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ABSTRACT 

 

PRODUCTION OF LENTIL FLOUR AND H YDROXYPROPYL 

METHYLCELLULOSE  BASED NANOFIBER BY USING 

ELECTROSPINNING METHOD  

 

Tam, Nilay  

M. S. Department of Food Engineering 

Supervisor: Prof. Dr. G¿l¿m ķumnu 

Co-Supervisor: Prof. Dr. Serpil ķahin 

 

May 2018, 114 pages 

 

Nanofibers have recently become very popular in food industry for their utilization 

as highly functional ingredients, high-performance packaging materials, processing 

aids and food quality and safety sensors. The objective of this study was to obtain 

homogeneous nanofibers from lentil flour (LF) and hydroxypropyl methylcellulose 

(HPMC) blend by using electrospinning method. The effects of pH (7, 10 and 12), 

LF concentration (1% and 2% (w/v)), HPMC concentration (0.25%, 0.5% and 1% 

(w/v)) and microfluidization (3 and 5 pass) on solution properties and fiber 

morphology were investigated. When the pH was increased, the viscosity of both 1% 

and 2% LF containing solutions decreased while the electrical conductivity increased. 

At pH value of 7, homogeneous nanofibers couldnôt be obtained whereas fibers were 

perfectly homogeneous at alkaline pH values.  Nanofiber diameter decreased with 

increase in pH when 2% LF was used. On the other hand, diameter of fibers didnôt 

show any significant change with pH for 1% lentil flour. When the LF concentration 

was increased, viscosity and fiber diameter increased at pH 10. When HPMC 
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concentration was increased, both viscosity and fiber diameter increased. Average 

fiber diameters ranged between 198Ñ4 and 254Ñ5 nm. Microfluidization did not have 

a positive effect on obtaining homogeneous nanofibers and resulted in fibers with 

beads. For the solutions containing 2% lentil flour, increasing applied voltage 

increased nanofiber diameter whereas increasing flow rate decreased nanofiber 

diameter. When LF concentration was increased, water vapor permeability of 

electrospun nanofibers showed a significant increase. No significant change was 

observed in water vapor permeability when HPMC was added into the 

electrospinning solutions. Neither LF concentration nor HPMC addition did not have 

a significant effect on color parameters. 

 

 

Keywords: Electrospinning, lentil flour, hydroxypropyl methylcellulose (HPMC), 

nanofiber 
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¥Z 
 

ELEKTROEĴĶRME METODU ĶLE MERCĶMEK UNU VE 

HĶDROKSĶPROPĶL METĶLSEL¦LOZ BAZLI NANOLĶF ¦RETĶMĶ 

 

 

Tam, Nilay  

Y¿ksek Lisans, Gēda M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. G¿l¿m ķumnu 

Ortak Tez Yºneticisi: Prof. Dr. Serpil ķahin 

 

Mayēs 2018, 114 sayfa 

 

Nanolifler fonksiyonel olma, paketleme malzemesi olarak kullanēlma, iĸleme 

yardēmcē olma ve gēda kalite ve g¿venliĵi alanēnda sensºr olarak kullanēlabilme 

ºzellikleriyle son yēllarda gēda end¿strisinde pop¿ler olmaya baĸlamēĸlardēr. Bu 

alēĸmanēn ana amacē, mercimek unu ve hidroksipropil metilsel¿loz (HPMC) 

kullanarak elektroeĵirme metoduyla homojen nanolifler elde etmektir. ¢ºzelti pHôsē 

(7, 10 ve 12), mercimek unu konsantrasyonu (%1 ve %2), hidroksipropil metilsel¿loz 

konsantrasyonu (%0,25, %0,5 ve %1) ve mikroakēĸkanlaĸtērma yºnteminin (3 ve 5 

dºng¿) ºzeltilerin ve nanoliflerin ºzellikleri ¿zerindeki etkileri araĸtērēlmēĸtēr. 

pHônēn arttērēlmasē hem %1 hem de %2 mercimek unu ieren ºzeltilerin 

viskozitelerinde azalmaya sebep olmuĸtur. Bazik koĸullarda tamamen homojen 

nanolifler elde edilebilmiĸken, pH 7 deĵerinde homojen nanolif elde edilememiĸtir. 

%2 mercimek unu ieren ºzeltilerden elde edilen nanoliflerin aplarē, pHônēn 

y¿kselmesiyle azalma gºstermiĸtir. Diĵer yandan %1 mercimek unu ieren 

ºzeltilerden elde edilen nanoliflerin aplarēnda ºnemli bir deĵiĸim gºzlenmemiĸtir. 
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pH 10 deĵerinde mercimek unu konsantrasyonu arttērēldēĵēnda hem viskozite hem de 

nanoliflerin aplarēnda artma olmuĸtur. HPMC konsantrasyonundaki artēĸ ºzeltilerin 

viskozitelerini ve nanoliflerin aplarēnē arttērmēĸtēr. Farklē mercimek ve HPMC 

konsantrasyonlarē kullanēlarak hazērlanan ºzeltilerin ortalama aplarē 198Ñ4 nm ve 

254Ñ5 nm arasēnda deĵiĸmektedir. Mikroakēĸkanlaĸtērma yºnteminin nanolifler 

¿zerinde olumlu bir etkisi gºr¿lmemiĸtir ve boncuk oluĸumuna sebep olmuĸtur. %2 

mercimek unu ieren ºzeltilerde voltajēn arttērēlmasē nanolif apēnda artmaya, akēĸ 

hēzēnēn arttērēlmasē ise nanolif apēnda azalmaya sebep olmuĸtur. Mercimek unundaki 

artēĸ nanoliflerin su buharē geirgenliĵinde artēĸa neden olmuĸtur. HPMC 

konsantrasyonun nanoliflerin su buharē geirgenliĵine etkisi gºr¿lmemiĸtir. Ne 

mercimek unu konsantrasyonunun ne de HPMC eklenmesinin renk parametreleri 

¿zerinde ºnemli bir etkisi olmamēĸtēr. 

 

Anahtar kelimeler:  Elektroeĵirme, mercimek unu, hidroksipropil metilsel¿loz 

(HPMC), nanolif 
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CHAPTER 1 
 

 

 

INTRODUCTION  
 

 

1.1. Electrospinning 

 

Electrospinning is used to produce fibers with a range of submicron to nanometer. It 

comes to the forefront with its simple mechanism, cheap construction and short 

processing time among the other methods (Kriegel, Arrechi, Kit, McClements, & 

Weiss, 2008). Electrospinning process has shown the most promising results for fiber 

manufacturing (Haghi, 2009). Researches related to electrospinning method is getting 

more popular (Coles & Woolridge, 2015).  There are various studies in the literature 

related to electrospinning process, parameters that affect the process and 

characterization of the fibers produced by this method. 

 

 

1.1.1. Equipment for electrospinning 

 

Electrospinning system is highly controllable due to its versatility. Almost every 

piece of the system can be altered according to the necessities of the study. In the 

electrospinning system, there are three main components, which are high voltage 

supplier, a syringe with metal tip containing the solution and a collector. There is a 

simple demonstration of the electrospinning system shown in Figure 1. 

Electrospinning solution (a) is ejected by a simple pump (b). Both electrospinning 

solution and the collector (c) are electrically charged by a high voltage supplier (d). 

Anode is attached to the metal tip of the needle (e) whereas cathode is attached to the 

collector. Electrically charged electrospinning solution elongates and creates a Taylor 
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cone (f), which is clarified in section 1.1.2. Finally, fibers are collected on the surface 

of the collector. 

Orientation of the system can be altered. Figure 1 presents a horizontal 

electrospinning system. It can also be built vertically. If a vertical system is used, 

gravitational forces on the electrospinning solution can be used as initiator. In this 

orientation, more uniform fibers can be obtained (Haghi, 2009). The same 

gravitational force prevents a perfect flow in a horizontal system. However, in the 

vertical orientation there is a droplet risk. The needle is right above the collector; 

therefore, all of the droplets will fall on to the collector. In the horizontal orientation, 

with the right electrospinning conditions, droplet formation can be avoided.  

The pump in the system can be excluded. Sometimes application of the high voltage 

to the electrospinning solution is enough to start the flow. As it is mentioned above, 

a vertical orientation can be used for the same purpose. However, applied voltage or 

gravitation may not be enough for solutions with high viscosities. In addition, without 

a pump, the control on the flow rate will not be sufficient (Coles & Woolridge, 2015). 

In some of the cases using a pump might be unnecessary but it definitely depends on 

the study that is conducted.  

