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Abstract: In this study, some electrokinetic and surface properties of MBAOM-GMA copolymers 

synthesized from 2-[(methoxy-1,3-benzothiazole-2-yl) amino]-2-oxoethyl methacrylate (MBAOM) and 

glycidyl methacrylate (GMA) monomers were investigated. Accordingly, (i) pH-dependent zeta (ζ) 

potential changes of the copolymers were investigated under a constant ionic strength (in 1.10-3 

mol/dm3 NaCl) and the corresponding isoelectric points (iep) were determined, (ii) zeta potential 

changes depending on the salt concentration in the presence of mono-, di- and tri-valent metal salts 

were examined, (iii) contact angles (θ) of the copolymers with water were measured and their wetting 

behavior was assessed, and (iv) surface free energies (SFE) of the copolymers were determined by Acid-

Base approach using Van Oss-Chaudhury-Good method. The compositions of the copolymers were 77% 

MBAOM - 23% GMA, 45% MBAOM - 55% GMA, and 19% MBAOM - 81% GMA. FeCl3, CaCl2, and KCl 

salts were used for the salt solutions for the zeta potential measurements. As a result, (i) it was 

determined that the chemical structure of methacrylate copolymers showed a decisive effect on both 

electrokinetic and surface properties, (ii) the hydrophobic character of copolymer increased with the 

increase of the GMA ratio, and correspondingly, the SFE decreased, and (iii) the iep of the copolymers 

varied between pH 3.1-3.7 depending on composition. 
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1. Introduction 

The existence of polymers was first suggested by Hermann Staudinger in the 1920s, and in the following 

years, polymers have been used in almost every phase of our daily life. The main advantages of 

polymers are that they are light, resistant to corrosion, and easy to process (Saçak, 2005). One of the 

most important parameters determining the usage area of polymer materials is the functional groups 

they contain. The variety of functional groups affects the characteristics of polymers such as mechanical, 

thermal, wettability, and biological (Takahara, 1992). One of the methods applied to obtain functional 

polymers is chemical reactions on the side branch by making modifications to a known monomer. Some 

restrictions in the use of a polymeric material can be overcome by combining the monomer of this 

polymer with another monomer in a polymer chain. In this way, a material with much better properties 

can be obtained. This phenomenon is called copolymerization (Saçak, 2005). Copolymerization is also 

of great importance in terms of technology. It may be possible to design and prepare a polymeric 

product with the desired properties more efficiently by copolymerization. For instance, methacrylate-

based polymers such as PMMA [poly(methyl methacrylate)],  in general, constitute the most essential 

polymeric class and show desirable properties such as good optical properties (transparent, light 

transmittance 92%), low electrical conductivity, resistance to external conditions, strength, and high 

dimensional stability (Saçak, 2005; Ngai et al., 2017). Due to these properties, they are used instead of 

glass and products such as aircraft glasses, eyeglasses, lamps for automobiles, etc. However, in some 

cases, block copolymer materials such as PMMA-PEG poly(ethylene glycol) are used instead of PMMA 

to reduce the hydrophobic character, especially in the production of biomaterials such as contact lenses 

(Ko et al., 2017). The usage areas of block copolymers, especially methacrylate-based copolymers, are 
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increasing yearly. Typical applications of block copolymers can be given as high-impact-strength 

polymers, elastic fibers, elastomers, surfactants, permselective membranes, biomaterials, adhesives, 

sealants, and surface modifiers (Takahara, 1992). As is known, synthetic polymers (polyacrylic acid, 

sodium polyacrylate, ammonium polymethylmethacrylate, etc.) are also widely used as flocculants or 

deflocculants in mineral processing depending on their hydrocarbon chain length and ionic structure 

(Leja, 1982; Lu et al., 2005). On the other hand, polymer sieves can be given as another example of the 

use of polymers as solid materials in mineral processing. They have low surface energy and 

hydrophobic properties compared to metal sieves. Thus, their screening performance, corrosion 

resistance, and service life are higher than metals. 

