the right are 100 µm. 

 

In an organism, stem cells reside in a specific anatomical location, that is called a stem cell niche, that 

consists of biochemical cues (e.g., cytokines, proteins, growth factors, glucose, oxygen, or inorganic 

components like calcium, etc.), stromal and other tissue-related cells (in some cases immune cells), 

extracellular matrix (ECM) of which GelMA was used for mimicking in this study. Blood vessels have 

a regulatory role in stem cell niche, and MSCs can be found surrounding capillaries to differentiate or 

control other cells in response to injury or tissue homeostasis. In order to mimic vascular environment, 

we used a microfluidic channel and cell culture medium (DMEM) instead of blood flow.  
 
GelMA is known to support cell attachment and viability and promote cellular differentiation of many 

cell types including MSCs [29,44]. Moreover, GelMA has also been reported to form well-defined 

bioprinted constructs that contain MSCs in addition to allowing cell viability and maintenance [29]. 

Here, we use a GelMA/hAT-MSCs construct bioprinted on a membrane via micropipette extrusion 

method followed by photocuring and then tested it in a PDMS microfluidic channel. An important aspect 
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of our study is that GelMA provides a physiological relevance as it consists of gelatin, that is, a baked 

mixture of collagenous proteins and also provides a mesh structure as an extracellular cue that the cells 

can respond to and like to attach. As a result of this study, the viability of the cells on GelMA in a 3D 

cell culture system was preserved under a fluid flow with low shear stress conditions. Moving from a 

static culture of GelMA-entrapped MSCs on the membrane (40 µm) to its corresponding dynamic 

culture setup in a microchannel under slow fluid flow (i.e., with a flow rate of 0.5 µl/min) does not 

reduce the viability of the cells and also does not cause a dramatic change in the morphology and 

appearance of the cells. This result may suggest that the GelMA-entrapped hAT-MSCs under slow fluid 

flow and hence exposed to low shear stress can be a representative of in vivo conditions, and the 3D 

microenvironment provided to the cells here can be used to imitate a stem cell niche present in human 

body. Stem cells have the ability to self-renew and can stay in a quiescent state in the body and can also 

become active and start differentiating upon receiving a bioactive signal or a significant change in the 

environment. Mechanical cues can play significant roles on mesenchymal stem cell decisions to 

proliferate or differentiate, for example, stem cells residing on a soft matrix at subkiloPascal levels can 

become rounder and stay quiescent whereas an increase in the stiffness of the matrix or substrate they 

attach towards kiloPascal levels or more can influence the stem cell fate as human MSCs have been 

reported to have a tendency to choose a stiffer substrate/matrix rather than a compliant one [45].  
 

Here we calculate the shear stress value acting on hAT-MSCs used in this study as follows: by assuming 

that the viscosity μ of the culture medium is 0.89 mPa∙s (DMEM) as previously reported for water at 

room temperature and the properties have been shown to be almost identical to those for water [46]. We 

calculate the shear rate as 0.05 𝐬−𝟏 by using equation 1, and the magnitude of shear stress acting on 

hAT-MSCs as 0.0445 mPa from equation 2, as also presented in Table 1. 

 
Table 1. The flow rate and shear stress profiles to achieve the desired shear rate and shear stress within the microchannel. 

 

Shear Rate (γ) Shear Stress (τ) Volumetric Flow Rate (Q) Viscosity (μ) 

0.05 s−1 0.0445 mPa 0.5 µl/min  0.89 mPa∙s 

 

Flow-induced shear stresses that MSCs can respond to by proliferation and osteogenesis were previously 

reported as 10−4 Pa and 10−5 Pa, respectively, where bone-marrow derived human MSCs and PET 

matrices were used [16-17]. As the shear stress acting on hAT-MSCs we report in this study is between 

those two values, our results imply that hAT-MSCs used in this study are expected to show proliferative 

properties, as supported by the viability result obtained in the microfluidic culture experiments shown 

in Figure 5. In addition, BrdU staining, or another similar assay should be done in order to further 

investigate and show that they can also have such good proliferative profiles in this microfluidic setup. 

High shear stresses, such as flow induced-deviatoric shear stresses, it is reasonable to say that very high 

stresses acting on cells under fast fluid flows at ml per min levels or greater can be detrimental on MSCs 

and cause cell detachments due to convection [17], however, values converging to 0.01-0.1 Pa interval 

as to play remarkably important roles in developmental biology such as mesenchymal condensation and 

tissue morphogenesis [47-50]. 

 

3. CONCLUSIONS 

 

In conclusion, we showed that the hAT-MSCs could be successfully cultured with a high viability by 

using our microfluidic chip design under fluid flow conditions with low shear stress. Therefore, this 

microfluidic bioreactor culture has the potential for maintaining hAT-MSCs and improving their stem 

cell characteristics for further studies including self-renewal, differentiation potential and senescence 

phenotype. Furthermore, this setup can be tested as a candidate setup to be used in organ-on-a-chip 

studies inasmuch as GelMA is considered a biocompatible material which mimics the extracellular 

microenvironment of MSCs inside human body. Microfluidic devices are powerful tools for the 
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reconstruction of stem cell microenvironment and recapitulation of important physiological functions 

for both high-throughput detection of biological processes and controlling the stem cell fate within a 3D 

microenvironment resembling the physiological conditions. As a future study, biomarker expressions of 

MSCs can be determined via immunocytochemistry at the end of microfluidic chip culture. The cells 

can be evaluated with their senescence phenotype and the expression of MSC-specific genes related 

with self-renewal and differentiation. 
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ABSTRACT 
 

The currently used approaches in the treatment of wounds and burns have been studied for many years to eliminate problems 

related with mechanical strength, elasticity, biocompatibility and cost. Nowadays, fabrication of composite fibers by a fiber 

as core and hydrogels as shell, which can be seeded by cells is rapidly increasing. In this study, it is aimed to produce a 

natural polymer-based dressing that can provide controlled antibiotic release to accelerate wound healing with low cost and 

high efficiency. The composites have been achieved by using surgical suture as a core and alginate in the shell part, which 

modified with starch and gelatin. Evaluating low-cost hydrogel material such as alginate, starch and gelatin in the shell layer 

of composite fibers by different concentrations were investigated in addition to study their swelling and drug release 

behaviors. The parameters for the model of an antibiotic release that can prevent common infections can be manipulated by 

using a biotextile-based approach to quantify the amount of antibiotics and its release to satisfy clinical requirements. 

Toluidine blue and Penicillin/Streptomycin were chosen as antibiotic models for drug release experiments. Moreover, human 

adipose tissue-derived mesenchymal stem cells (hAT-MSCs) were applied to evaluate cell viability experiments. Results 

demonstrated that alginate modified starch and gelatin can be used as low-cost and promisingmaterials for use in biomedical 

applications. 

 

Keywords: Wound dressing, Composite fibers, Hydrogel, Core-shell, bio Textile 

 
 

 

1. INTRODUCTION 

 

The skin, known as the largest organ of the human body, is exposed to many external factors. Skin 

injury can be occurred by trauma, UV exposure, burns, and in some cases, wounds healing may take a 

long time and can lead to chronic wounds[1]. Since the recovery of the skin after injuries is a complex 

phenomenon that brings together many stages such as homeostasis, inflammation and re-

epithelialization [2]. In particular, various genetic disorders and chronic diseases such as type I 

diabetes or aging leads to chronic wounds, and that can make wound healing processes difficult [3]. 

The patients are generally suffering from leg and foot ulcers; their management requires the use of the 

wound dressings. Further, poor circulation also makes systemic administration of antibiotics 

ineffective and using high antibiotic doses leads to adverse effects in these patients. Only small local 
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doses above the minimum inhibitory concentration are sufficient at the infected wound area. Finally, 

wound dressings that can provide recovery with systemic approaches in a short time are more 

advantageous than the expenses required for long-term wound care. 

 

Developing fiber-based composite material for wound healingusing hydrogels is a promising platform 

in tissue engineering [4-7]. Hydrogels have a significant place among the biomaterials due to their 

high-water absorption capacity. In addition, hydrogels can reach deep wound tissues with minimal 

surgical intervention, and can also take the shape of the damaged area. Thus, they can create lower risk 

of scarring, inflammation, and infection in the tissues[8, 9]. For the last 30 years, alginate fibers play 

an important role in the wound care industry and known to have a positive impact. This is because it 

has specific properties that facilitate wound healing, high moisture absorption and ion exchange 

ability, excellent biocompatibility of material in fiber form and it is an easily obtainable natural 

material. Alginate fibers are one of the useful raw material, especially for highly absorbent wound 

dressings [10].  

 
Sodium alginate is a member of compounds Generally Recognized as Safe (GRAS) compounds[11]. 

Sodium alginate is an inexpensive, biodegradable biomaterial with low antimicrobial properties, and 

extracted from seaweed. Its structure enables absorbing edema in the wound. Alginate based 

composite has great potential such providing microbial protection and stimulation of wound healing 

processes [12, 13]. Alginate is known to form gel structures by covalent crosslinking with polycationic 

water-soluble polymers such as poly-L-lysine, chitosan, DEAE-dextran, amino-poly (oxyethylene) or 

proteins. Alginate shows a stable structure when cross-linked with Ca+2 as a multivalent cation. The 

viscosity of the alginate increases, as the pH decreases. For instance, the viscosity is maximized by 

forming hydrogen bonds at pH 3-3.5 due to the alginate skeleton becomes protonated. This is 

generally undesirable situation because during the mixing and injection stages of cell 

encapsulation,tensile stress from high viscosity can occur, which can damage cells or protein 

structures [13-15]. Alginate dressing maintains a physiologically moist micro-environment, minimizes 

bacterial infection in the wound area and treats the wound. These gels also ensure that the newly 

formed granulation tissue is not disrupted and the skin surrounding the wound is not damaged. 

Moreover, they act as an effective hemostatic agent in bleeding wounds. Alginates can absorb liquid 

up to 15-20 times their weight and make them an ideal dressing material for wounds with high exudate 

[10, 11]. In this way, they can stay on the wound for several days, thus minimizing the need for 

dressing changes. In comparative studies with hydrocolloid bandages, alginate dressings have been 

shown to be better in terms of fluid control, gel blocking, pain control and healing properties [16]. 