The type of the collector can also be changed. Haghi (2009) stated that using more 

complex shaped collectors was possible but it should be handled very carefully. For 

instance, using a rotating cylindrical collector instead of a stationary collector could 

result in more aligned fibers (Pham, Sharma, & Mikos, 2006). The effects of the 

collectors on fiber morphology can be seen in Figure 2. The drawback of rotating 

cylinder system is that the speed of the rotation will be another parameter that should 

be controlled (Haghi, 2009). 
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Figure 2. Effects of the type of the collector ((A) stationary and (B) rotating 

cylinder) on fiber morphology 

 

1.1.2. Principles of electrospinning 

 

The basic principle of electrospinning is that an electrical charge is induced through 

the high voltage supplier to the polymer solution inside the syringe. The electrostatic 

forces start spinning process which distort the hemispherical surfaces of the droplets. 

Taylor studied the influence of this electrostatic force on liquid droplets and 

developed a theoretical understanding (Taylor, 1969). In electrospinning, electrically 

charged particles accumulates on this droplet when an electric field is applied (Coles 

and Woolridge, 2015). When these charged particles overcome the surface tension 

due to the charge repulsion, droplet elongates. This elongation creates a conical shape 

at the tip the needle, which is called as Taylor cone. Then, charged liquid jets are 

derived from the tip of this Taylor cone. During the movement of these jets to the 

collector, evaporation occurs and jets elongates; consequently, fibers are collected on 

the surface of the collector in a solid form (Anu Bhushani & Anandharamakrishnan, 

2014; Huang, Zhang, Kotaki, & Ramakrishna, 2003; Schiffman & Schauer, 2008). 

 

                       A                                                                 B 
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1.1.3. Solution characteristics 

 

Characteristics of the electrospinning solution is very important. In the literature, 

there are many studies that investigate the effects of these properties on the 

electrospinning process. There are basically four solution characteristics, which are 

viscosity, conductivity, surface tension and volatility of solvent (Cadafalch Gazquez 

et al., 2017; Paul, 2005). It was mentioned in previous section that in order to initiate 

the electrospinning process, charged particles had to overcome the surface tension of 

the solution. This is why surface tension is an important parameter for electrospinning 

solution. Yang et al. (2004) stated that different solvents affected surface tension of 

the solutions differently. It is also known that high surface tension causes bead 

formation (Vega-Lugo & Lim, 2009). Surfactants are mostly used in order to reduce 

surface tension (Aceituno-Medina, Mendoza, Lagaron, & L·pez-Rubio, 2013; Perez-

Masia, Lagaron, & Lopez-Rubio, 2014; P®rez-Masi§, Lagaron, & L·pez-Rubio, 

2014). Solvent volatility is important because jets can elongate adequately only if 

solvent evaporation is adequate. Otherwise, bead formation occurs and homogeneous 

fibers cannot be obtained (Anu Bhushani & Anandharamakrishnan, 2014; Huang et 

al., 2003; Schiffman & Schauer, 2008). The effects of viscosity and electrical 

conductivity on electrospinning process are explained detailed in sections 1.1.3.1 and 

1.1.3.2. 

  

1.1.3.1. Solution concentration 

 

Solution concentration is directly related to the viscosity of the electrospinning 

solution (Cheong, Heng, & Wong, 1992; Kriegel et al., 2008; Lim, Gwon, Jeun, & 

Nho, 2010; Vega-Lugo & Lim, 2012). Since changing concentration is quite easy, it 

is one of the most studied parameters in electrospinning studies (Coles & Woolridge, 

2015). Many studies showed that obtaining homogeneous nanofibers at very low and 

very high viscosities was not possible (Frenot, Henriksson, & Walkenstrºm, 2007; 
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Larrondo & St. John Manley, 1981; Sukigara, Gandhi, Ayutsede, Micklus, & Ko, 

2003).  

Coles and Woolridge (2015) explained the effect of the changing viscosity on 

electrospinning in detail. Increasing the viscosity from low to the critical value leads 

to obtaining homogeneous fibers. After critical point, diameter of fiber starts to 

increase. When the viscosity of the solution was not in the range proper for 

electrospinning process, bead formation occurs and homogenous fibers cannot be 

obtained again. Many studies in the literature reported an increase in diameter of 

fibers with an increase in solution concentration. This phenomenon was explained 

with the increase in viscosity of the electrospinning solution (Beachley & Wen, 2009; 

Cho, Nnadi, Netravali, & Joo, 2010; Ramji & Shah, 2014; Uyar & Besenbacher, 

2009). 

 

1.1.3.2. Electrical conductivity 

 

Charged ions in the electrospinning solution influences the jet formation. As it is 

explained in section 1.1.2, in order to initiate the electrospinning process, charged 

particles must overcome the surface tension due to the charge repulsion (Paul, 2005). 

Therefore, electrical conductivity of the solution is another important parameter in 

order to initiate electrospinning process. At low electrical conductivity values, the 

electrospinning solution cannot be electrically charged. In this situation, formation of 

Taylor cone cannot take place (Bhardwaj & Kundu, 2010; Lu, Zhu, Guo, Hu, & Yu, 

2006). 

It is also important to obtain homogeneous nanofibers with thinner fiber diameter. 

Raghavan et al, (2012) stated that an increase in electrical conductivity led to an 

increase in charge carrying capacity of the jets. When the electric field is applied, the 

tension become higher and fibers can be collected more aligned. Similarly, Beachley 

& Wen (2009) stated that increasing the electrical charge of the solution to a critical 
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value allowed the electrospinning to occur. Also, the diameter of the nanofibers 

decreased with increasing electrical conductivity.  

Methods like addition of ionic salts, using organic acids as the solvent or changing 

the pH can be used to increase the electrical conductivity of the electrospinning 

solutions (Fong, Chun, & Reneker, 1999; Vega-Lugo & Lim, 2012; Zong et al., 

2002). 

 

1.1.4. Electrospinning conditions 

 

As well as the solution characteristics, process parameters are also important factors 

for electrospinning (Haider, Haider, & Kang, 2015; Nezarati, Eifert, & Cosgriff-

Hernandez, 2013). Flow rate, voltage and distance between syringe and the collector 

are three main process parameters for electrospinning. There are many studies in 

literature about the effects of electrospinning parameters on the production and the 

morphology of the fibers. Deitzel, Kleinmeyer, Harris, & Beck Tan (2001) showed 

that feed rate and voltage had a strong influence on the fiber morphology. In fact, it 

was stated that production of homogeneous fiber cannot be succeeded without using 

the unique optimum conditions for the polymer used in electrospinning process.  

 

1.1.4.1. Voltage 

 

Applied voltage is a very important parameter because without reaching a critical 

voltage value, electrospinning process cannot be started. To initiate this process, an 

electric field must be created and voltage is the parameter that creates this electric 

field. ķener, Altay, & Altay (2011) stated that applied voltage determines the strength 

of the electric field. As it is explained in section 1.1.2, when the charged particles 

overcome the surface tension, droplet elongates and charged jets derived from the tip 

of the Taylor cone (Coles & Woolridge, 2015). In order to create Taylor cone, applied 

voltage must be higher than a specific threshold value (Li & Wang, 2013).  
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The effects of the applied voltage on the fiber morphology and fiber diameter is a 

controversial issue. In the literature there are some studies which showed that using 

high voltage values increased bead formation (Buchko, Chen, Shen, & Martin, 1999; 

Deitzel et al., 2001; Demir, Yilgor, Yilgor, & Erman, 2002). Paul (2005) also stated 

that increasing the applied voltage increased bead density due to the instability of the 

charged jets. Higher applied voltage values may also lead to smaller fiber diameters. 

Due to the stronger electric field created by applied voltage, charged jets will stretch 

more (Buchko et al., 1999; Lee et al., 2004; Megelski, Stephens, Bruce Chase, & 

Rabolt, 2002; ķener et al., 2011). 

Paul (2005) stated that flight time of the charged jets also affects fiber diameter. 

Fibers can elongate and volatile solvent can evaporate more when the flight time is 

longer. Creating a weaker electric field by using low voltage values decreases the 

acceleration of the charged jets. Therefore, the flight time becomes longer, which can 

create smaller fibers (Zhao, Wu, Wang, & Huang, 2004). 

On the other hand, many studies reported no significant difference of fiber 

morphology or fiber diameter with the change of applied voltage (Andrady, 2008; 

Fong et al., 1999; Pham et al., 2006). Due to these confounding observations, the 

effects of the voltage should not be separated from other electrospinning parameters, 

especially the feed rate and distance (ķener, Altay, & Altay, 2011b) 

 

 

1.1.4.2. Flow rate 

 

Flow rate determines the availability of the electrospinning solution for the process. 

The electrospinning system need to be fed by the electrospinning solution in order to 

create a stable droplet at the tip of the needle (Coles & Woolridge, 2015). 

Gravitational force or a pump can be used to start the electrospinning process. Even 

though gravity is enough to initiate the process, replication cannot be performed 

consistently (Coles & Woolridge, 2015). Controlling the system pressure or using a 

pump give higher control on the system and help producing more consistent fibers. 
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For a specific voltage value, there is a specific flow rate range. The relation between 

flow rate and applied voltage must be balanced to create a stable Taylor cone (Paul, 

2005). Beachley and Wen (2009) stated that increasing flow rate too much causes an 

accumulation at the tip of the needle due to excess amount of solution. Using low 

flow rates is more favorable to give enough time to the volatile solvent of 

electrospinning solution for evaporation (Beachley & Wen, 2009b; Paul, 2005). 