Concepts such as wettability, hydrophilicity/hydrophobicity, surface free energy (SFE), and zeta (ζ) 

potential can be considered among the most important surface properties of solids. These concepts are 

frequently encountered in many industrial areas such as mining, textile, aviation, automotive, 

petroleum, paper, pharmacy, medicine, plastic, paint, environment, construction, textile, food, 

agriculture, and metal. Some of the usage areas can be listed as follows; production of water-repellent 

(non-wetting) fabric in textile (Karaman and Uçar, 2016), coating the metal surface (with teflon, etc.) to 

obtain a non-stick surface in the metal industry (Arukalam et al., 2016; Gnedenkov et al., 2016), 

determination of the dyeability and print quality of the paper surface (Gao et al., 2015; Asano and 

Shiraishi, 2015), mineral beneficiation by flotation (Leja 1982), stabilization of emulsified products in 

food, cosmetics, and paint (Hiemenz 1986; Kapilashrami et al., 2004), drug formulations (Gönül, 2000), 

production of microfluidic devices such as microchips and determination of product quality in 

insulation material production (Hölck et al., 2012; Syakur et al., 2012; Falahati et al., 2014; Ngai et al., 

2017), floor covering with hydrophobic materials (Evcin et al., 2018), obtaining a super hydrophobic 

product surface in the materials science (Chakradhar et al., 2011), production of hydrophobic coating 

materials in the automotive or aerospace industry (Dobrzanski, 2006; Zenkiewicz, 2007), and production 

of biomaterials (Ebnasajjad, 2011; Lung and Matinlinna, 2015). The explanation of phenomena such as 

adhesion, coating processes, printing, deinking, lubrication, dispersion, coagulation/flocculation, and 

flotation is based on concepts such as zeta potential, hydrophobicity, and surface energy. 

Numerous studies have been reported to investigate the thermal, mechanical, and biological 

properties of methacrylate-based polymers, and copolymers (Erol and Soykan, 2002; Erol and Soykan, 

2003; Schroeder et al., 2007; Sabaa et al., 2008). It was determined that polymers with high molecular 

weight and good thermal stability have good mechanical properties and that the change in the chemical 

structure of the copolymer also affects the biological properties. Although many studies (Caslavska et 

al., 2001; Walker et al., 2002; Fa et al., 2005; Mahabadi et al., 2006; Chen et al., 2006; Falahati et al., 2014) 

have reported on such properties of methacrylate-based polymers, studies of electrokinetic properties 

of methacrylate-based copolymers are limited. In the study of Erol et al. (2017), polymers were 

synthesized with the combination of 2-(4-nitrophenyl)-2-oxoethyl-2-methacrylate (NFM) and glycidyl 

methacrylate (GMA) in different ratios and it was determined that the point of zero charge (pzc) values 

of the obtained products were between 3.2 and 4.5. Additionally, as the ratio of polar NFM monomer 

in the copolymer increased, the zeta potential increased in the negative direction, and the contact angles 

with water decreased; the hydrophobic character decreased (Erol et al., 2017). On the other hand, several 

studies were reported on the hydrophobicity/hydrophilicity (or wettability) and SFE of different 

polymers such as epoxy, polytetrafluorethylene, polymethylmethacrylate, polyvinylchloride, and 

polystyrene (Lipatov and Feinerman, 1979; Van Oss, 1994; Adamson and Gast, 1997; Abbasian et al., 

2004; Ma et al., 2007; Zenkiewicz, 2007; Chibowski and Terbilowski, 2009; Syakur et al., 2012; Ngai et 

al., 2017; Rymuszka et al., 2017; Evcin et al., 2018). These studies indicated that the chemical structure 

of the polymer is one of the most important factors that determines its surface wettability and SFE. 

Similarly, lots of studies were carried out on contact angle and SFE of different copolymers such as 

polystyrene(PS)-poly(hydroxylated butadiene) (PHBD), poly(2-hydroxyethyl methacrylate (PHEMA)-

PS, polyethylene oxide (PEO)-poly(tetramethylene oxide) (PTMO), Methoxy poly(ethylene glycol) 

methacrylate (MPEGM)-PS,  nitrophenyl methacrylate(NFM)-glycidyl methacrylate (GMA) (Teraya et 

al., 1990; Takahara 1992; Erol et al., 2017). According to the information obtained from these studies, it 

was seen that the molecular design of the copolymers directly affects their wettability and SFE.  
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In this study, the electrokinetic properties (zeta potential profile, isoelectric point (iep), potential 

determining ions, and indifferent ions) and surface properties (wettability and SFE) of novel functional 

methacrylate copolymers based on glycidyl methacrylate obtained from the various combination of 2-

[(methoxy-1,3-benzothiazole-2-yl) amino]-2-oxoethyl methacrylate (MBAOM), and commercial 

monomers glycidyl methacrylate (GMA) were investigated. To our best knowledge, there is no study 

on the surface properties of these newly synthesized copolymers. 