 

Alginate gels are promising for cell transplantation in tissue engineering. In this approach, hydrogels 

deliver cells to the desired site, provide space for new tissue formation, and control the structure and 

function of the treated tissue. As another property, alginate can release drug molecules from small 

chemical drugs up to macromolecular proteins, which is possible depending on the type and method of 

the cross-linking. In addition to the superior properties of the alginate, various additives can be added 

to the alginate such as starch and gelatin in order to control the desired drug release, strength and 

degradation processes [17].  

 

Starch is a material composed from amylose and amylopectin. When the starch is heated in the 

presence of water, it undergoes a process known as gelatinisation, in which the granules swell, leach 

amylopectin and lose birefringence [18]. Studies have shown that it is a suitable material for different 

applications due to its biodegradability, easy availability and economic advantages. Starch stands out 

as risk-free and low-cost alternative material, which plays role in increasing cellular activity, 

differentiation and tissue remodeling among the materials used in scaffold fabrication [4, 19, 20]. 

Also, starch offers excellent potential for crosslinking due to the presence of abundant hydroxyl (-OH) 

groups and has proven to be a good precursor material for the preparation of hydrogels [21, 22]. 
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However, its highly hydrophilic nature and poor mechanical properties have hindered its usage in 

tissue engineering compared to some expensive, commercial polymers [23]. In addition, gelatin is a 

biocompatible protein, which is used to prepare composite films for biomedical applications due to its 

low cost, excellent functional and filmogenic properties. Gelatin is obtained by treating collagen-

containing tissues with acid and/or alkali and then heat-treating in the presence of water to irreversibly 

break the collagen fibrillary structure. Gelatin is a material with a distinctive odor, colorless or slightly 

yellow, suitable for use found in the form of strips, powders or granules. Gelatin derivatives are one of 

the most efficient materials used in wound healing, which is a natural component of human skin [24, 

25]. In addition, gelatinderivatives have advantageous in absorbing excess exudates due to its 

excellent ability to absorb water 5-10 times more than its own weight [26]. So, they are quite suitable 

for use as a composite material due to their distinct properties of being natural hydrogel. 

 

A composite material is a combination of two or more specialized materials to do a specific function 

with different physical and chemical properties, without dissolving or blending them into each other 

[27]. Investigations for development of cell-laden composite fiber have gained momentum in recent 

years. The reason behind this is that these composite fibers possess compositional and structural 

multifunctionality. Cell-laden composite fibers have core-shell structure in which the core part is 

biologically relevant in terms of mechanical properties and/or consisting of biodegradable polymer 

fibrils, and the shell part comprised of living cells and hydrogels which contains other bioactive agents 

such as growth factors or antibiotics [28-30]. This core/shell architecture provides a mechanically 

weak scaffold especially considering the shell part, while it also prevents the risk of fracture of fibers 

by benefitting from the strength of the fibers [30]. Loading of cells on the shell part is particularly 

important for the replacement of the lost tissues and for their regeneration with secreted bioactive 

molecules [28, 30]. Furthermore, the core/shell structure allows the formation of hydrogel which 

brings many advantages: Hydrogels are the hydrophilic, biodegradable and biocompatible, can bear 

bioactive components and encapsulate the cells, can be modified easily and be used as delivery 

vehicle. 

 

In the design of this study, various combinations of alginate, gelatin and starch were used to determine 

the optimum structural combination for the most appropriate drug release profile. The swelling rates 

and drug release profiles of these hydrogels and viability of hAT--MSCs in hydrogels coated to 

surgical sutures as core/shell compositeswere studied and structure of core/shell composites were 

imagined by SEM techniques. 

 

 

2. MATERIAL AND METHODS 

 

2.1. Preparation of Alginate and Mixtures 

 

Alginate (low viscosity sodium alginate derived from brown algae, Sigma), starch (Cottonal KS) and 

gelatin (Gelatin from bovine skin, Sigma) used in our study were prepared using double distilled water 

at different concentrations (w/w). Alginate was prepared as different variety concentrations between 1-

5% (w/v). Alginate blends were prepared with gelatin and starch by adding to the pre-polymer alginate 

solutions at a ratio between 1-3%. While preparing alginate and gelatin, the preparation was made by 

mixing at 50°C for 2 hours at a speed of 750-1000 rpm. The obtained mixtures were cross-linked using 

0.2 M CaCl2 prepared in double distilled water. 

 
2.2. Performing Swelling Experiments 

 

The prepared mixtures were first polymerized to produce hydrogels for swelling experiments. After 

the polymerization process, the excess water on the obtained hydrogels was removed by means of 
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blotting paper, and the hydrogels were weighted. The liquid loss of the hydrogels was achieved by 

keeping them in an incubator at 37°C for 24 hours. After 24 hours, dry weights (Mdry) of the 

hydrogelswere recorded. Then, each hydrogel was taken into 100 mL of double distilled water and 

allowed to swell at 37°C for 24 hours. At the end of 24 hours, the excess water of the hydrogels 

wereremoved with blotting paper. The wet weight of hydrogels (Mwet) were obtained and 

recorded.Swelling calculations were made by using the obtained weights in the following equation: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =
𝑀𝑤𝑒𝑡 − 𝑀𝑑𝑟𝑦

𝑀𝑑𝑟𝑦
 𝑥 100 

2.3. Scanning Electron Microscopic Imaging 

 

The prepared alginate hydrogel was pulled around the 3-0 surgical suture to form core/shell 

layers(core: surgical suture, shell: hydrogel). A commercial absorbable Poly(glycolide/L-Lactide) 

surgical suture (MITSU™ POLYGLACTIN 910) which is composed of a copolymer made 90% 

Glycolide and 10% L-Lactide, with a size of 3-0, was used as a core part of core/shell form. The 

surgical suture is coated with hydrogel by passing through in-house with a custom-built needles/tips 

having a flow rate of 2 ml/min. The composite was then kept in 0.2 M CaCl2 solution for 15 minutes 

for crosslinking process and after that washed 3 times with PBS. After this stage, the sample was left 

to dry in a graduated ethanol series (30 – 50 – 70 – 90 – 100) under hood. After the sample was fixed 

on the stub using carbon tape, they were coated with 4 nm gold/palladium (Leica EM CPD300). Then 

the sample wasanalyzed by scanning electron microscope device (SEM, Hitachi Regulus 8230) at 1kV 

voltage. 

 

2.4. Toluidine Blue and Antibiotic Release from Alginate Hydrogels 

 

The release of Toluidine blue (sigma) and Penicillin/streptomycin (Gibco) from the alginate and 

alginate doped gelation or starch hydrogels were investigated. For this aim, different ratio of aqueous 

mixtures of alginate, and different mixtures of alginate with gelatin or starch were prepared. 1 gr 

Toluidine blue was added to 10 ml of each mixtureor 1 ml of Penicillin/streptomycin (10,000 units/mL 

penicillin/10,000 µg/mL streptomycin) was added to 9 ml of each mixture and mixed at 500 rpm in a 

dark environment for 2 hours at 400C. After mixing process, the samples were cross-linked in 0.2 M 

CaCl2 solution for 15 minutes and then allowed to release for 24 hours at room temperature. Then, the 

samples were analyzed by UV-Vis spectrophotometer (A&ELAB). 

 

2.5. Demonstration of Cellular Encapsulation on the Composite Fibers 

 

A red PKH26 (Sigma) fluorescent dye were used to stain hAT-MSCs according to the manufacturer's 

protocol before encapsulation with hydrogels. Mesenchymal stem cells (500 × 105 cells/ml) stained 

with PKH26 (Sigma) fluorescent dye were added to alginate pre-polymer hydrogel mixture and 

homogenized, which was followed by coating of the surgical sutures with the same method described 

“living core-shell fiber preparation” Afterwards, the formation of cell-laden hydrogel shell layer was 

obtained. 

 

2.6. Cell Viability/Cytotoxicity Test 

 

In order to examine cell viability within composite living fibers, isolated and characterized human 

adipose tissue-derived mesenchymal stem cells (hAT-MSCs) were used from our previous 

studieswhich hadbeen isolated and cryopreservedfrom informed/consented lipoaspirates of healthy 

donors undergoing elective liposuction, under Eskişehir Osmangazi University Clinical Research 

Ethics Committee permission (no: 80558721/231, 09/06/2017-12). hAT-MSCs were cultured and 
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characterized as in previously described protocols depending in vitro differentiation experiments and 

immunophenotyping by flow cytometry[30-32]. hAT- MSCs were thawed and cultured in 75 

cm2dishes, at 37 °C and 5% CO2 conditions for their expansion.For this aim, hAT-MSCs 

werecollected after centrifugation and plated in completeDMEM-F12 MSC culture medium 

containing10% FBS and 1% penicillin-streptomycin and 1% (mL/mL) stable L. -Glutamine 

(Glutamax, Sigma), 15mM HEPES and Dulbecco's Modified Eagle Medium (DMEM-F12, Sigma), 

and the cells incubated at 37°C in 5% CO2 and %99 relatively humidified incubator. 

 

Fluorescent live/dead staining (Live/Dead (AAT Bioquest®) was used to determine the viability of 

hAT-MSCs within composite living fibers after 24 hours in hAT-MSC culture mediumat 37°C in 5% 

CO2. For this purpose, after washing the samples 3 times with PBS, they were incubated in the dark 

for 1hour with 1 µM Calcein-AM and 2 µM Propidium Iodide. Live (green) and dead (red) cells were 

visualized under a fluorescent microscope. Calcein-AM green was stimulated in the FITC channel, 

and Propidium iodide red in the Texas Red channel. 

 

 

3. RESULTS AND DISCUSSION 

 

In our study, different concentrations of alginate mixtures (alginate alone or alginate + starch or 

gelatin) were prepared and after crosslinking process (hydrogel formation), swelling, release and 

cellular survival results of them were investigated. In this study, it was aimed to control the swelling 

profile of hydrogels with different density of alginate and also by adding starch or gelatin. 

Swellingratesobtained for 1%, 3% and 5% of alginatewere respectively 2634.78; 2488.89 and 5460 

(Table 1). 