According to Yuan, Zhang, Dong, & Sheng (2004), if the time is not enough for 

evaporation, fibers may create webs by fusing each other. 

In some studies, an increase in the diameter of fibers was observed with an increase 

in flow rate (Hohmanmichael et al., 2001; Zong et al., 2002). Similarly, Beachley and 

Wen (2009), reported that at high flow rates, obtaining smooth fibers with small fiber 

diameter was hard due to lack of time for evaporation. Thick fibers and bead 

formation occur since stretching forces are not enough. Hohmanmichael et al. (2001) 

stated that increasing the fiber dimeter would stop at some point. In order to keep 

process stable, there should be an increase in voltage with the increase in flow rate. 

 

1.1.4.3. Distance 

 

As it was discussed in section 1.1.4.1 and 1.1.4.2, both the strength of the electric 

field and the flight time of the charged jets were important parameters for 

electrospinning process. The distance between the tip of the needle and the collector 

has influence on both of these parameters. A decrease in distance reduces the flight 

time while it increases the electric field strength (Paul, 2005). Huang et al. (2003) 

stated that fibers may stick to the surface of the collector and also each other if the 

distance between the tip of the needle and collector is too short. The reason is 

explained as at short distance, volatile solvent cannot evaporate adequately. High 

field strength also causes bead formation due to instable jets (Deitzel et al., 2001; 

Zong et al., 2002). Similarly, Li & Wang (2013) stated that as fibers could not solidify 

at short distance whereas bead formation occured at long distance. Some studies 

showed when the distance was increased, diameter of fibers decreased (Ayutsede et 
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al., 2005; Yuan et al., 2004). Reneker, Yarin, Fong, & Koombhongse (2000) 

explained that increasing the distance gave more flight time, which increased 

stretching of the jets before reaching the collector. However, literature reviews 

showed that there were exact opposite cases as well. Costolo, Lennhoff, Pawle, 

Rietman, & Stevens (2008) stated that there was a direct relation between the 

diameter of fiber and distance. Moreover, Zhao et al. (2004) reported that none of the 

fibers could reach on the surface of the collector at too long distance. The reason is 

that the field strength decreases with increase in the distance, which leads to a 

decrease in fiber stretching (Faridi-Majidi, Ziyadi, Naderi, & Amani, 2012). In 

addition to that there are studies which reported no significant effect of the distance 

on the fiber morphology (Zhang, Yuan, Wu, Han, & Sheng, 2005). Paul (2005) 

suggested that there should be an optimum distance which created the optimum field 

strength. Overall, unique electrospinning conditions must be succeeded in order to 

obtain smooth electrospun fibers.  

 

1.1.5. Environmental conditions 

 

As it was explained in sections 1.1.3 and 1.1.4, morphology of the nanofibers depends 

on many variables. While solution characteristics and electrospinning conditions can 

be altered easily, changing environmental conditions is a little bit more challenging 

(Haghi, 2009). Especially ambient parameters temperature and humidity have strong 

effect on electrospinning process (Coles & Woolridge, 2015; Haider et al., 2015; 

Paul, 2005). 

The temperature of the environment where the electrospinning process is taking place 

must be considered. Thompson, Chase, Yarin, & Reneker (2007) stated that the 

effects of the temperature on the electrospinning process should not be considered 

alone. Haider et al. (2015) explained that there were two main effects of the 

temperature on the electrospinning. The first one was the temperature effect on the 

solvent evaporation rate. The second one was the effect of temperature on viscosity 
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of the electrospinning solution. Coles and Woolridge (2015) reported when 

temperature was increased, the viscosity of the electrospinning solution decreased, 

which affected both fiber morphology and fiber diameter. Mit -uppatham, 

Nithitanakul, & Supaphol (2004) proved that an increase in temperature reduced the 

diameter of the fibers due to the decrease in the solution viscosity. 

There are many researches showing that there is a clear influence of the humidity of 

the environment on the electrospinning. The change in humidity affects both 

nanofiber morphology and nanofiber diameter due to its effects on solidification of 

the electrically charged jets during the electrospinning process (Haider et al., 2015). 

Li & Wang (2013) stated when the humidity is high, diameter of the fibers become 

thicker due to the small stretching forces on the jets. Compared to normal atmosphere, 

water vapor molecules have a tendency to condense on the fiber collected on the 

collector at high humidity (Paul, 2005). In addition to that, the size and the frequency 

of the pores on the fiber increase at high humidity (Coles & Woolridge, 2015; Paul, 

2005). At lower humidity, especially in dry conditions, evaporation of the volatile 

solvent increases; therefore, smoother fibers can be obtained (Li & Wang, 2013; Paul, 

2005). 

 

 

1.2. Nanofibers 

 

Nanofibers which have 1 to 100 nm diameter range show different mechanical, 

electrical and optical properties due to the higher surface area/volume ratio than 

macrofibers (Neethirajan & Jayas, 2011). Usage of nanofibers in many different areas 

like textile, biomedical, cosmetic and pharmaceutical industries have become popular 

in recent years. Paul (2005) stated that almost in all areas, there is a demand in 

developing novel materials. Nanofibers obtained by electrospinning can be examples 

for these new materials. However, there is not enough study about the use of 

nanofibers in food industry applications. One of the most important reason is that the 
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solvents used for electrospinning are not food safe. Selecting a proper solvent is 

detailed in the next section. 

1.2.1. Use of solvents in electrospinning 

 

Selecting a proper solvent is an important parameter for electrospinning solution. 

There is a limitation for choosing a proper solvent for a specific electrospinning 

system. Since some of the solvents have potential hazards on human health, any of 

the residual of these solvents can restrict the applications of the electrospinning 

process. The solvents commonly used for electrospinning process are 1,1,1,3,3,3-

hexafluoro-2-propanol (HFP), trifluoroacetic acid, and 2,2,2-trifluoroethanol (TFE) 

ethyl acetate, tetrahydrofuran (THF) dimethylformamide (DMF), methyl ethyl 

ketone, and 1,2-dichloroethane (Haider et al., 2015). However, they are toxic and 

prohibited from food-related applications (Vega-Lugo & Lim, 2012).  

Electrospinning of the biopolymers by using water as solvent is a challenging topic. 

Yet, there are many studies which could obtain homogeneous nanofibers by 

dissolving of polymer in water. Son, Youk, Lee, & Park (2004) and Deitzel, 

Kleinmeyer, Hirvonen, & Tan (2001) obtained nanofibers from the most common 

polymer used in electrospinning process, polyethylene oxide (PEO), by dissolving it 

in the water. Zhang et al. (2005) dissolved poly (vinyl alcohol) (PVA) in water and 

also obtained nanofibers. Besides polymer-based nanofibers, it is possible to obtain 

protein-based nanofibers by electrospinning. Sullivan, Tang, Kennedy, Talwar, & 

Khan (2014) and Vega-Lugo & Lim (2012) obtained nanofiber by dissolving whey 

protein isolate (WPI) and PEO in water. Cho et al. (2010) reported homogeneous 

nanofiber production from PVA and soy protein isolate (SPI) blend in the water. In 

many studies conducted with carbohydrates, nanofibers could be obtained using 

water as a solvent. ķener et al. (2011b) used water as the solvent of the sodium 

alginate and PVA blend. Kayaci, Sen, Durgun, & Uyar (2014) dissolved 

geraniol/cyclodextrin inclusion complexes in the water and obtained bead-free and 

uniform nanofibers. 
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Selecting a proper solvent is also important to obtain bead free homogeneous 

nanofibers because selected solvent directly affects the surface tension of the 

electrospinning solution. Yang et al. (2004) stated that different solvents affect 

surface tension of the solutions differently. When the concentration of the solution is 

kept constant, reduction of the surface tension reduces bead formation and then 

homogeneous fibers can be obtained. Fong et al. (1999) suggested the usage of 

ethanol as a solvent because its surface tension is low, which helps obtaining smooth 

fibers. 

 

1.2.2. Use of polymers in electrospinning 

 

Due to their high availability and low cost, synthetic polymers are more commonly 

used in electrospinning process (Paul, 2005). However, with the increase in the 

environmental awareness, biodegradable polymers started to be preferred as 

compared to synthetic polymers (Cho, Netravali, & Joo, 2012). Many of these 

polymers have been electrospun successfully (Paul, 2005). 

 

1.2.2.1. Protein and carbohydrate 

 

Pulses, which are the seeds of legumes, are known as high nutritional value foods. 