2. Materials and methods 

2.1. Materials 

In the experiments, MBAOM-GMA copolymers were obtained by using different ratios of glycidyl 

methacrylate (GMA) and 2-[(methoxy-1,3-benzathiazol-2-yl) amino]-2oxoethyl methacrylate (MBAOM) 

monomers. The polymers were synthesized within the scope of an MSc thesis (Güldiken, 2017), and the 

synthesis process was as follows. MBAOM and GMA monomers were first put into polymerization 

tubes. Then, 2% by mass of the total monomer amount of azobisisobutyronitrile (AIBN) and three times 

the 1,4-dioxane were added to the tubes. Nitrogen gas was passed through the polymerization tubes for 

5 min, their mouths were closed, and the polymerization reaction was carried out in an oil bath adjusted 

to 65oC. After the polymerization was completed, all of the copolymers were precipitated in ethanol. 

After the precipitated product was filtered and dried in the air, it was washed with pure water and 

dried again in the air. The composition ratios of the synthesized monomers in the initial mixture and 

post-synthesis copolymer are given in Table 1.  The compositions of the prepared copolymer samples 

were determined by using the elemental analysis results. By using the nitrogen values in MBAOM units, 

the mole numbers and mole percentages of MBAOM and GMA units in the copolymer composition 

were calculated. 

Table 1. The initial mixing ratios of the synthesized monomers and the composition ratios in the produced 

copolymer (Güldiken, 2017) 

Initial mixing ratios of monomers (mol %) Copolymer composition (mol %) 

MBAOM GMA MBAOM GMA 

15 85 19 81 

50 50 45 55 

90 10 77 23 

 

The chemical structures of the copolymers are shown in Fig. 1. When the chemical structure of the 

MBAOM-GMA copolymer is examined, it is seen that the GMA unit contains fewer polar groups than 

the MBAOM unit. GMA has only carbonyl (-C=O) and epoxide rings as polar groups. In the MBAOM 

structure, there are many functional groups and heteroatoms such as carbonyl (-C=O), amide (NH-

C=O), sulfur, and nitrogen (N, S) in the ring structure, and methoxy (CH3-O) attached to the benzene 

ring.  

Sodium chloride (NaCl, 99%), potassium chloride (KCl, 99%), calcium chloride (CaCl2, 97%), iron 

chloride (FeCl3, 97%) were purchased from Sigma Aldrich. Hydrochloric acid (HCl, 37%), sodium 

hydroxide (NaOH, 98%), ethylene glycol (HOCH2CH2OH, 99%), diiodomethane (CH2I2, 99%) were 

purchased from Merck. 

2.2. Methods 

Electrokinetic and surface properties were determined after the copolymer samples were ground to a 

size of approximately -0.3 mm in an agate mortar. 

2.2.1. Determination of isoelectric point (iep) of copolymers 

pH-dependent zeta potential profiles of each of the copolymers were obtained, and then their iep values 

were determined. Before the experiments, a 1 dm3 of 1 mol/dm3 NaCl stock solution was prepared, and 

two different  concentrations  (1.10-2  mol/dm3  and 1.10-3  mol/dm3)  of NaCl salt solutions were derived  
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Fig. 1. MBAOM–GMA copolymer synthesis and chemical structure of the copolymer (Güldiken, 2017) 

from this stock solution. Additionally, HCl and NaOH solutions at different concentrations (1.10-2 

mol/dm3, 10-1 mol/dm3, 1 mol/dm3, 5 mol/dm3) were prepared for the pH adjustment. 80 cm3 of the 

prepared salt solution was added into a beaker, 0.015 g of the copolymer to be measured was added to 

it, and mixed for 30 min at 8000 rpm using an Ultra-Turrax IKA T25 digital homogenizer (Germany) to 

ensure a good dispersion. The prepared dispersion was then continued to be mixed at 700 rpm with 

IKA Basic RCT (Germany) magnetic stirrer until pH was adjusted and then stirred for 10 min after each 

pH adjustment. Two separate dispersions were used for the zeta potential measurements at acidic and 

basic pHs. A WTW 720 pH meter with ±0.01 sensitivity was used for the pH measurements. Then, 

approximately 2 cm3 of dispersion was drawn with an injector and injected into the measuring cell of 

the Malvern Zetasizer Nano-Z (United Kingdom) zeta potential device and placed in its place. The 

device performs the zeta potential measurements using the Laser Doppler Electrophoresis method. 

Distilled water with a conductivity of ~2 µS/cm was used for the preparation of acid, base, and salt 

solutions for all experiments. 