 

Alginate is composed of mannuronic and guluronic acid units [32]. Guluronic acid densed alginate has 

a high viscosity and will swell less because it will bind to more calcium units [33]. When alginate gels 

are placed in saline, Na+ ions in the swelling medium enter inside hydrogel and undergo ion exchange 

with Ca++ ions bound to the –COO– groups of 1,4-linked β-D-mannuronic (M) blocks. This, along 

with increased swelling, causes the M chains to relax. The external Na+ ions then enter the 'egg-box' 

spaces and replace the existing Ca++ ions. This also results in facial swelling. The fully hydrated 

structure begins to lose its structural integrity due to disruption of the 'egg box' cavities and the 

alginate chains begin to break down and dissolve [34]. The observed increases in swelling rate for 5% 

alginate hydrogel may be due to the anionic nature of alginate, increase in density of alginate will 

cause increased repulsion between the molecular chains,resulting in an increase in swelling rate [35]. 

 
Table 1. Swelling data of surgical sutures covered with alginate and various additives. 

Mixture Dry Weight (g) Swelling Weight 

(g) 

Swelling Rate 

1%Alginate 0.23 6.29 2634.78 

1%Alginate + 1%Gelatin 0.085 0.132 55.29 

1%Alginate +1%Starch 0.33 1.09 230.30 

2% Alginate +2% Gelatin 0.029 0.103 255.17 

2% Alginate + 2% Starch 0.53 2.75 418.87 

3% Alginate 0.27 6.99 2488.89 

3% Alginate + 2% Gelatin 0.091 0,871 857.14 

3% Alginate + 2% Starch 0.067 1.28 1810.45 

5% Alginate 0.125 6.95 5460 

5% Alginate + 1% Gelatin 0.156 8.15 5124.36 
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According to data obtained for alginate-gelatin hydrogels, the addition of gelatin to the alginate 

provides a significant control of theswelling rates depending on the percentage of gelatin in the 

mixture. When 1% gelatin was added to 1% alginate solution, the swelling ratio of the obtained 

hydrogel was 55.29. This rate is approximately 2% of the swelling rate of 1% alginate. Also, for 3% 

alginate, %2 gelatin mixture hydrogel swelling rate is 34% of the swelling rate of 3% alginate.As 

another group in this study, the swelling ratio of the hydrogel obtained by adding 1% gelatin to 5% 

alginate solution was 5124.36. This swelling rate is 94% of the swelling rate of 5% Alginate 

hydrogel.Yao et al. (2012) that obtained microspheres from mixtures of alginate and gelatin at 

different concentrations in their study, revealed that alginate was the main gelation factor for the 

obtained spheres and suggested that less stable and lower strength spheres were formed [36]. Here, 2 

profiles were detected for alginate-gelatin hydrogels. The first one is the increase in swelling rate with 

increase in total density of polymers (total polymers density: 2%, 5%, 6%, swelling rate: 55.29 < 

857.14 < 5124.36). This result is the same as the result obtained for alginate hydrogels. The second 

one is decreasing in swelling rate by adding gelatin to alginate.In a study conducted by Pulat in 2018, 

it was shown that the swelling rate decreases as the gelatin concentration increases[37]. 

 

When the ratio of alginate and gelatin is the same (1% alginate + 1% gelatin), sharply decrease in 

swelling rate in compare with alginate (1%) was detected (from 2634.78 to 55.29), and by increasing 

of the ratio of alginate to gelatin in hydrogelcomposition, the swelling ratio in compare with alginate 

hydrogels was increased (2% < 34% < 94%). These results show that when the ratio of alginate is 

dominant to gelatin (5%:1%) the swelling rate of the hydrogel on a large scale controlled by alginate 

(94% of the swelling rate of 5% alginate). 

 
When 1% starch is added to the 1% alginate solution, the swelling rate of the prepared hydrogel was 

found to be approximately 9% of the 1% alginate hydrogel. The same as gelatin doped alginate 

hydrogels, adding of starch with the same ratio of alginate to hydrogel composition (1% alginate: 1% 

starch) cause to a sharp decrease in swelling ratio in comparewith 1% alginate hydrogel. By increasing 

the ratio of the alginate in hydrogels composition, increase in swelling ratio of hydrogels were 

detected (alginate/gelatin ratio: 1, 1.5, swelling rate: 230.30 < 1810.45). These results show that 

adding starch to alginate has the same profile detected for adding of gelatin. Increasing in the ratio of 

starch in hydrogel composition cause todecrease in swelling rate. 

 

Swelling behaviors of a hydrogel depend on composition, monomer ratio, ionic charge content, and 

polymerization route, type and density of crosslinker[38].By increasingthe degree of crosslinking, 

alginate will significantly reduce its swelling in the presence of solvent, resulting in reduced 

permeability of different solutes. As a result, the release of encapsulated drugs in alginate matrices 

will be delayed by increase of the degree of crosslinking and as a result itis suitable for use in 

controlled drug release applications[39]. Also, according to swelling results for hydrogels prepared by 

mixing different ratios of alginate with starch or gelatin, it has been shown that it is possible to control 

the swelling properties of the alginate based hydrogels (Figure 1). The data obtained from the 

experiments showed that gelatin caused a greater decrease in swelling data compared to starch. 
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Figure 1. Swelling ratio of surgical sutures coated with alginate hydrogels or hydrogels composed of different 

mixtures of alginate with starch or gelatin. A: Alginate, G: Gelatin, S: Starch. 

 
Although starch is thought to increase hydrophilic propertyof the hydrogel due to its hydrophilic 

nature, the complex macromolecular chain sequence obtained as a result of mixing can delay the 

penetration of water molecules into the hydrogel and therefore reduce the swelling rate. In hydrogels 

consisting of the mixture of starch and alginate, a high degree of cross-linking between molecules 

result in reduced swelling rates [35]. 

 

Structural analyzes of surgical sutures coated with alginate were made by SEM imaging. Analysis 

with 3-0 suture samples coated with antibiotic-loaded alginate hydrogel show theformation of 

hydrogel layer around the sutures. Analyzes performed using Image J (version 1.53k), showed that the 

diameter of the surgical suturesbefore then coating was 340 µm and the thickness after hydrogel 

coating was 390 µm (Figure 2). The thickness of the coating layer was considered to be 25 µm. 

 

 

 
 

Figure 2. Structural analysis of core/shell composite (suture/hydrogel) fibers with SEM. 
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The polymeric structures and properties of hydrogels were evaluated. Drug release studies were 

carried out in order to examine the potential biomedical applicability of these alginate-based 

hydrogels. Toluidine Blue was used as first model drug for release studies. According to the obtained 

results, it was found that the releases of toluidine blue showed changes with increasing the alginate 

ratio. It is seen that the toluidine blue release capacity decreases with the increase in the density of the 

alginate. There was not any positive effect on toluidine blue release by adding gelatin to the alginate. 

Only hydrogel formed with 5% alginate + 1% gelatin mixture showed approximately 10% increase in 

the drug release (Table 2). Although different ratio of starch had different effects, it generally had a 

negative effect on toluidine blue release. 

 
Table 2. Release profile for hydrogels (alginate and its mixtures with starch or gelatin) of toluidine blue (TB) 

and Penicillin/Streptomycin (Pen_Strep). 

 

HYDROGEL TB PEN/STREP 

1% Alginate 3.00 2.71 

1%Alginate + 1%Gelatin 2.10 1.10 

1%Alginate + 1% Starch 3.12 3.01 

2%Alginate + 2% Gelatin 2.02 1.98 

2%Alginate + 2% Starch 2.61 2.01 

3%Alginate 2.17 1.22 

3%Alginate + 2% Gelatin 1.66 1.44 

3%Alginate + 2% Starch 1.53 1.53 

5%Alginate 1.05 1.02 

5%Alginate + 1% Gelatin 1.15 1.01 

 

In the case of penicillin streptomycin, it is observed that the release of the drug from alginate-gelatin 

hydrogels is lower than the alginate hydrogel when the ratio of alginate is 1 or 2% (gelatin ratio is the 

same as alginate 1%:1% or 2%:2%). But with increase the ratio of alginate to 3 or 5% the drug release 

amount increases by increasing the gelatin ratio to 2%. 

 
In different studies, swelling tests of alginate: gelatin mixtures at different doses were performed. The 

common opinion of the studies has been shown that the swelling levels increase with the addition of 

gelatin[40-42]. The reason of the converse results for lower ratio of alginate (1 and 2%) in our study is 

thought to be the used CaCl2 concentration and the difference in chemical crosslinker. 

 

There is no correlation in the toluidine blue release profile in the hydrogels obtained by adding starch. 

However, in penicillin streptomycin release amounts, high levels of release were observed by adding 

starch in compare with hydrogel composed only from alginate. This result is thought to be due to the 

fact that starch is a water-insoluble material, and that molecules are trapped in the voids during 

polymerization, creating a higher surface area. 

 

Surgicalsutures coated with MSC loaded alginate were labeled with PKH26 (red). Fluorescent 

microscope imaging of these sutures shows the presence of MSCs in shell part of the fibers. Surgical 

sutures are coated with alginate in order to cover them with a cell-loaded hydrogel layer in the form of 

a core-shell. For crosslinking process of the alginate, the coated fibril (surgical suture + MSC-alginate) 

was kept in CaCl2 solution for about 2 minutes and then imagined under the fluorescent microscope 

(Figure 3). As seen in Figure 3, hAT-MSCs showed a homogeneous distribution. In core/shell 

composite fibers, it has been shown that the shell of alginate-based blend hydrogel polymers can 

encapsulate mesenchymal stem cells with high viability rate. 
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Figure 3. Fluorescent microscope image of live composite suture coated with Mesenchymal Stem Cell loaded 

%3Alginate:%2Gelatin labeled with PKH26 (red) in a core-shell structure. 

 
The data we obtained in this study showed that not only the swelling and drug release profile of 

alginate and starch or gelatin added alginate hydrogels can be controlled, butalso, it has been shown 

that living cells can adhere to the alginate hydrogel and maintain their vitality within hydrogel. Due to 

these properties, alginate and starch or gelatin doped alginate hydrogels appear as low-cost polymers 

that can be used in biomedical applications. Nowadays, biomedical studies are mostly focused on 

biomaterials such as hyaluronic acid, cellulose and its derivatives, and chitosan.This studyshowed that 

alginate and alginate-based materials to be used directly, it should be both low cost and highly 

effective. It is thought that alginate and its mixtures, which have been shown to be effective both in 

cost and in the data of our study, can be developed further with future studies to produce medically 

usable living products. 