According to Food and Agricultural Organization of United Nationôs the global 

production of pulses increased by 57.4% from 1981 to 2011 (Ariyawardana, 

Govindasamy, & Lisle, 2015). However, Previtali et al. (2014) stated that with the 

change of eating habits, legume consumption decreased. Consequently, scientists 

started to search for brand-new areas to use pulses. Thus, pulses have been used in 

pharmaceutical formulations and in biodegradable materials, such as plastics, inks 

and dyes (Graham & Vance, 2014). 
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As it is mentioned in section 1.2.1, there are many studies in which homogeneous 

nanofibers are obtained from protein and carbohydrates. Whey protein isolate, soy 

protein isolate, sodium alginate and cyclodextrin can be given as examples (Cho et 

al., 2010; Kayaci et al., 2014; ķener et al., 2011b; Sullivan et al., 2014; Vega-Lugo 

& Lim, 2012). In addition to that nanofibers could be obtained from collagen, gelatin, 

fibrinogen, silk, cellulose and so on (Paul, 2005). 

Lentil, which is the second biggest traded pulse crop in developing countries, is a rich 

protein, vitamin and mineral source (Ariyawardana et al., 2015). Therefore, it takes 

an important part of the diets of people. Lentil is used especially in flour form in 

various food applications such as soups, snacks, baked products and so on (Ahmed, 

Taher, Mulla, Al-Hazza, & Luciano, 2016). In addition to that, scientists started to 

use lentil flour for production of functional foods such as to increase the nutritional 

value of the bread, as pre-gelatinized starch, to improve soil health and to remove 

hazardous dye as a novel absorbent (¢elekli, Tanriverdi, & Bozkurt, 2012; Pathiratne, 

Shand, Pickard, & Wanasundara, 2015; Previtali et al., 2014; Sharma & Banik, 2015). 

The usage of lentil flour in electrospinning process has not been studied so far. 

 

1.2.2.2. Polyethylene oxide 

 

 

Polyethylene oxide (PEO) is chosen as a carrier polymer matrix due to its non-toxic, 

bio-soluble and chemical resistant and water-soluble nature (Safi, Morshed, Hosseini 

Ravandi, & Ghiaci, 2007). PEO has been used in many studies in order to increase 

the spinnability of the solutions. PEO was used to increase the spinnability of 

cellulose and chitosan (Pakravan, Heuzey, & Ajji, 2011; Samad, Asghar, & 

Hashaikeh, 2013). Uyar & Besenbacher (2009) added PEO into their solutions, which 

was composed of cyclodextrins (CD), for same reason. PEO was added into protein 

isolate solutions as well. To increase the spinnability of the soy protein isolate (SPI) 

solutions and whey protein isolate (WPI) solutions, PEO was used as carrier polymer 
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matrix in many studies (Ramji & Shah, 2014; Shankar, Seyam, & Hudson, 2013; 

Sullivan et al., 2014; Vega-Lugo & Lim, 2012; Xu, Jiang, Zhou, Wu, & Wang, 2012). 

 

1.2.2.3. Hydroxypropyl methylcellulose 

 

Hydroxypropyl methylcellulose (HPMC) is a cellulose derivative. It is used in food 

industry in many areas. Xuan et al. (2017) studied the effects of HPMC on frozen 

storage of wheat gluten and recently stated that HPMC could stabilize gluten network. 

Tanti, Barbut, & Marangoni (2016) showed that HPMC could be used as a shortening 

in sandwich cookie creams. Mariotti, Pagani, & Lucisano (2013) reported that the 

presence of HPMC could make the crumb of the gluten free bread softer and slow 

down the staling process. HPMC has been used for edible film production in many 

studies as well  (Akhtar et al., 2013; Bilbao-S§inz, Avena-Bustillos, Wood, Williams, 

& Mchugh, 2010; Brindle & Krochta, 2008; Perone, Torrieri, Cavella, & Masi, 2014). 

In addition to these, there are many electrospinning studies have been conducted 

based on HPMC. Frenot et al. (2007) showed that it was possible to obtain 

homogeneous nanofibers from HPMC in dimethyl acetamide solution. 

 

1.3. Objective of the study 

 

Nanofibers have recently become very popular in food industry for their utilization 

as highly functional ingredients, high-performance packaging materials, processing 

aids and food quality and safety sensors. Electrospinning is a method which is used 

to produce nanofibers. Due to its simple mechanism, cheap construction and short 

processing time among the other methods, electrospinning has come to the forefront. 

Studies related to lentil have increased due to it is a rich protein, vitamin and mineral 

source. The flour form of lentil is used in many food applications. Recently, the 
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interest in production of biopolymer-based nanofibers has increased. However, there 

is lack of research on the usage of lentil flour in electrospinning process.  

The aim of the study is to produce homogeneous nanofibers suitable for food industry 

from a solution containing lentil flour and HPMC by using electrospinning method. 

The effects of pH, lentil flour concentration, HPMC concentration and 

microfluidization on solution characteristics and fiber morphology are studied. In 

addition to that the effects of electrospinning conditions on fiber morphology are 

investigated. Finally, the effects of lentil flour concentration and HPMC 

concentration on water vapor permeability and color of nanofibers are highlighted. 
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CHAPTER 2 

 

 

 

MATERIALS AND METHODS  

 

 

2.1. Materials 

 

Lentil flour (LF) containing 22.2 % protein, 1.7 % fat, 8.9 % moisture and 3 % ash 

was obtained from Smart Chemical Trading Co. Inc. (Turkey). Polyethylene oxide, 

PEO (molecular weight = 900,000 Da) and hydroxyl propyl methyl cellulose 

(HPMC) were bought from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). The 

emulsifier, Tween 80 was supplied by Merck (Darmstadt, Germany) (Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Tween 80 molecular structure. x, y, z, and w were selected as 5 (Karjiban, 

Basri, Rahman, & Salleh, 2012) 
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2.2. Solution preparation and characteristics 

 

PEO solution of 3.5% (w/v) was prepared and dissolved at 1,000 rpm for overnight 

at room temperature by using a magnetic stirrer (Daihan Scientific Co, KR). Distilled 

water was used as the solvent. Lentil flour was added into the 3.5% (w/v) PEO 

solution at two different concentrations (1% and 2 % (w/v)). Solutions were 

homogenized with a high-speed homogenizer at 12,000 rpm for 3 min (IKA T25 

Digital Ultra-Turrax; IKAÈ-Werke GmbH & CO. KG, Staufen, Germany). After 

that, pH of the solutions was adjusted to 7, 10 and 12 by the addition of 2M NaOH 

solution. Then, solutions were heated to 80ÁC in a water bath and mixed with a 

magnetic stirrer at 1,000 rpm and at 80ÁC for 2h. After 2 hours, solutions were left to 

cool down until they reach the room temperature. Tween 80 (2% (w/v)) and HPMC 

(0.25%, 0.5% and 1% (w/v)) were added into the solutions and homogenized with a 

high-speed homogenizer at 10,000 rpm for 5 min. Solutions were stirred at 750 rpm 

for overnight at room temperature by using a magnetic stirrer. These solutions were 

used for determination of effects of lentil flour concentration, HPMC concentration 

and pH on rheological behavior, electrical conductivity and fiber morphology (Fig. 

4).  

For water vapor permeability, color and FTIR experiments, four different solutions 

were prepared. 2% (w/v) and 5.25% (w/v) lentil flour were added into 3.5% (w/v) 

PEO solution. Solutions were divided into two. 2% (w/v) Tween 80 was added into 

all of the solutions and 0.5% (w/v) HPMC was added into half of them (Fig. 4).  
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PEO solution 

Ź 1,000 rpm for overnight 

Lentil Flour 

Ź High-speed homogenizer at 12,000 rpm for 3 min 

Adjusting pH (with 2M NaOH solution) 

Ź Heated to 80ÁC in a water bath 

Mixed (1,000 rpm and at 80ÁC for 2h) 

Ź Cooled down to room temperature 

Tween 80 and HPMC 

Ź High-speed homogenizer at 10,000 rpm for 5 min 

Stirred at 750 rpm for overnight 

Figure 4. Solution preparation for determination of effects of lentil flour 

concentration, HPMC concentration and pH on solution characteristics and fiber 

morphology and characterization of fibers 

 

For microfluidization part, first, lentil flour solutions of 5.25% (w/v) and 7.5% (w/v) 

were prepared. Solutions were homogenized with a high-speed homogenizer at 

12,000 rpm for 3 min (IKA T25 Digital Ultra-Turrax; IKAÈ-Werke GmbH & CO. 

KG, Staufen, Germany). After that, pH of the solutions was adjusted to 10 by the 

addition of 2M NaOH solution. Then, solutions were heated to 80ÁC in a water bath 

and mixed with a magnetic stirrer at 1,000 rpm and at 80ÁC for 2h. Tween 80 (2% 

(w/v)) and HPMC (0.5% (w/v)) were added into the solutions, which were left to cool 

down until they reach the room temperature, and homogenized with a high-speed 

homogenizer at 10,000 rpm for 5 min. Then 3.5% (w/v) and 2.5% (w/v) PEO was 

added into the solutions containing 5.25% (w/v) and 7.5% (w/v) lentil flour, 
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respectively. After that, solutions were homogenized with a high-speed homogenizer 

at 10,000 rpm for 5 min again. Final solutions were stirred at 750 rpm for overnight 

at room temperature by using a magnetic stirrer (Fig. 5). 