 

 
 

Figure 4. Biocompatibility assessment of the core-shell fiber construction process with live/dead cell viability 

assay. Fluorescence images of human adipose tissue-derived mesenchymal stem cells (hAT-MSCs) 

encapsulated within composite fibers. 3D core-shell was generated from surgical sutures coated with 
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%3Alg:%2Gel hydrogel blend were imaged post-24 hours cell culture. Scale bars, (a) and (b) 200 μm. 

(a), Live cells are green (calcein acetoxymethyl) and (b) dead cells are red (propidium iodide). 
 

In this study, biocompatibility of core-shell fiber preparation process with alginate: gelatin blends has 

been demonstrated by live dead staining. Cell viability of composite fibers was evaluated by using 

hAT-MSCs in shell part of composite fibers.The high cellular viability after 24 hours of culture 

indicates that living core-shell fiber preparation process did not cause any significant cytotoxic effect 

to the cells. This result indicated that encapsulated cells remained alive after 24 hours(Figure 4a, 4b,).  

In a reported study regarding composite fibers, more than 50 % cells was found dead after 7 days 

culture from encapsulationwith hydrogel layer was composed of alginate[43]. Alginate may not be 

suitable for long-term culture, but it is a suitable biomaterial for encapsulating cells. Since, it can be 

used with cell-friendly biomaterials (i.e. gelatin, collagen, fibronectin etc.) as blend formulations, 

while enabling shape fidelity. Alginate and gelatin can be used as primary coating materials as 

composite form due to favorable rheological properties[44]. Although alginate is a biocompatible 

material and adjustable properties with greater mechanical stiffness and strength among the other 

biomaterials, it is inert material for cellularattachmentdue to the lack of essential amino acid sequences 

(RGD). Thus,it is not appropriate to use alginate alone as ECMin tissue engineering approaches 

[45].For maintaining biological activities such as cell adhesion, proliferation, migration, 

growth,peptide containing-hydrogels have been studied  for decades [46]. Gelatin can be suggested as 

bi-functional coating material as biocompatible and biodegradable,  since it possessRDG motifs 

naturally for cellularadhesion, and it can be easily degraded by cellswith particularly  MMP enzymes 

that is released from cells[47]. However, when gelatin is exposed to heat, its lossshape fidelity. Using 

gelatinwith alginate at the appropriate concentration prevents this mechanical stability issue.According 

to a recent study by Wang et al. (2018), the viability of human adipose-derived stem cells within the 

alginate/gelatin mixture was evaluated, it has shown that alginate/gelatin mixture did not have any 

cytotoxic effect on cells and is suitable for cell proliferation[48]. 

 

In another study conducted with gelatin derivatives: alginate containing composite fibers in 2019, it 

was shown that the encapsulated cells remained viable for up to 21 days[4]. Cell survival and 

proliferation has positive correlation with gelatin concentration, whereas negative correlation with 

alginate concentration.  On the other hand lower alginate percentage shape fidelity and stability of 

material during coating process with a suitable viscosity[48]. Therefore, based on these results in our 

study, 3 % alginate: 2 % gelatinratio was used for fabrication composite living fibers. 

 

 

4. CONCLUSIONS 

 

The results of this study showed that the swelling and drug release profiles of alginate and starch or 

gelatin doped hydrogels can be controlled. Also, it has been shown that cell survival can bemaintained 

in the alginate hydrogel with high viability. Due to these properties, alginate and doped alginate 

hydrogels appear as low-cost polymers that can be used in biomedical applications. Recent biomedical 

studies are mostly focused on biomaterials such as hyaluronic acid,chitosan, cellulose and its 

derivatives. This study showed that it would be advantageous to usealginate-based materials in the 

living composite fibers for biomedical studies,in terms of low cost and high efficacy. It is thought that 

alginate and its mixtures, which have been shown to be effective in our study, can be developed 

further with future studies to produce medically usable products. 
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ABSTRACT 
 

Composite materials have become a highly preferred technology nowadays in the industry with their advantages such as 

superior mechanical performance and weight loss for aerospace applications, especially due to the combination of different 

components and the formation of new products. In addition, with nanocomposites, this technology skips a step further and 

allows more effective products to be produced. Nanocomposites are produced using carbon allotropes such as graphene and 

carbon nanotubes, which have the title of being one of the strongest materials that have been the subject of academic studies in 

recent years. 

 

Keywords: Graphene, Epoxy Resin, Nanocomposites 
 

 

1. INTRODUCTION 
 

The world of nanoscience, nanotechnology and nanocomposites has developed in recent years and the 

importance of this subject has increased with the diversity of automotive, aerospace, electronics, 

biotechnology, flexible sensors and many other applications. In this context, an important gain has been 

made with nanocomposites to innovations based on graphene materials. 

 

Graphene, which is the main building block of graphite, nanotube and C60, which makes sp2 

hybridization in the honeycomb crystal structure, was synthesized and characterized only in 2004. The 

term "graphene", which is derived from the words "Graphite" and "ene" in English, has found its 

equivalent in Turkish as graphene. The 2010 Nobel Prize in Physics was awarded to Andre Geim and 

Konstantin Novoselov "for their groundbreaking experiments on the two-dimensional graphene 

material". 

 

Graphene is the basic structural unit of carbon materials such as carbon nanotubes, graphite, fullerene 

and the like [1, 2]. Due to its excellent physical and chemical properties, it has become the research 

point of materials science and coacervation physics in physics research and practical applications since 

it was discovered in 2004 [3]. 

 

Graphene has a high surface area as well as high adsorption and surface reactions, electron mobility, 

thermal conductivity and mechanical strength. As the thinnest known material, graphene has high 

thermal conductivity, quantum hall effect, high Young's modulus (1 TPa), high optical transmittance 

and high electronic transport, barrier and flame retardant properties. 
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With its high surface area compared to any nanomaterial, it increases the interaction between the layers 

and the polymer material in nanocomposites. It has applications in a variety of fields, including 

electronics and biomedicine. Graphene-based composite materials attract the attention of materials 

scientists today. Because structural fabrication is possible, it is expected to lead to new applications. 

Extensive research and development work has been carried out on graphene-reinforced polymer 

composites in the last two decades. The addition of graphene as a reinforcing agent in a polymer matrix 

has resulted in improving the overall performance and properties of such composites. The unique 

mechanical, thermal, electrical and physicochemical properties of graphene are among the most 

important reasons why graphene is the subject of much research. In addition to these, it has also been 

the focus of attention, especially with its structural thinness. Due to these properties, extensive studies 

have been initiated for the promising graphene technology to be applied in many sectors and fields. 

 

Graphene can be obtained by many different production methods [4]. The main ones of these methods 

can be listed as micromechanical separation of graphite layers (Exfoliation) [1], chemical vapor 

deposition method [5], reduction of graphene oxide [4] and epitaxial growth [6]. 

 

Potential applications of graphene and its derivatives are mainly focused on specific properties, with the 

phased production of different graphene materials (graphene oxide (GO), reduced graphene oxide 

(rGO), functionalized graphene oxide (fGO), functionalized reduced graphene oxide (frGO) and 

modified graphene (mG)). is directed. 

 

If we talk about the direction that graphene and its derivatives give to the sector in aviation in the world, 

very light batteries for airplanes at NASA's Langley Research Center (source: Mackey, Paul J. 

“Graphene Based Ultra-Light Batteries for Aircraft”, NASA, https://nari.arc.nasa.gov/node/301), a new 

solution-free graphene synthesis technique called Holey Graphene (source: Vitug, Eric; (2017), “NASA 

Langley's Technology Further Enhances Graphene Functions”, NASA, https://www.nasa) 

.gov/langley/business/feature/nasa-langley-s-technology-further-enhances -graphene-functions), high-

power capacitors for electric vehicles (source: Kovo, Yael; (2015), “Technology Opportunity: Graphene 

Composite Materials for Supercapacitor Electrodes”, NASA, https://www.nasa.gov/ames 

partnerships/technology/technology-opportunity-graphene-composite-materials-for supercapacitor-

electrodes.) and protective material development for spacecraft. 

 

In this study, a nanomaterial was reinforced into a thermosetting resin curing at 180 ℃ and conforming 

to aerospace standards. Mechanical/thermal properties and microstructure were analyzed outside the 

process. 

 

2. METHODS 

 

2.1. Materials 

 

HexFlow RTM6 (resin transfer molding), an aerospace grade epoxy resin purchased from Hexcel, was 

used as the matrix material in the experiments. Graphene nanoplatelets with an average thickness of 6-

8 nm and an average lateral size of 25 μm were used. Graphene nanoplatelets (GNP) powder used as 

reinforcement was provided by Nanografi Co. Inc. and used as received. Three different types of 

nanomaterial were used. The difference is in the surface area (150, 500 and 800 m2/g). LOCTITE brand 

700-NC was used as a mold release agent. 
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2.1. Procedure 

 

GNP reinforcement content was mixed in epoxy resin with the dispersion process, which is one of the 

nanocomposite production methods, which has been recently studied in the literature (Figure 1). In this 

method, three roll mill system is used. By making use of centrifugal force, the rollers rotate clockwise 

and counterclockwise, passing the resin through 3 cylinders and making it homogeneous. During the 

experimental studies, wt% 0.25, 0.50, 1, 2 and 4 GNP nanomaterials were added to the resin and 

subjected to the three roll mill process. 

 

 
Figure 1. Process flow chart 

 

After the dispersion process is completed, the resin mixture is placed in a vacuum at 80 °C for 30 minutes 

for degassing. It is then cured at 180 °C for 2 hours. 

 

The morphologies of the obtained samples were examined with a Quanta 400 F Field Emission scanning 

electron microscope. Before analysis, the surfaces of the samples were coated with gold/palladium. 

 

Three-point bending (3PB) tests were carried out to determine the mechanical properties of the samples. 

The three-point bending test was performed using the Shimadzu Universal Tester according to the ISO 

178 standard. 

 

Thermal gravimetric analyzes were carried out to determine the thermal properties of the composites. 

Thermal degradation behavior was investigated with TA Instruments Thermal Gravimetric Analyzer 

with a heating rate of 10 Cº/min under nitrogen atmosphere. Decomposition temperatures at maximum 

weight loss were determined from the first derivative of the weight loss - temperature curves. 

 

3. RESULTS & DISCUSSION 

 

Scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and three point bending tests 

were performed on the samples obtained as a result of experimental studies. 

 

The temperatures at 5% weight loss in TGA analysis, the temperatures at maximum weight loss obtained 

from the first derivative of the weight loss versus temperature curve curves, and the amount of ash 

remaining after complete degradation of the material, including residual carbon at 900 °C, of epoxy-

graphene based composites are given in Table 1. 
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Table 1. Temperatures at 5% weight loss, temperatures at maximum weight loss and char yield of epoxy-graphene 

composites. 

Nanomaterials Td%5 [°C] Tdmax [°C] Char [%] 

Epoxy 351 404 10.79 

%0.25-G150 343 400 12.83 

%0.5-G150 341 388 13.77 

%1-G150 340 390 10.42 

%2-G150 341 390 14.32 

%4-G150 338 393 12.72 

%0.25-G500 337 395 12.16 

%0.5-G500 338 397 11.18 

%1-G500 343 399 12.23 

%2-G500 339 397 15.78 

%4-G500 350 397 15.09 

%0.25-G800 338 389 11.32 

%0.5-G800 340 397 11.15 

%1-G800 341 388 12.51 

%2-G800 340 397 13.02 

%4-G800 340 394 15.03 

 

According to Table 1, the addition of graphene in epoxy matrix decreased the temperature at 5 wt. % 

loss of the epoxy. This can be due to the high thermal conductivity of graphene particles than the epoxy 

matrix which may act as heat dissipating source during the earlier steps of the thermal degradation. The 

temperature at maximum weight loss of the epoxy-graphene composites is also lower than the neat 

epoxy. Addition of a carbon based material in the matrix may accelerate the thermal degradation of the 

epoxy composites. Wang et al. and Song et al. also found lowered thermal stability with the addition of 

graphene into epoxy matrix and explained this with the presence of thermally unstable chemicals, which 

on decomposition, lowered Td as compared to monolithic epoxy [7,8]. The char yield values of the epoxy 

graphene based composites were higher than the neat epoxy. Generally, higher percent addition of 

nanocomposites increased the char yield of the epoxy. This can be due to the high surface area of the 

graphene nanocomposites which enhanced the catalytic effects of the charring reaction. In general, this 

trend is observed regardless of the surface area of the nanomaterial. 

 

The bending strength of the samples was measured with a three point bending test according to ASTM 

D790 and ISO 178 tests for each doping ratio. Considering the results, the flexural strength of the pure 

epoxy resin (0% GNP by volume) was measured at an average of 117 mPa. It was also observed that 

the mechanical properties were related to the surface area of the GNPs according to their volume percent 

doping ratio. As the surface area increased, a decrease in flexural strength was observed at the same 

doping ratio in the sample. This jump in flexural strength is indicated in Figure 2. The reason for this 

interaction is the increased surface area and the possibility of agglomeration, which negatively affects 

the mechanical properties. 
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(c) 

 

Figure 2. Mechanical test results and standard deviation 

 

The dispersion of GNPs in epoxy after grinding was used SEM for nanocomposite suspension. 

Distribution is the most important factor to consider. When replacing a polymer matrix, the 

agglomeration of the nanofill can affect the stress concentration. SEM images of the surfaces of epoxy 

nanocomposites as taken are shown (Figure 3). 
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      (c)                     (d) 

 

Figure 3. (a) Neat epoxy and, respectively, agglomerations in epoxy resin doped with 1% pure GNP (b) 150, (c) 

500 and (d) 800. 
 

Moreover, SEM analysis found that the nanoparticles were homogeneously dispersed in the epoxy resin and in a 

small fraction of the wrinkled GNPs, as seen in Figure 3. These findings show that it is possible to detect 

agglomerations formed at a given doping rate. It has been observed that the agglomeration problem has decreased 

significantly, especially at 1% and below. 

 

4. CONCLUSION 
 

The aim of this study is to improve the physical and mechanical properties of polymers with nanomaterial 

reinforcement. In the experimental studies, various combinations of GNP and Epoxy resin systems were studied 

at different doping rates. Approximately 20 samples were produced to reach the optimum result. It was observed 

that the yields of the samples with low doping ratio were higher. At the same time, their mechanical performance 

and thermomechanical results are quite good compared to polymers with high doping ratios. Considering the 

results obtained from the study, it is aimed that the structural parts will be nanodoped composite, that is, 

nanocomposite, by combining the resin and GNP mixture fiber, which will give the most optimum result in the 

future, in accordance with aviation standards. 
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ABSTRACT 
 

The purpose of the study is the preparation of silica aerogels by using the hydro(solvo)thermal synthesis assisted sol-gel method, 
the preparation of SiO2 particle-added silica aerogels, and the investigation of their potential use in the environment and energy 

fields. It has been observed that the prepared silica aerogels can be used removal applications as an adsorbent for 4-nitrophenol, 

methylene blue, Victoria blue, bromophenol blue organic contaminants. The aerogel was modified nanoparticle as SiO2 and –

NH2 group increasing adsorption capacity minimum 3 fold. The energy application, silica aerogel was used as a catalyst. It has 
been observed that silica aerogels progressed rapidly in the reaction of NaBH4 with methanol Again silica aerogel was modified 

increase catalytic activity and prolonging selflife. SiO2 particles embedded silica aerogel was used same reaction. Self 

methanolysis reaction was completed about 20 minute at 25 ºC. By using protonated silica aerogel, the reaction was completed 

about 4 minutes at same temperature.        
 

Keywords: Silica aerogels, Hydro(solvo)thermal synthesis, Catalyst, Methanolysis, Adsorption 
 

 

 

1. INTRODUCTION 
 

Silica aerogels are highly porous, open-cell, low-density materials. Since its microstructure consists of 

nano-sized pores and associated primary particles, it has unique properties such as low thermal 

conductivity, good sound absorption and refractive index, sound velocity and dielectric constant [1]. 

Silica aerogels are used in various sectors thanks to their properties. 

 

Silica aerogels are generally synthesized by the sol-gel method. Hydro(solvo)thermal method is 

considered as synthesis by chemical reactions of substances in a closed and heated aqueous solution or 

organic solvent at suitable temperature (100-1000 °C) and pressure (1-100 MPa). By using this this 

method, many compounds or materials with special structures and properties that cannot be prepared 

from solid state synthesis can be obtained by hydrothermal and solvothermal reactions [2]. 

 

The components used during the synthesis of silica aerogel affect the properties of the product. The most 

frequently used Si precursors are alkoxides such as tetramethoxysilane, tetraethoxysilane (TEOS), 

polyethoxysilane, methyltriethoxysilane etc. can be used as silica source, as well as water-glass (sodium 

silicate) solution can be used in the current commercial synthesis of silica aerogels [3]. 

 

Mahani et al. used MTMS-based, APD-dried silica aerogels to investigate the effects of sol-gel 

parameters on the removal of contamination from crude oil in seawater. To investigate the effects of 

sol-gel parameters, they prepared aerogels under pH values (4 and 8) and various EtOH/MTMS molar 

ratios, and the adsorption capacity of the prepared aerogels was evaluated for heavy and light 
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commercial crude oil under multiple adsorption-desorption cycles. In optimum condition, silica aerogels 

have reached the conclusion that it can take heavy and light crude oil at 16.7 and 13.7 degrees, 

respectively [4].  

 

Gu et al. prepared super hydrophobic silica nanoparticles with a short reaction time using a two-step 

synthesis route using TEOS as a silicon source, NH4OH as a catalyst and HDTMS as hydrophobic 

component [5]. 

  

Sheng et al. studied the nitrobenzene adsorption of hydrophobic silica aerogels in wastewater and 

investigated the effects of adsorption density on pH value, adsorption temperature, adsorption time and 

amount of silica aerogels. They concluded that SiO2 aerogel adsorption density of nitrobenzene in 

wastewater can reach 68.76%, the adsorption properties are related to the hydrophobicity of aerogels, 

the surface area of the organic solution, and the structure of the aerogels [6]. 

 

Hrubesh et al. used hydrophobic aerogel in their solvent removal studies and compared their results with 

standard granular activated carbon adsorption capacities. Using hydrophobic silica aerogel, they 

compared their adsorption isotherms for % (toluene, ethanol, trichloroethylene, chlorobenzene) in water 

mixtures with comparable granular activated carbon (GAC) on gram per gram for all solvents tested. 

The improved performance of the adsorption capacity by aerogel over GAC ranged from factors 30-fold 

for low molecular weight, highly soluble solvents to 130-fold for non-miscible solvents. They concluded 

that these significant improvement factors significantly reduced the cost factors that would greatly aid 

in the use of GAC for VOC capture and solvent cleaning applications [7]. 

 

Silica aerogels can be modified with various modification agents to increase their use efficiency. In 

order to increase the performance of the gels in applications, NH2 groups have been added with APTES 

modification then protonated. The addition of new functional groups to the structure increases the 

application potential of silica aerogel. It allows for new modifications. Sometimes nano/microparticles 

can be added directly to the medium instead of adding new groups with agents. If the dispersion is well 

provided, such structures provide an advantage for obtaining tailored materials for specific applications. 

 

In this study, hydro(solvo)thermal assisted synthesis was carried out in a shorter time and in a controlled 

manner compared to the currently used methods. It was aimed to increase the surface area and increase 

the application performance by adding SiO2 particles to the silica aerogels. The application potential of 

the produced aerogels and their doped forms in the field of environment and energy has been 

investigated. 

 

2. MATERIALS AND METHOD 

 

2.1. Materials 

Tetraethylortosilicate (TEOS, 98%, Sigma-Aldrich), ethanol (99.9%, Merck), ammonium hydroxide 

(NH4OH, 26%, Sigma-Aldrich), hydrochloric acid (HCl, 37%, Honeywell), sodium borohydride 

(NaBH4, 98%, Merck), methanol (99.8%, Sigma-Aldrich), 4-nitro phenol (4-NP, 99%, ABCR), 

methylene blue (MB, Sigma-Aldrich), bromophenol blue (BFB, AFC), Victorian blue (VB, Acròs). 

Double distilled water was used throughout the experiment. 