 

Lentil Flour Solution 

Ź High-speed homogenizer at 12,000 rpm for 3 min 

Adjusting pH (with 2M NaOH solution) 

Ź Heated to 80ÁC in a water bath 

Mixed (1,000 rpm and at 80ÁC for 2h) 

Ź Cooled down to room temperature 

Tween 80 and HPMC 

Ź High-speed homogenizer at 10,000 rpm for 5 min 

Microfluidization (At 100 MPa with 3 and 5 cycle numbers) 

Ź 

PEO addition 

Ź High-speed homogenizer at 10,000 rpm for 5 min 

Stirred at 750 rpm for overnight 

 

Figure 5. Solution preparation for determination of effects of microfluidization on 

solution characteristics and characterization of fiber morphology 
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2.2.1. Rheological measurements 

 

Rheological behavior of the solutions was measured by using a controlled strain cone 

& plate rheometer (Kinexus, Malvern Instruments, UK). The cone angle was 4Á and 

the plate had 40 mm diameter. Shear rate varied from 1 to 100 s-1. Temperature was 

set to 25ÁC. The shear stress (Ű) and shear rate (ɾ) data were collected. Experiments 

were replicated three times. 

 

2.2.2. Electrical conductivity measurements 

 

Electrical conductivity of the solutions was investigated at 25ÁC by using a 

conductivity meter (InolabÈ 7110, Wissenschaftlich-Technische Werkstªtten GmbH, 

Weilheim, Germany). Experiments were replicated three times. 

 

 

2.3. Microfluidization  

 

Four different solutions, 3.5% (w/v) PEO solution containing 5.25% (w/v) lentil flour 

and 2.5% (w/v) PEO solution containing 7.5% (w/v) lentil flour with and without 

0.5% HPMC, were processed with microfluidizer (Suflux, ILSHIN AUTOCLAVE) 

at 100 MPa pressure and different cycle numbers (3 and 5) to see the effect of 

microfluidization on electrospinning. 

2.4. Electrospinning  

 

Solution prepared for spinning was placed in 5 mL syringes, which had 11.58 mm 

inner diameter. The needle was positioned horizontally on the syringe pump and 

connected to the positively charged electrode, which had high voltage supplier. The 

stationary collector, which was connected to the negatively charged part, was covered 
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with aluminum and fixed 30 cm away from the tip of the needle. For solutions used 

for water permeability and color measurements, flow rate was adjusted to 0.8 mL/h 

and the voltage was varied between 8-15 kV. Flow rate and applied voltage in 

electrospinning device (NanoWeb 103, Mersin, Turkey) were varied between 0.6-1.5 

mL/h and 8-20 kV for solutions prepared with microfluidization, respectively. Flow 

rate of 0.6 mL/h and voltage of 11 kV were used for rest of the nanofibers obtained 

for investigating the effects of pH, lentil flour concentration and HPMC 

concentration. The electrospinning process was performed at around 40% relative 

humidity and 20ÁC. Process time was fixed to 3 hours for the nanofibers obtained for 

investigating the effects of pH, lentil flour concentration and HPMC concentration. 

The time was varied between 50-90 hours for nanofibers used for water vapor 

permeability, color and FTIR analyses.  

 

2.5. Characterization of fibers 

 

2.5.1. Scanning electron microscopy (SEM) 

 

For the morphological investigation, the nanofiber samples were collected on the 

stationary collector. Before SEM analysis, samples were coated with Au/Pd. After 

that, images were taken by using Field Emission Scanning Electron Microscopy 

(FESEM) (JEOL, Japan) at magnification 10,000Ĭ at Metallurgical and Materials 

Engineering Department, Middle East Technical University. The diameter of the 

nanofiber was measured by using the Image J 1.50i analysis software. For each 

image, diameters of 100 fibers were measured. These measurements were used to 

determine range of diameter and to calculate the average diameter for each sample. 
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2.5.2. Water vapor permeability analysis 

 

Water vapor permeability of the nanofibers was measured with ASTM, E96 method 

(Busolo et.al. 2009). When nanofibers were collected enough, they were kept in a 

desiccator with aluminum foil for 24 hours. After that, obtained nanofibers were 

peeled off from the aluminum foil. The thickness of nanofibers was measured with 

calipers by taking 10 measurements for each sample. The surface area of the 

nanofibers was calculated as the base area of the plastic container. Specially designed 

plastic containers with 4 cm diameter were filled with water, covered up by the peeled 

nanofiber and kept at controlled environment. The weight of the containers was 

measured until the steady-state weight loss was obtained. Water vapor permeability 

(WVP) was calculated with equation 1. 

 

760
 

      
        (1) 

 

W/t = Slope of the weight loss and time graph (g/s) 

x: Average nanofiber thickness (mm) 

A: Surface area of the nanofiber (m2) 

0 : Saturated vapor pressure (kPa) 

R1= Relative humidity of the environment (%) 

R2= Relative humidity of the container (%) 

Experiments were replicated two times. 

 

 



24 
 

2.5.3. Color analysis 

 

Color of the samples was measured using a color reader (Minolta, CR10, Osaka, 

Japan). White light was used and the angle was 90Á. The color values were expressed 

by CIE coordinates, L* a* and b*, where L* indicates whiteness/darkness, a* 

indicates redness/greenness, and b* indicates blueness/yellowness values. Two color 

data were taken from different locations for each sample. For æE calculations, 93.2, 

-1.4 and 0.12 reference values were used, which were L0*, a0* and b0* values of 

BaSO4. 

 

2.5.4. Fourier-transform infrared spectroscopy (FTIR) 

 

FTIR analyses of PEO powder, HPMC powder and nanofibers obtained from 

electrospinning were conducted by using a FTIR spectrophotometer (IR-Affinity1, 

Shimadzu, Kyoto, Japan). The analysis was performed in attenuated total reflectance 

(ATR) mode using a diamond ATR crystal. The infrared regions analysis was 

recorded with 16 scans. FTIR spectra were collected over the wave number range 

600ï4000 cmī1.  

 

2.6. Statistical analysis 

 

Analysis of variance (ANOVA) was performed to determine whether there was 

significant difference between the factors (pÒ0.05). Tukey Single Range test was used 

to compare variable means by using MINITAB statistics programme (MINITAB for 

Windows, Version 16, Minitab Inc., State College, Pa., USA) (Appendix A). 
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CHAPTER 3 

 

 

 

RESULT AND DISCUSSION 

 

 

When the solutions composed of only lentil flour and HPMC homogeneous 

nanofibers could not be obtained. Therefore, to increase the spinnability, 

polyethylene oxide (PEO) was added into the solution. PEO was chosen as a carrier 

polymer matrix due to its non-toxic, bio-soluble and chemical resistant nature as well 

as its solubility in water (Safi et al., 2007). PEO has been used in many other studies 

to increase the spinnability of the solutions. It was shown to increase the spinnability 

of cellulose and chitosan (Pakravan et al., 2011; Samad et al., 2013). For the same 

reason, Uyar & Besenbacher (2009) also added PEO into their solutions, which 

composed of cyclodextrins. To increase the spinnability of the soy protein isolate 

solutions and whey protein isolate solutions, PEO was used as carrier polymer matrix 

in many studies (Ramji & Shah, 2014; Sullivan et al., 2014). 

In this study, a non-ionic surfactant 2% Tween 80 was added into the solution to 

decrease the surface tension, which increased the chance of obtaining more 

homogeneous nanofibers. Vega-Lugo & Lim (2009) stated that high surface tension 

could cause bead formation. Yang et al. (2004) stated that different solvents affected 

surface tension of the solutions differently. When the total polymer concentration of 

the solution was kept constant, reduction of the surface tension reduced bead 

formation and as a consequence homogeneous fiber could be obtained (Aceituno-

Medina et al. (2013) used Tween 80 as surfactant in their study. In an electro-spraying 

study, Perez-Masia et al. (2014) added various surfactants (Tween20, Span20 and 

lecithin) into solutions composed of two different low molecular weight 

carbohydrates (maltodextrin and commercial resistant starch). It was shown that all 

of the surfactants decreased the surface tension of the solution. When the solutions, 

which did not contain any of the surfactants were used, extensive dropping was 
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observed due to unstable electro-spraying. Solution properties (polymer 

concentration and electrical conductivity) and electrospinning conditions (voltage 

and flow rate) are important for electrospinning process. Therefore, in this study, the 

effects of pH, lentil flour and HPMC concentrations on the solution characteristics 

and fiber morphology were discussed. In addition, the effects of electrospinning 

conditions on fiber morphology was examined. Lastly, the effects of lentil flour 

concentration on water vapor permeability and color of nanofibers were analyzed. 