2.2. Method 

 

Silica aerogels were prepared in two different combinations which are (1) bare silica aerogels, and (2) 

SiO2 nanoparticle embedded silica aerogels. Synthesis stages are shown in Figure1.  
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2.2.1. Bare silica aerogels, SA 

 

Alcohol/water/TEOS mixture acid-catalyzed hydrolysis and base-catalyzed condensation reactions were 

carried out at 10-60 minutes time intervals. Afterwards, the mixture was transferred to the autoclave and 

kept in an oven at 180-200 ºC for 2-72 hours for gelation. The reaction time and temperature parameters 

were studied systematically to find optimum conditions. Particle doped aerogels were prepared under 

these specified conditions. The gel was first washed with ethanol and then with an ethanol/water mixture 

and the impurities were removed by solvent exchange. Afterwards, it was dried by the supercritical 

carbon dioxide drying method (Figure 1). 

 

 
 

 
Figure 1. Schematic representation of hydro(solvo)thermal assisted silica aerogel synthesis. 

 

2.2.2. SiO2 nanoparticle embedded silica aerogels, SiO2-SA 

 

SiO2 nanoparticles were added into the silica aerogel and then the above mentioned processes were 

applied exactly. The SiO2 nanoparticles were synthesized as monodisperse in different sizes by the 

Stöber method [8, 9]. The sonicator was used to prevent the nanoparticles added to the medium from 

collapsing and clumping. SiO2 particles have -OH groups and their nano-size will play a role in catalytic 

applications due to their high surface area. It can be modified outside as well as allowing new groups to 

be added by post modification after the template is placed. Sometimes the particles is used to produce 

pore/hole by reaction of HF or NaOH.  

 
2.2.3. APTES modification 

 

In order to increase the performance of the gels in applications, amino groups were added with APTES 

modification and then APTES modified form was protonated. The reaction schematic is shown in Figure 

2. 

 

For the APTES modification, 0.5 g of empty aerogel/SiO2 embedded silica aerogel was taken and mixed 

with 50 mL of ethanol at 600 rpm for 18 hours. 2.5 mL of APTES and 2.5 mL of water were mixed by 

vortexing and then added dropwise to the mixture at regular intervals. Stirring was continued for 18 

hours. Afterwards, the aerogels washed three times with ethanol, water (1/1, v/v). Then the gels were 

dried by using freeze dryer. 
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Figure 2. APTES modification to silica gel. 

 

 

 

2.2.4. Application studies 

 

In order to increase the performance of the gels in applications, new groups have been added with the 

modification. The application potential of the prepared silica aerogels in environmental applications as 

an adsorbent for organic pollutants such as 4-nitrophenol and some textile dyes investigated.  To 

environmental study, removal of contaminant from aqueous media is important. Adsorbent properties 

important to use real applications. Properties such as high adsorption capacity, easy desorption, 

reusability, regenerable, having long self-life, handable, easily take after application, being cheap and 

easily available are some important desired properties. Silica aerogel is stable and different additive 

could be adding before gelation by dispersing homogeneously. The additive may be chose to increase 

performance and designed focusing the application. Organic contaminant removal study, knowing 

adsorbent’s surface charge is important to understand interaction of contaminant. When it is necessary 

to change the charge of the adsorbent, we want to add new functional group to gain opposite charge with 

contaminant. Another way is directly use polymeric, metallic, or composite particles embedding in the 

adsorbent.      

 

By using the prepared silica aerogels directly as a catalyst in the reaction of NaBH4 with methanol, its 

application potential in the field of energy was also investigated. The methanolysis reaction is known 

acid catalysis, and increased acidity is resulted in high catalytic activity. Silica aerogel was modified 

APTES adding active –NH2 group to the structure by reacting with hydroxyl group on the silica aerogel. 

The –NH2 group can be protonated with increasing acidity.   
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3. RESULT AND DISCUSSION 

 

3.1. Synthesis and Characterization 

 

3.1.1. Bare silica aerogel synthesis and characterization 

 

In order to determine the optimum conditions for silica aerogel production, the effects of factors such 

as component amounts, pH, mixing time, holding time and temperature on the gelation process were 

investigated. As a result of the studies, there were cases where polymerization was not observed as well 

as in particulate and gel structures. In the studies, TEOS was used as the source of silanation, HCl and 

NH4OH were used as acid and base catalyst. The optimum condition was reached with a temperature of 

180 °C and a holding time of 18 hours, but formation of the gel was observed within 4 hours in the 

autoclave. The gels after hydro(solvo)thermal synthesis were washed ethanol. Digital camera images of 

the wet and dried form of the bare silica aerogel and SEM image are shown in Figure 3. As shown the 

figure, bare wet gel is transparent (Figure 3a). One piece of wet gel was taken and dried by supercritical 

carbon dioxide drying. After drying so light, transparent silica aerogel was obtained as shown Figure 

3(b). Surface morphology of the prepared aerogels was   evaluated by SEM. The SEM images of the 

aerogel can be seen in Figure 3(c) with the porous nature. 

 

 
  
Figure 3. Bare silica aerogel (a) wet state of silica gel digital camera image (b) aerogel dried by supercritical 

drying, (c) SEM image of bare silica aerogel. 

 

 

3.1.2. SiO2 particle embedded silica aerogel synthesis and characterization 

 

To prepare SiO2 particle embedded silica aerogel, first of all, SiO2 particles were synthesized by using 

Stöber method. SEM and DLS methods were used in the characterization of these particles. Results are 

shown in Figure 4. As shown SEM image, the particles have spherical shape and uniform size. This 

result supported by DLS measurement resulting 183 nm radius and 0.11 polydispersity index value. SiO2 

particles were synthesized successfully Stöber method. The particle was used to prepare SiO2 embedded 

silica aerogel preparation by using same way for the bare silica aerogel.   
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Figure 4. SEM image and DLS result of SiO2 particle synthesized by Stöber method. 

 

Digital camera images of the wet and dried form of the SiO2 particles containing silica aerogel and SEM 

image are shown in Figure 5. As shown Figure 5, SiO2-silica aerogel’ wet form is white. A piece of wet 

gel was taken and dried by supercritical carbon dioxide drying. After drying so light, whiter than bare 

one silica aerogel was obtained as shown Figure 5(b). To evaluate surface morphology of the prepared 

aerogels and to see SiO2 particles in it was used SEM analyze. The SEM images of the aerogel can be 

seen in Figure 5(c) with the porous nature and SiO2 particles. 

 

 
 
Figure 5. SiO2 embedded silica aerogel (a) wet state of silica gel digital camera image (b) aerogel dried by 

supercritical drying, (c) SEM image of SiO2 embedded silica aerogel. 

 

 

3.2. Environmental and Energy Applications 

 

3.2.1. Environmental applications 

 

As an environmental application, the aerogels used as a adsorbent for the adsorption/removal of organic 

contaminant as 4-nitrophenol and textile dyes as methylene blue, bromophenol blue, victorian blue in 

water has been studied. As shown Table 1, the synthesized aerogels have different adsorption capacity. 

The aerogel can be modified by adding different functional groups to enhance adsorption capacity.  
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Table 1. Organic contaminant and dye adsorption on silica aerogels. 

 

Adsorban 
4-Nitrophenol 

(mg/g) 

Methylene blue, 

(mg/g) 

Victoria blue, 

(mg/g) 

Bromophenol blue, 

(mg/g) 

SA 41.05 14.09 91.66 5,93 

SiO2-SA 51.76 6.70 84.09 3.39 

SA-APTES 137.34 60.14 137.82 10.34 

SiO2-SA-APTES 140.89 44.09 138.26 17.10 

 

The results given in Table 1 obviously say that after APTES modification, the aerogels adsorption 

capacity increased from 41.05 mg/g to 140.89 mg/g for 4-nitrophenol, from 14.09 mg/g to 44.09 mg/g 

for methylene blue, 91.66 mg/g to 138.26 mg/g for victoria blue, 5.93 mg/g to 17.10 mg/g for 

bromophenol blue. 

 

 

3.2.2. Energy application 

 

For the energy application, silica aerogels directly used as catalyst in the reaction of NaBH4 with 

methanol to produce H2. The methanolysis reaction with 50 mM NaBH4 at 25 °C, 1000 rpm without 

using a catalyst was named as a reference.  

 

 

 
Figure 6. The use of bare silica aerogel and modified forms  as a catalyst in the production of H2 from the reaction 

of NaBH4 with methanol [50 mg catalyst, 50 mM NaBH4, 25 ℃  1000 rpm]. 

 

The products obtained by modification and protonation of the synthesized empty silica aerogel with 

APTES were compared with the reference. It was observed that they played an active role in increasing 

the reaction rate compared with self methanolysis. The catalytic activities of synthesized silica aerogels 

were tested using the same catalyst amounts in the methanolysis reaction. When the reaction rates were 
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compared, it was shown that modified and protonated form of bare silica aerogel had higher catalytic 

activity as in Figure 6.  

 

Reference reaction was performed absence of catalyst and hydrogen production rate calculated as 24 

ml/min at 25 ºC. Using SA as catalyst, hydrogen production rate calculated as 39 ml/min at same 

temperature. APTES modified SA produced 32 ml/min hydrogen, and protonated SA-APTES performed 

maximum hydrogen production rate as 83 ml/min. 

 

Same result observed for the SiO2 particles embedded silica aerogel and its modified forms catalytic 

activity (Figure 7). Using SiO2-SA as catalyst, hydrogen production rate calculated as 40 ml/min at same 

temperature. APTES modified SiO2-SA produced 36 ml/min hydrogen, and protonated SiO2-SA-

APTES performed maximum hydrogen production rate as 50 ml/min.  

 

 

 
Figure 7. The use of APTES-modified forms of SiO2-silica aerogel as a catalyst in the production of H2 from the 

reaction of NaBH4 with methanol [50 mg catalyst, 50 mM NaBH4, 25 ℃, 1000 rpm]. 

 

Protonated form of SiO2 embedded silica aerogel has higher catalytic activity as in Figure 7. The reaction 

of NaBH4 with methanol is acid catalyzed as supported literature [10-12].   