 

3.1. Obtaining nanofibers with high lentil flour and low PEO concentrations 

 

In order to obtain homogeneous nanofibers, solutions with different lentil flour, PEO 

and HPMC concentrations were prepared. In Table 1, morphology of fibers obtained 

from different solutions are given. 

All solutions were prepared at pH 10. Effect of the pH will be discussed later. Lu et 

al. (2006) stated that electrospinning of natural biopolymers was challenging. In most 

of the studies, bead formation was observed or nanofiber could not be obtained at all. 

With the addition of nontoxic, biocompatible carrier polymers like PEO, spinnability 

of the solutions could be improved. Below 2.5% PEO concentration, no matter what 

the protein concentration was, homogeneous nanofibers could not be obtained (Table 

1). Thus, it can be concluded that PEO concentration less than 2.5% was not enough 

to obtain a solution with sufficient spinnability. 
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Table 1. Nanofiber morphology of electrospun solutions with different lentil flour, 

PEO and HPMC concentrations 

Concentration (%) Nanofiber 

Morphology PEO Lentil Flour  HPMC 

3.5 5.25 0 HNF* 

3.5 5.25 0.5 HNF 

3.5 3.5 0 HNF 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

2 

2 

1.5 

1.5 

1 

1 

0.5 

0 

0.5 

0 

0.5 

0 

0.5 

HNF 

BF**  

HNF 

NF***  

HNF 

BF 

HNF 

3 6 0 HNF 

3 6 0.5 BF 

3 3 0 HNF 

3 3 0.5 HNF 

2.5 7.5 0 HNF 

2.5 7.5 0.5 HNF 

2.5 5 0 HNF 
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Table 1. (Continued) 

Concentration (%) Nanofiber 

Morphology PEO Lentil Flour  HPMC 

2.5 5 0.5 BF 

2.5 2.5 0 HNF 

2.5 2.5 0.5 BF 

2 5 0 BF 

2 5 0.5 BF 

2 4 0 BF 

2 4 0.5 BF 

2 2 0 NF 

2 2 0.5 BF 

1.5 3 0 NF 

1.5 3 0.5 BF 

1.5 2.25 0 BF 

1.5 2.25 0.5 BF 

1 5 0 NF 

1 5 0.5 BF 

1 4 0 NF 

1 4 0.5 BF 

1 3 0 NF 
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Table 1. (Continued)  

Concentration (%) Nanofiber 

Morphology PEO Lentil Flour  HPMC 

1 3 0.5 BF 

0.5 2.5 0 NF 

0.5 2.5 0.5 BF 

0.5 1.5 0 NF 

0.5 1.5 0.5 BF 

*HNF means homogenous nanofiber 

**BF means bead formation 

***NF means homogenous nanofibers couldnôt be obtained 

All of the solutions were prepared at pH 10 and contained 2% Tween80 

 

One of the purposes of this study was to obtain nanofibers with high biopolymer 

concentration. Lentil flour is mainly composed of proteins and carbohydrates. 

Therefore, it was tried to use higher amount of lentil flour. However, concentration 

could not be increased more than 5.25% for solutions prepared with 3.5% PEO. 

Increasing lentil flour concentration more than 1.5-fold for solutions containing 3.5% 

PEO affected spinnability negatively and homogeneous nanofibers could not be 

obtained. This proportion was 2-fold and 3-fold for solutions with 3% and 2.5% PEO 

concentrations, respectively. Similarly, Ramji & Shah (2010) observed bead 

formation when solutions were prepared with 7% soy protein and 5% PEO whereas 

homogeneous nanofibers could be obtained when concentrations were changed to 

12% soy protein and 10% PEO. 
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3.2. Effect of pH on solution characteristics and fiber morphology 

 

The shear stress (Ű) versus shear rate (ɾ) data obtained from rheological experiments 

were fitted well to Power Law model (Eq. (2)) with high coefficient of determination 

values (r2=0.965ï0.997). 

ʐ  ὑ ɾ                            (2) 

where, Ű is the shear stress (Pa), ɔ is the shear rate (s-1), K is the consistency index  

(Pa sn) and n is flow behavior index. 

The power law parameters of spinning solutions at different pH values (7, 10 and 12) 

are shown in Table 2. Since n values ranged between 0.879 and 0.944, which were 

smaller than 1, it could be inferred that the solutions showed pseudoplastic (shear-

thinning) behavior. As it can be seen in Figure 6, apparent viscosities of spinning 

solutions decreased as the shear rate increased. 
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A 

B 

Figure 6. The effects of different pH on apparent viscosity of different spinning 

solution (ƺ: pH 7, Ǐ: pH 10, æ: pH 12) PEO:LF ratio of (A) 3.5:1 and (B) 3.5:2 
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Polymer concentration is very important in electrospinning due to its effects on 

viscosity of the solution. Obtaining homogeneous nanofibers at very low and very 

high viscosities was not possible (Larrondo & St. John Manley, 1981; Sukigara et al., 

2003).  

pH was also effective on rheological properties and as a consequence on 

electrospinning. Table 2 shows the effect of pH on rheological characteristics of 

solutions composed of 1% and 2% lentil flour. As the pH values increased, the 

consistency index of solutions decreased significantly (pÒ0.05) for both 1% and 2% 

lentil flour containing solutions (Table A1). Demetriades, Coupland, & McClements 

(1997) prepared corn oil-in-water emulsions stabilized by 2 wt% whey protein 

isolates with a pH range of (3ï7). In their study, the lowest viscosity values could be 

obtained at only the pH values far away from the isoelectric point of the whey protein. 

It was also reported that to obtain the highest viscosity values, the pH of the solution 

should be near the isoelectric point. In another research, Cho et al. (2010) showed 

that the viscosity values of soy protein solutions decreased when pH level was 

increased. The reason of this was explained by the fact that at high pH values protein 

molecules were unfolded due to the reduction of entanglements. Dissanayake, 

Ramchandran, & Vasiljevic (2013) reported that increasing pH values of the whey 

protein solutions decreased viscosity. The first reason was explained by the charged 

nature of the whey protein which might affect the rheological behavior of the 

solution. When pH moved away from the isoelectric point, net charge on protein 

molecules became greater. Thus, water molecules had higher affinity and hydration 

degree of protein molecules could increase. Secondly, when intermolecular repulsion 

between whey proteins predominated at lower shear rates, weak interactions between 

protein aggregates could be easily disrupted with the increase in shear. Similar to the 

studies in literature, in the case of lentil flour, when the pH values were moved away 

from the isoelectric point of the lentil protein, which was ~pH 4.5 (Bamdad, Dokhani, 

& Keramat, 2009), the viscosity of the solution decreased. 
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Electrical conductivity of the solution is an important parameter to obtain 

homogeneous nanofibers since charged ions in the solution influenced jet formation. 

With increasing electrical conductivity, charge carrying capacity of the jets increased; 

consequently, the tension became higher in the presence of electric field and fibers 

could be collected more aligned (Raghavan et al., 2012). Moreover, fibers with 

smaller diameters could be obtained (Li & Wang, 2013). In order to increase the 

electrical conductivity of the electrospinning solutions, different methods can be used 

such as addition of ionic salts, using organic acids as the solvent or changing the pH. 

In a study conducted with various salts (KH2PO4, NaH2PO4, and NaCl), it was 

reported that the addition of salts increased electrical conductivity; as a result of that, 

more homogeneous and bead free fibers with smaller diameters was obtained (Zong 

et al., 2002). Similarly, Fong et al. (1999) added NaCl into PEO in order to increase 

the carried charge. Vega-Lugo & Lim (2012) showed that the increase in pH values 

of soy protein isolate solutions from 1 to 12 increased electrical conductivity of the 

solutions almost twentyfold.  

Lentil flour contains 22.2% protein and has an isoelectric point of ~pH 4.5 (Bamdad 

et al., 2009). When the pH of the solution was increased, it was expected that they 

would be negatively charged in alkali conditions. As it was shown in Table 2, when 

the pH was increased from 7 to 12 or 10 to 12 by the addition of NaOH solution, the 

electrical conductivity increased as expected for solutions containing both 1% and 

2% lentil flour. This result is similar to the results found in literature. Vega-Lugo & 

Lim (2012) reported that electrical conductivity values were 0.49, 1.30 and 9.64 

(mS/cm) when the pH of the solution was 1, 7 and 12, respectively. That is, electrical 

conductivity values increased with increase in pH from 1 to 12. This alteration was 

because of the isoelectric points of the proteins, which was the point when the net 

charge on the protein molecules was equal to zero (Singh, Kaur, & Sandhu, 2005). 

When pH was altered, the distance to isoelectric point of the protein changed; 

consequently, the amount of the charged particles inside the solution changed. 