 

4. CONCLUSION 

 

As a result of the optimization studies, combination ratio of the mixture, pH of the mixture, hydrolysis 

and condensation time, thermal reaction time, reaction temperature, drying process and time were 

determined. It has been observed that prepared silica aerogels can be used as an adsorbent for organic 

contaminant with the increasing capacity 3-fold. An increase in the adsorption capacity of the silica 

aerogels was observed after modification with APTES. It has been observed that silica aerogels 

progressed rapidly in the reaction of NaBH4 with methanol as using catalyst silica aerogel and its 

modified forms. Hydrogen production rate increased from 24 ml/min to 50 ml/min and 83 ml/min by 

usin protonated SiO2-SA-APTES and SA-APTES, respectively. These prepared silica gels are promising 

materials for the environmental and energy applications. 
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ABSTRACT 
 

The aim of this study was to prepare high surface area nano-sized polyacrylonitrile (PAN) particles and their nanocomposite 

with TiO2 (PAN/TiO2) by using electrospraying method and to use it in super porous composite cryogel preparation using pH 

responsive monomer, 2-(dimethylamino)ethyl methacrylate. The cryogel composite was synthesized via cryogelation method 
by including the PAN/TiO2 nanoparticle within polymeric matrices before cryogelation. The cryogel system was preferred for 

the polymeric system because of its features such as its super-porous structure, shape retention, reusability, and its fast response 

to the application. In this way, an increase in performance is expected in separation and purification studies by creating synergy 
by processing nanoparticles into the macro system. 

 

Keywords:  Electrospraying, PAN/TiO2 Nanocomposite, PDMA cryogel, Separation, Purification  
 

 

1. INTRODUCTION 
 

Electrospraying or electrodynamic spraying is a simple technology with scalability, reproducibility. This 

technology formulates a technique based on liquid atomization used for the production of micro- and 

nanoparticles. Electrospraying conditions generally need to be optimized for each polymer system. 

Electrospraying by using electro-spinning technic/device is affected by a number of variables such as 

applied voltage, tip diameter, flow rate, tip-to-collector distance, and environmental influences. In this 

way, the morphology of the materials obtained by electrodynamic spraying is closely related to the 

properties of the polymer solution or dispersion used and directly affects the micro-nanoparticle forming 

performance. The solvent is critical and its volatility is an important factor.  

 

Electrospraying has many advantages compared with the traditional mechanical spraying systems as (1) 

narrow droplet size distribution with low standard deviation, (2) droplet size can be smaller than 1 μm, 

(3) droplets are electrically charged, (4) movement of the charged droplets can be easily controlled. The 

process of electrospraying was reviewed by plenty of researchers because of its many advantages [1-4].  

 

TiO2 nanoparticle is non-toxic, stable, biocompatible and readily available. It has three main crystal 

phases; brookite, anatase and rutile. Among them, rutile is thermodynamically stable. Anatase and 

brookite are semi-stable. These nanoparticles are also an effective photocatalyst and have been the 

subject of many studies [5]. TiO2 has found application in many areas such as ceramic industry, paint 

industry, inorganic membranes, sunscreen, sensors and biological implants [6]. 
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Cryogels can be defined as a class of hydrogels where controlled polymerization of gel-forming 

polymers and monomers occurs at sub-zero temperatures and yields macropores surrounded by an 

elastic network of interconnected ones [7]. Cryogels are naturally interconnected macroporous 

characteristic structure, allowing water to flow freely in sponge like structure and out of the cryogel, so 

that the shape of the cryogel can be fixed by squeezing it out of the free water and quickly return to its 

original shape by absorbing the water. The interesting properties of cryogels such as higher elasticity, 

flexibility and high mechanical stability, sponge-like porous interconnected microstructures and high 

porosity make them favorite. Cryogels are widely used as chromatographic materials, tissue engineering 

scaffolds and high performance materials [8]. In some applications, such as the separation of 

biomolecules, it can be performed very efficiently due to the large, adjustable and interconnected pore 

sizes. For effective separation study, cryogel can be modified adding new functional group to the 

structure. Alternatively, TiO2, SiO2, clays, polymeric nano- and microparticles, magnetic particles with 

different active substances can be embedded to the structure of cryogel. Thus, the interaction between 

the targeted molecules and the cryogel will increase, thanks to having both very high surface area and 

the active groups of the embedded substances [9-11]. 

 

In the literature, there are several study using polymeric materials such as nano-microgel [12, 13], 

hydrogel [14-17], cryogel [11, 18-22] and their composite forms [13, 23] in separation and prufication 

studies for dye removal, biomolecules, ion and so. 

 

Here, we revealed in this study that the species embedded in the cryogel allows controlled study by 

adjusting the interaction with the target substance in separation and purification [24, 25]. The super-

porous cryogel prepared from pH sensitive 2-(dimethylamino)ethyl methacrylate (DMA) monomer and 

PDMA-PAN/TiO2 composites formed with PAN/TiO2 nanoparticles can be used in many applications 

in the environment and health fields due to their synergistic effects and non-hazardous structures.  

 

2. EXPERIMENTAL  

 

2.1. Material  

 

Materials used in particle synthesis by electrospray technique are polyacrylonitrile (PAN, Carbosynth 

Mw:150000 g/mol), dimethylformamide (DMF, 99.8%, Sigma-Aldrich), titanium (IV) oxide (TiO2, 

mixture of rutile and anatase, < 100 nm particle size, Sigma-Aldrich). Cryogels were prepared using (2-

dimethylamino)ethyl methacrylate (DMA, ≥ 99.0%, Sigma-Aldrich) as a monomer, N,N′-

methylenebisacrylamide (MBA, 99%, Acros) as a cross-linker, N,N,N′,N′-tetramethylethylenediamine 

(TEMED, 99%, Across) as accelerator, potassium persulfate (KPS, 99%, Sigma-Aldrich) as redox 

initiator. Methylene blue (MB, Sigma-Aldrich), 4-nitrophenol (4-NP, 99%, ABCR), congo red (CR, 

Sigma-Aldrich), eosin yellowish (EY, Merck), gentian violet (GV, Merck) were used application study. 

Ultrapure water was used throughout the experiment.  

  

2.2. Method 
 

2.2.1. PAN nanoparticle synthesis 

 

The particle was synthesized via electrospraying method using Inovenso NE200 electrospinning device. 

First, 2% (w/v) polyacrylonitrile solution was prepared in DMF. This solution was sprayed with the 

Inovenso NE200 electrospinning device with 15.5 kV electrical power, the distance between the 

collector plate and the tip was 10 cm, using a 30 G needle. The solution flow rate was adjusted to 0.75 

ml/h. A total of 5.0 mL of solution was sprayed on the same surface. 
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2.2.2. PAN/TiO2 nanocomposite synthesis 

 

TiO2 nanoparticles were added into a 2% (w/v) polyacrylonitrile solution in DMF and mixed with the 

aid of a sonication for a long time. The TiO2 concentration of the mixture was adjusted to 4 mg/mL. The 

mixture containing titanium oxide was sprayed to the plate in the same way as the PAN nanoparticle at 

the same flow rate, electrical power and distance. 

 

2.2.3. PDMA cryogel synthesis 

 

For the preparation of PDMA cryogel, 0.50 mL of DMA monomer was dissolved in 7.0 mL of water. 

Next, 15% of the molar amount of monomer MBA cross-linker was added to this mixture to dissolve 

for about 2 hours at room temperature and then cooled in an ice bath. Then, 0.05 mL TEMED was added 

into the mixture. Finally, 1.5% KPS by mole of monomer was added to the medium as an initiator 

(dissolved in 1.0 mL of water) and vortexed and the mixture was filled into the injectors and the injector 

tip was closed. The injector was immersed in liquid nitrogen to freeze quickly. The mixture was then 

placed in the freezer at -20 °C for about 48 hours for cryogelation. After cryogel formation, the cryogel 

was removed from the injector, cut into cylinders of 3-5 mm in length and cleaned with water for 3-5 

hours, and the wash water changed frequently. 

 

2.2.4. PDMA-PAN/TiO2 composite cryogel synthesis  

 

It was prepared in the same way as PDMA, and PAN/TiO2 nanocomposite was added to the 

DMA/MBA/water medium before the addition of accelerator/initiator and dispersed via sonication. 

Shock freezing is provided with the help of liquid nitrogen to prevent any collapse/clumping. The 

reaction was continued at -20 °C for 12-48 hours. At the end of the period, the ice was expected to 

dissolve at ambient temperature, and the species that did not react with plenty of water were washed 

away. 

 

2.2.5. Application of composite cryogel  

 

The potential use of synthesized PAN/TiO2 embedded composite cryogels in separation and purification 

studies was investigated. Cryogel has been used as column filler and used to quickly and effectively 

separate pesticides, organic pollutants and textile dyes from aqueous solutions with the effect of 

embedded nanocomposite. 

 

3. RESULTS AND DISCUSSIONS 

 

In this study, electrospraying technique was used for the preparation of all nano- and microparticles. 

First, PAN particle was synthesized the size smaller than 1 μm diameter. SEM images of the PAN 

particles is shown in Figure 1. Firstly, it was observed that PAN particles seem to polydisperse size 

distrubition ranging from 400 nm to 850 nm. Secondly, PAN/TiO2 nanocomposite was synthesized 

under the same conditions by adding TiO2 nanoparticles in PAN-DMF solution. The sizes of used TiO2 

nanoparticles were smaller than 100 nm and it contains two phases as rutile and anatase. Measured 

specific surface area, pore size and pore volume parameters for TiO2 is found as 74.29 m2/g, 16.27 nm 

and 5.44 cm3/g, respectively. The particle can be classified as mesoporous material. SEM image of the 

PAN and PAN/TiO2 composite was given in Figure 1(a, b).  

 

The difference between blank and TiO2-containing PAN particles was very clear. Both particles were 

spherical, but some sphere composite particles collapsed (inset Figure 1b). TiO2 nanoparticles also may 

be the reason for this collapsed view in the PAN spheres after spraying. 

 



Butun Sengel et al. / Eskişehir Technical Univ. J. of Sci. and Tech. A – Appl. Sci. and Eng. Vol. 22  – 2021 

8th ULPAS - Special Issue 2021 

 

132 

 
 

Figure 1. SEM images of PAN nanoparticle (a), and PAN/TiO2 composite nanoparticles (b) prepared by 

electrospraying. 

 

 

PAN and PAN/TiO2 particles were used for PDMA-PAN/TiO2 composite cryogel synthesis. Firstly, 

bare cryogel was prepared by using DMA monomer in cryogenic condition to obtain PDMA cryogel. 

Both scheme for the pathway of cryogel preparation and digital camera images of PAN/TiO2 embedded 

cryogel (PDMA-PAN/TiO2) were depicted in Figure 2. While PDMA cryogel was transparent, PDMA-

PAN/TiO2 composite cryogel was bright white because of PAN and TiO2. 

 

  
 
Figure 2. Schematic illustration of the preparation of PDMA cryogel, PDMA-PAN/TiO2 cryogel composite and 

digital camera images. 

 

It has been observed that gels were soft, compressible, can take their former shape again, and have a 

structure that absorbs water very quickly. The SEM images of cryogels were illustrated in Figure 3 (a-

d) with different magnifications. SEM images indicated macro pores. The pores of the composite cryogel 

were slightly closed/smaller than the bare one because of fiiling PAN/TiO2 particles (Figure 3b).   

 

In the Figure 3, as shown at high magnification (inset Figure 1a), PDMA cryogel had a smooth pore 

surface and super porous structure. Unlike PDMA cryogel, composite cryogel had no flat surfaces on 

 1 

  2 
 3 
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its surface in high magnification images (Figure 3c, d), and these cryogels were prepared using 15% 

cross-linker (according to used monomer mole ratio) and 10% PAN/TiO2 by used monomer weight.  

 

 
 

Figure 3. SEM images of PDMA cryogel (a), PDMA-PAN/TiO2 composite cryogel with different magnifications 

(b, c, d). 

 

PDMA-PAN/TiO2 super-porous composites cryogel can be used in different fields to separation and 

purification applications. In this study, composite cryogels were polymerized in an injector cryogenic 

condition. After cryogelation, the gels removed from the injectors as a whole were transferred to the 

larger injector. In this way, the cleaning/washing process was carried out and the gel swelled up to the 

diameter of the injector and its pores were further opened because of absorbing more water. Therefore, 

it was aimed to show that PAN/TiO2 doped PDMA composite cryogels could be used in separation and 

purification studies.  

 

In parallel with the increasing population and industrialization, water pollution is gradually increasing. 

It is a common situation that textile dyes/organic pollutants discharged to the clean water sources for 

various reasons. These pollutants must be removed from the environment in order to increase the quality 

of life and sustain the life of aquatic organisms. Therefore, textile dyes such as MB, EY, GV, CR and 

organic pollutant as 4-NP were studied to remove them effectively to obtain sustainable environment. 

For this purpose, firstly, composite cryogel was used as adsorbent for MB, EY, GV, CR, 4-NP organic 

contaminants. 100 mg/L initial solution concentration was used in all studies. Approximately 50 mg 

composite cryogel was filled in the injector/column. Then 5 mL dye solution was passed through 

column. The interaction of the composite particle doped cryogel with MB, CR, 4-NP solutions was 

examined separately and visualized. Then their mixture as MB, EY and MB, GV, 4-NP were prepared 

and passed through PDMA-PAN/TiO2 containing column. After adsorption study, adsorbed amount of 
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contaminant was determined by using UV-vis spectrophotometer. Adsorption capacity of the composite 

cryogel was given in Table 1 as the amount of mg contaminant adsorbed per g composite cryogel. 

Adsorption capacity was calculated as 67.22 mg/g, 11.53 mg/g, 53,66 mg/g, 2.03 mg/g and 43.78 mg/g 

for MB, EY, GV, CR and 4-NP, respectively.  

 
Table 1. Maximum adsorption capacity of composite cryogels and their digital camera images after adsorption 

 

 
 

 

 
 

Figure 4. Digital camera images of MB dye and PDMA-PAN/TiO2 composite filled column (a), dye transferred 

column (b), MB removal from aqueous solution passing through columns recording to retention time 

(c, d), UV-Vis spectra of MB solution before (x20 dilution)  and after passing through columns (directly) 

time to time (e) [5 mL 100 ppm MB aqueous solution, 50 mg composite cryogel]. 

 

Separation process of MB by using PDMA-PAN/TiO2 composite cryogel evaluated by UV-Vis spectra 

of MB eluted solution were illustrated in Figure 4(a-e). As can be clearly seen from Figure 4c composite 

cryogel adsorb/remove MB dye because of their negatively charged PAN/TiO2 and opposite to MB dye. 
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Figure 4d shows the differences of eluents collected 1 min to 6 min. The UV-Vis absorption spectra of 

eluted MB solution were demonstrated in Figure 4e. Because initial concentration was out of calibration 

curve, the solution was diluted 20-fold. Then absorbance value were recorded 500-700 nm because of 

the maximum absorption wavelength at about 664 nm of MB. As seen Figure 4e, initial MB absorbance 

value at 664 nm was over 1.0, although 20-fold dilution. In same figure, eluent absorbance was recorded 

directly passing dye solution after 1 min, 2 min, 4 min, and 6 min. The MB concentration of the eluent 

was a little increased with the increasing retention time. In total, column color was mostly white, only 

upper site was blue. Considering the separation performance, it can be implied that much more MB 

solution may be pass through over adsorption capacity.   

 

Figure 5 depicted the separation of CR (a-d) and 4-NP (e-h) apart from by using PDMA-PAN/TiO2 

composite filled column. The retention time of the dye solutions in the column and the concentration of 

the resulting solution depended on the interaction between the column material and mobile phase (CR, 

4-NP). As can be seen from the digital camera images in Figure 5 (c, g), the interaction with the cryogel 

was not high with CR and 4-NP. The amount of dye adsorbed was determined by measuring the solution 

after adsorption with UV-vis. The result was different from MB separation because of different charge. 

For CR, Figure 5c showed before and after passing CR solution through column. 5 mL CR solution 

passed in 4 min and absorbance recorded by UV-vis spectrophotometer 350-650 nm because of the 

maximum absorption wavelength at about 498 nm of CR for 1 min, 2 min, and 4 min (eluent diluted 2-

fold same as initial sample). When the color of the solution was checked (Figure 5c, after 4min), it was 

easy to understand change in concentration is little.        
 

 
 
Figure 5. Digital camera images of CR dye and 4-NP organic contaminant PDMA-PAN/TiO2 composite filled 

column (a, e), dye transferred column (b, f), CR and 4-NP removal from aqueous solution passing 

through columns recording to retention time (c, g), UV-Vis spectra of CR (x2 fold dilution) and  4-NP 

(x6.66 fold dilution) solution before and after passing through columns (d, h) [5 mL 100 mg/mL CR 

dye and 4-NP aqueous solution, 50 mg composite cryogel]. 

Separation process of 4-NP by using PDMA-PAN/TiO2 composite cryogel evaluated by UV-Vis spectra 

of 4-NP eluted solution were illustrated in Figure 5(e-h). As can be clearly seen from Figure 5g 

composite cryogel adsorbed/removed 4-NP. Figure 5h showed the differences of eluents collected 1-6 

min. The UV-Vis absorption spectra of eluted 4-NP solution were demonstrated in Figure 5h. All the 

solution was diluted 10-fold including initial one. Then absorbance value were recorded 220-400 nm 
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because of the maximum absorption wavelength at about 317 nm for 4-NP. As seen Figure 5h, initial 4-

NP absorbance max value was 317 nm but after passing through the column the eluent absorbance max 

was shifted as 400 nm. This means that 4-NP was deprotonated by amino group of DMA, that is, PDMA 

was protonated.     

In this model study, as well as separating dye solutions, dye mixtures were prepared and separation 

studies were carried out. Figure 6 showed the digital camera images taken from time to time after the 

transfer of the dye mixtures to the column. From this, it was clearly seen that the dyes interacted 

differently with the filler in the injector and have different retention time. 

 

 
  

Figure 6. Digital camera images of MB-EY mix and MB-GV-4-NP mix contaminant PDMA-PAN/TiO2 

composite filled column (a,e), dye transferred column (b,f), MB-EY mix and MB-GV-4-NP mix 

removal from aqueous solution passing through columns recording to retention time (c, g),  UV-Vis 

spectra of MB-EY mix (x10 fold dilution) and  MB-GV-4-NP mix (x6 fold dilution) solution before 

and after passing through columns (d, h) [5 mL 50 mg/mL MB-EY  and 33 mg/mL MB-GV-4-NP 

aqueous solution, 50 mg composite cryogel]. 

 

Figure 6 (a-h) showed the mixture of MB, EY and MB, GV, 4-NP separation process. The digital camera 

images  in Figure 6a-c revealed the process step by step, digital camera images of MB-EY mix and 

PDMA-PAN/TiO2 composite filled column (a), dye transferred column (b), MB-EY mix removal from 

aqueous solution passing through column (c). When glancing to the Figure 6c, blue color (MB) was at 

top of the column and orange color was at the bottom of the column. When checked the eluent 

absorbance by UV-vis (Figure 6d, x10 dilution), there was no MB in the excite solution checking 

wavelength at 664 nm. EY passed the column as CR. The cryogel colored with the weak interactions. 

The mixture of MB, GV, and 4-NP separation process given in the Figure 6(e-h). Figure 6c, the blue 

color (MB, GV) was at the top of the column and yellow color was at the bottom. Measured absorbance 

by UV-vis (Figure 6h, x6 dilution), there was no MB and GV in the excite solution checking wavelength 

at 664 nm for MB and 590 nm for GV. Maximum absorption wavelength at about 317 nm for initial 4-

NP solution. After passing column the mixture 4-NP absorbance maximum was shifted as 400 nm 

because of deprotonation as shown Figure 5(e-h). As a result of the studies, it was predicted that this 

noncomposite embedded cryogel could be used both as a column filler material and successfully in the 

separation and purification of different materials. 
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4. CONCLUSIONS  

 

In this work, PAN particles and TiO2 dopped PAN composite particles were successfully synthesized 

by electrospraying technique adjusting the polymer concentration via electrospinning device, used 

needle tips, applied force/power and distance of between tip and the collector. Besides, super-porous 

cryogels were synthesized via cryogelation of pH responsive DMA monomer. The cryogel composite 

including the PAN/TiO2 nanoparticle within polymeric matrices before cryogelation was prepared. New 

functional material was prepared by embedding the materials prepared with electrospray in cryogel. By 

combining the physical-chemical properties/application potential of the synthesized nanoparticles with 

the property/application potential of the super-porous cryogel, much more functional and positive 

composite structures have been formed. Both embedded particles in cryogel and cryogel have 

modifiable nature/structure, therefore both one will be tailored to special application. This prepared 

composite cryogels might have potential usages in separation and purification studies.  
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