Therefore, the electrical conductivity of the solution was expected to change. In 
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another study, when the pH of the soy protein solution was increased, the conductivity 

increased as well (Vega-Lugo & Lim, 2008). 

In this study, homogeneous nanofibers could not be obtained from the solutions 

prepared at pH 7 (Fig. 7A, 7B) whereas perfectly homogeneous ones were obtained 

at pH 10 and pH 12 (Fig. 7C, 7D, 7E, 7F). In many other studies conducted with 

proteins, researchers could not obtain homogeneous nanofibers at neutral pH either. 

Cho et al. (2010) studied with soy protein isolates and poly (vinyl alcohol) (PVA) 

blends and bead formation occurred for solutions prepared at pH 7. When the pH was 

increased to 9 and 12, bead formation decreased and eventually homogeneous 

nanofibers could be obtained. Vega-Lugo & Lim (2008) reported bead formation for 

WPI: PEO (10%:0.4%) solutions prepared at neutral conditions as well. At alkaline 

conditions (pH 12) bead formation problem decreased while at acidic conditions (pH 

1) totally homogeneous nanofibers were obtained. Col²n-Orozco, Zapata-Torres, 

Rodr²guez-Gattorno, & Pedroza-Islas (2015) also observed bead formation for 

PEO:WPI solutions prepared with 30:70 and 20:80 proportions and at pH values of 

7.24 and 7.16, respectively. For the solution prepared with 30:70 (PEO: WPI) ratio, 

above pH value of 7.28 homogeneous nanofibers were observed. Sullivan et al. 

(2014) prepared WPI: PEO solutions at four different pH values, which were 2.0, 4.0, 

5.2 and 7.5. Uniform fibers were obtained at pH 2.0 and 7.5, whereas fibers contained 

beads at pH 4.0 and 5.2. Monahan, German, & Kinsella (1995) stated that, the 

solubility of the proteins increased as the distance from the isoelectric point increased. 

Malik & Saini (2017) also reported the same result. Isoelectric point of lentil protein 

was the same with soy protein and whey protein, which were around pH 4.5 (Bamdad 

et al., 2009; Elizalde, Bartholomai, & Pilosof, 1996; Pelegrine & Gasparetto, 2005). 

Therefore, an increase in solubility of the proteins by moving away from pH 4.5 was 

an expected result. When the results of the researches were examined, homogeneous 

nanofibers were obtained when the pH value was far away from the isoelectric points 

of the proteins.  
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Figure 7. SEM images of different nanofibers at different pH values and with 

different formulations (A) PEO: LF ratio of 3.5:1 at pH 7, (B) PEO: LF ratio of 3.5:2 

at pH 7, (C) PEO: LF ratio of 3.5:1 at pH 10,  (D) PEO: LF ratio of 3.5:2 at pH 10, 

(E) PEO: LF ratio of 3.5:1 at pH 12, and (F) PEO: LF ratio of 3.5:2 at pH 12 
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As discussed before, moving away from the isoelectric point of the solution not only 

affected the solubility but also the electrical conductivity and rheological properties 

of the solutions. This change in the electrical conductivity and viscosity of the 

solution had also significant effects on the diameter of the nanofibers. Bhardwaj & 

Kundu (2010) reported that solutions having low electrical conductivity could not be 

electrically charged. Thus, Taylor cone formation and electrospinning could not take 

place. It can be see seen from Table 2 that low electrical conductivity was an obstacle 

for the production of homogeneous nanofibers (Fig. 7A, 7B). Similar to our results, 

Beachley & Wen (2009) stated that increasing the electrical charge of the solution to 

a critical value allowed the electrospinning process to occur and also reduced the 

diameters of the nanofibers. In another research, the production of homogeneous 

nanofibers by using proteins could not be achieved due to the low electrical 

conductivity of the solution (Lu et al., 2006). Vega-Lugo & Lim (2012) mentioned 

that high electrical conductivity was desirable in electrospinning process because it 

increased the repulsion on the charged particles which induced the critical parameters 

for fiber formation like the bending instability and stretching. On the other hand, it 

was emphasized that even though the electrical conductivity of the solution was really 

small at pH 1 as compared to that at pH 12, homogeneous nanofibers could still be 

obtained, which indicated that conductivity was not the main contributor of fiber 

formation. Our experimental results were in agreement with results of Vega-Lugo & 

Lim (2012). For the solution containing 1% lentil flour, the change in pH did not have 

a significant effect on fiber diameter even though the electrical conductivity increased 

significantly (Table A3 and A4). However, the fiber diameter decreased from 254Ñ5 

nm to 231Ñ3 nm significantly for the solution containing 2% lentil flour while the 

electrical conductivity increased significantly. The reason could be explained by the 

viscosity change. The viscosity of the solution with 1% lentil flour concentration did 

not change significantly with the increase in the pH value from 10 to 12 whereas the 

viscosity of the solution with 2% lentil flour concentration decreased significantly 

(Table 2). Similarly, when the pH value was increased from 10 to 12, fiber diameter 

of the solutions decreased for the solution containing 2% lentil flour but it did not 
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change significantly for the solution containing 1% lentil flour. Shahreen & Chase 

(2015) explained this phenomenon with the combined effects of the viscosity and 

electrical conductivity. When a decrease in viscosity was combined with an increase 

in the electrical conductivity, viscoelastic force and charge density reduced; 

consequently, fiber diameter decreased. It was stated that very low and very high 

viscosities were considered as an obstacle for fiber production. It was suggested that 

increasing the solution viscosity at ideal range would increase the diameter of the 

fibers. Diameter distribution was varied for different lentil flour concentrations. In 

other words, fibers were not uniform in size. For solutions containing 1% lentil flour, 

both at pH 10 and pH 12 narrow diameter distributions were observed (Fig. 8A). 

Diameters were concentrated around 200-220 nm at pH 10 whereas they were 

concentrated around 220-240 nm at pH 12. When the diameter distributions were 

examined, a narrower distribution was obtained for the one with pH 12 as compared 

to the one with pH 10 for 2% lentil flour containing solution (Fig. 8B). Most of the 

diameter results were concentrated around 220-240 nm at pH 12 for the solution 

containing 2% lentil flour.  After all, many studies showed that fiber diameter did not 

depend on only one factor, but on a combination of many factors like electrical 

conductivity, pH, viscosity and polymer concentration. For 2% lentil flour 

concentration, the average fiber diameter decreased significantly with pH with the 

combined effect of viscosity and electrical conductivity (Table 2). 
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A 

 

B 

Figure 8. The effects of ( ) : pH 10 and ( ) : pH 12 on diameter distribution of 

nanofibers formulation with PEO: LF of (A) 3.5:1 and (B) 3.5:2 
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3.3. Effect of the lentil flour concentration on solution characteristics and fiber 

morphology 

 

Shear thinning behavior was seen for both 1% and 2% lentil flour containing solutions 

at different pH values since n values were smaller than 1. It was observed that K 

values increased significantly with the increase in lentil flour concentration at the 

same pH value (Table 2). In other words, it was clearly seen that when the lentil flour 

concentration increased from 1% to 2% at the same pH level, the viscosity of the 

solution increased. Kriegel et al. (2008) stated that most of the polymers had a 

tendency to make hydrogen bonding. Therefore, when the polymer concentration 

increased, the number of hydrogen bonds was expected to increase. Especially 

carbohydrates, had significant effect on viscosity of the solutions due to their high 

bonding capacities. Lentil flour is mainly composed of natural polymers which are 

proteins and carbohydrates. In fact, the amount of carbohydrates are almost three 

times more than the amount of protein in lentil flour. Thus, increasing in solution 

viscosity when the lentil flour concentration increased was expected due to increase 

in the total polymer concentration of the solution. According to the literature, polymer 

concentration and the viscosity of the solution were found to be directly correlated 

(Kriegel et al., 2008; Vega-Lugo & Lim, 2012). Fong et al. (1999) showed that 

viscosity of solution increased as PEO (MW 900kDa) concentration increased from 

1% to 4.5%. The lowest viscosity value was 0.013 Pa.s whereas the highest one was 

1.84 Pa.s. Uyar & Besenbacher (2009) incorporated three different types of 

cyclodextrins (Ŭ, ɓ, and ɔ) in PEO. Viscosity was measured for different PEO 

concentrations combined with different concentrations and types of cyclodextrins. 

Viscosities ranged between 0.523 and 1.180 Pa.s. Addition of proteins into the 

electrospinning solutions was more challenging than carbohydrates; consequently, 

the number of studies increased in recent years. In a study, PEO (MW 600 kDa) and 

WPI were combined by using water as solvent (Sullivan et al., 2014). Viscosity 

values were increased with increase in WPI concentration and ranged between 0.34 

and 2.33 Pa.s. Col²n-Orozco et al. (2015) studied the effects of WPI and PEO (MW 

300kDa) on viscosity as well. The highest viscosity was obtained as 9.233 Pa.s for 
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PEO: WPI ratio of 100:0 whereas the lowest one was obtained as 0.076 Pa.s for PEO: 

WPI ratio of 0:100. In this study, viscosity values measured at 50 s-1 shear rate were 

ranged between 0.980 and 1.680 Pa.s for different lentil flour concentrations and pH 

values (Table 2). The viscosity results of this study were in a reasonable range when 

it was compared to other studies. When the studies in the literature were compared, 

different viscosity ranges were determined in each study. One of the reason of these 

different ranges might be using PEO with different molecular weight. It can be 

concluded that the addition of both proteins and carbohydrates in solution increase 

viscosity of the solution. Also, increasing the amount of the biopolymers, which can 

be either protein or carbohydrate, causes an increase in the viscosity as well. Also, 

the type of the biopolymer is important as well. For instance, addition of 

carbohydrates increases viscosity of the solutions more than proteins due to their 

higher water binding capacities.  

The increase in lentil flour concentration did not change electrical conductivity of 

solution significantly (Table 2, Table A3). The reason of that could be explained by 

the decrease in mobility of ions due to increase in viscosity with increase in lentil 

flour concentration (Sekhon, 2003). Col²n-Orozco et al. (2015) and Sullivan et al. 

(2014) reported electrical conductivity ranges between 0.078-0.248 (mS/cm) and 0.1-

3.4 (mS/cm) for PEO and WPI blends, respectively. For lentil flour, electrical 

conductivity of the solutions ranged between 0.369 and 1.255 (mS/cm) which was in 

accordance with other studies. In the literature, several studies reported that the 

increase in polymer concentration did not cause an increase in electrical conductivity. 

Tort & Acart¿rk (2016) reported that when PEO concentration was increased, 

electrical conductivity of the solutions did not change significantly. In a similar study, 

Vega-Lugo & Lim (2012) also reported no significant change of conductivity with 

increase in PEO concentration.  
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A 

B 

Figure 9.  The effects of lentil flour ( : 3.5:1 (PEO: LF) and : 3.5:2 (PEO: LF)) 

on diameter distribution of nanofibers formulation at (A) pH 10 and (B) pH 12 
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The results of fiber diameter showed that with the increase in lentil flour 

concentration, the average diameter of the nanofibers increased from 210Ñ4 to 254Ñ5 

nm at pH 10 (Table 2, Fig. 7C, 7D). On the other hand, no significant difference was 

observed at pH 12 in terms of lentil flour concentration (Fig. 7E, 7F). When the 

diameter distributions were examined, a wider distribution was obtained for the one 

with 2% lentil flour concentration as compared to the one with 1% lentil flour 

concentration at pH 10 (Fig. 9A). The opposite trend was obtained for pH 12. In other 

words, most of the diameter results were concentrated around 220-240 nm, which 

was the average diameter, for the solution containing 2% lentil flour while a wider 

distribution was observed for solution containing 1% lentil flour at pH 12 (Fig. 9B). 

There are many studies showing that increasing the protein content in the solution 

resulted an increase in fiber diameter. Cho et al. (2010) prepared SPI and PVA blends 

with 9, 11 and 13 wt% concentrations. When the SPI concentration was increased, 

the average nanofiber diameters increased from 0.6Ñ0.2 to 4.5Ñ1.5 ɛm, which was 

explained by increasing the viscosity of the solutions. In another research, Ramji & 

Shah (2014) reported similar results as well. Four different solutions were prepared 

with 5, 7, 10 and 12% SPI concentrations and 5% PEO. The average diameter 

increased from 30 to 90nm when the SPI concentration increased. Increasing the 

carbohydrate concentrations in the solution also led to an increase in the fiber 

diameter. In another research with the increase in the cyclodextrin concentrations 

from 25% to 50% in the solutions fiber diameters increased (Uyar & Besenbacher, 

2009). The ranges of the diameters increased from 95-255, 110-200 and 110-203 nm 

to 140-180, 105-210 and 120-240 nm for Ŭ, ɓ and ɔ-cyclodextrins, respectively. Fiber 

diameter varied from one study to another, since different types of proteins and 

carbohydrates were used in each study. Similar to the most of the researches, the 

diameter of the nanofibers increased with increasing lentil flour concentration at pH 

10 (Table 2). The reason could be explained by the significant increase in the 

viscosity. However, at pH 12, the fiber diameter did not show significant difference 

with increasing lentil flour concentration even though viscosity of the solution 

increased. However, conductivity values were almost twofold for pH value of 12 as 
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compared to pH value of 10. It was stated before that high electrical conductivity 

could cause a decrease in the fiber diameter. Thus, while the diameters of the fibers 

increased with increase in viscosity, they decreased with increase in conductivity. 

This might be the most probable reason for the nonsignificant diameter change 

observed at pH 12. 

 

3.4. Effect of the HPMC concentration on solution characteristics and fiber 

morphology 

 

Table 3 and Figure 10 show rheological properties (K and n) of spinning solutions for 

different HPMC concentrations. Apparent viscosity of the solutions measured at       

50 s-1 shear rate, significantly increased with increase in HPMC concentration. The 

highest viscosity values, which were 1.671 and 2.085 Pa.s, were obtained at the 

highest HPMC concentration (1%) for both 1% and 2% lentil flour concentrations, 

respectively. This was due to the fact that HPMC was a cellulose based molecule 

which had many hydroxyl groups on it. These hydroxyl groups increased water 

binding capacity of the HPMC which caused an increase in the viscosity of the 

solution (Lim et al., 2010). Frenot et al. (2007) reported that solution containing 

2.86% HPMC could not be spinned due to its high viscosity. When the HPMC 

concentration was decreased to 2.14%, a spinnable solution with lower viscosity was 

obtained. These results were in agreement with the results of Cheong et al. (1992), 

where they reported an increase in viscosity for higher HPMC concentrations. Lim et 

al. (2010) also showed that the solution viscosity increased from 1.284 to 8.614 (Pa.s) 

when the HPMC concentration was increased from 0.5% to 1.0%, respectively.  
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A 

B 

Figure 10. The effects of different HPMC concentrations (:֙ 0.25% HPMC, Ǐ: 

0.5% HPMC, æ: 1.0% HPMC) on apparent viscosity of spinning solutions PEO: LF 

ratio of (A) 3.5:1 and (B) 3.5:2 
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The electrical conductivity ranged between 0.505 and 0.595 mS/cm for solutions 

containing 1% lentil flour whereas the range was between 0.738 and 0.851 mS/cm 

for solutions prepared with 2% lentil flour (Table 3). Since HPMC is a cellulose 

derivative, it cannot be electrically charged by changing the pH of the solution. 

Therefore, increasing HMPC concentration of the solutions did not create a 

significant change in electrical conductivities for both solutions containing 1% and 

2% lentil flour. Solutions with 2% lentil flour concentration had higher electrical 

conductivity values than solutions with 1% lentil flour concentration regardless of 

HPMC concentration. Having higher amount of charged particles (charged protein 

molecules) was the reason. 

Bead-free nanofibers were obtained from all of the solutions with different HPMC 

concentrations (Fig. 11A, 11B, 7C, 7D, 11C, 11D). Increasing the HPMC 

concentration affected the fiber diameters and diameter distributions.  HPMC, which 

is a derivative of the cellulose, is a polymer itself. Therefore, when the concentration 

of HPMC was increased, viscosity also increased. Thus, it was not surprising to 

observe a larger fiber diameter with increase in HPMC concentration whatever the 

lentil flour concentration was (Table 3). Solutions with 1% lentil flour resulted in 

wider diameter distributions for each HPMC concentrations. For the solutions contain 

2% lentil flour with 0.25% HPMC concentration, the frequency of the fibers was the 

highest for the mean diameter around 200-220 nm. With increasing HPMC 

concentration, the variation of diameter became higher (Fig. 12A, 12B). These results 

were in agreement with Beachley & Wen (2009) when polycaprolactone (PCL) was 

used as a polymer in their electrospinning study. The diameter of nanofiber was 

reported to be between 350 nm to 1 Õm. When the polymer concentration was 

increased from 8% to 20%, fiber diameters showed significant variation. Increasing 

the diameter was explained by increasing the viscosity of the solution similar to our 

study. Frenot et al. (2007) studied two different types of HPMC, which had different 

methoxy contents. Average diameters were measured as 128 and 127 nm for HPMC 

types used in the study. Since HPMC was mixed with both lentil flour and PEO, 

larger diameters were obtained in our study. 
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Figure 11. SEM images of different nanofiber formulations (A) PEO: LF ratio of 

3.5:1 and 0.25% HPMC, (B) PEO: LF ratio of 3.5:2 and 0.25% HPMC, (C) PEO: 

LF ratio of 3.5:1 and 1% HPMC, and (D) PEO: LF ratio of 3.5:2 and 1% HPMC  

 

 














































