2.2.2. Zeta potential measurements of copolymers dependent on metal salt type and concentration 

In order to see the effect of different valent metal cations on the zeta potential of each of the copolymers, 

1 mol/dm3 stock metal salt solutions of 1 dm3 KCl, CaCl2, and FeCl3 were prepared. Then, 1.10-5, 1.10-4, 

1.10-3, and 1.10-2 mol/dm3 solutions were derived from them, and the zeta potential measurements were 

carried out similar to the previous ones. 

2.2.3. Contact angle measurements with different liquids (water, diiodomethane, and ethylene 

glycol) on copolymers 

Hydrophobic character and surface free energy (SFE) of the copolymers were determined by 

performing a series of contact angle measurements using two polar (water and ethylene glycol) and one 

apolar (diiodomethane) liquids. The procedures performed are given below: 

2.2.3.1. Sample preparation  

Ground copolymer sample (-0.3 mm) was first dried in an oven at 60oC, and then 15 mm diameter 

smooth surface tablets were produced by using the laboratory type Specac GS15011 brand model 

hydraulic manual press. Produced tablets were placed in a desiccator in order not to be affected by 

ambient humidity and were kept there until measurement. 

2.2.3.2. Preparation of the measuring liquid 

Before starting the contact angle measurement, the Hamilton micro-syringe was cleaned first with 

hexane, then with acetone, and finally with distilled water. Then, it was cleaned twice with the liquid 
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to be used to measure the contact angle, and finally, the syringe was filled with the measuring liquid 

and placed in the compartment in the device. 

2.2.3.3. Contact angle measurements 

In the experiments, contact angle measurements were performed at room temperature using the sessile 

drop method with the KSV Attension ThetaLite TL 101 (China) optical tensiometer device. After a drop 

of liquid was dropped on the flat solid surface with a Hamilton micro-syringe, the contact angle formed 

by the liquid drop on the solid surface was measured with an optical camera depending on the time. 

The contact angle measurements were performed with liquid drops of 5-7 µL, and data of the fifth 

second were taken as contact angle values. 

2.2.4. Determination of surface free energies (SFE) of copolymers 

As it is known, while the surface tension of liquids can be measured directly with a device, a direct 

measurement is not possible for the SFE of solids. However, the SFE of the solid can be calculated using 

some mathematical equations after measuring the contact angles of polar and nonpolar liquids with 

known surface tension components with the solid surface (Erbil, 2006). Liquids with known surface 

tension values (Table 2) were used to calculate the SFEs of the copolymer samples by the Acid-Base 

(Van Oss-Chaudhury-Good) method. The contact angle measurements for the samples were performed 

on each copolymer surface with each of these liquids, and then the SFEs of the copolymers were 

calculated by the device according to the Acid-Base approach using the Van Oss-Chaudhury-Good 

method (Eq. 1).  

Table 2. Liquids used in contact angle measurements (Erbil, 2006) 

Liquid Chemical structure Polarity γ γLW γAB 

Water H2O polar 72.8 21.8 51.0 

Ethylene glycol HOCH2CH2OH polar 48.0 29.0 19.0 

Diiodomethan (methylene iodide) CH2I2 apolar 50.8 50.8 0 

γ, Surface tension of the liquid (mJ/m2) 

γLW, Surface tension component (mJ/m2) of the liquid resulting from the Lifshitz-van der walls (LW) interaction potential 

γAB, Surface tension component (mJ/m2) resulting from the liquid’s acid-base (AB) interaction potential 

2.2.5. Calculation of SFE with acid-base approach using the Van Oss, Chaudry, and Good equation 

SFE of the solids with the Van Oss, Chaudry, and Good (OCG) equation were calculated as follows. Eq. 

1 was solved using the surface tension components of three different liquids and the measured contact 

angle values. Eq. 2 was then solved, and SFE (γS) of the solid was calculated using obtained results from 

Eq. 1 (Van OSS, 1986; Erbil, 2006): 

                                        1 + cos 𝜃 𝛾𝐿 = 2 (√𝛾𝑆
𝐿𝑊𝛾𝐿

𝐿𝑊 − √𝛾𝑆
−𝛾𝐿

+ − √𝛾𝐿
−𝛾𝑆

+)                                               (1)  

                                                                     𝛾𝑆 = 𝛾𝑆
𝐿𝑊 +  2√𝛾𝑆

+𝛾𝑆
−                                                                 (2) 

where γS
LW is the surface energy (mJ/m2) of the solid resulting from Lifshitz-Van Der Walls (Keesom, 

Debye, and London) interactions, γL
LW is the surface energy (mJ/m2) of the liquid resulting from 

Lifshitz-Van Der Walls interactions, γS
+ and γL

+ are surface energies (mJ/m2) resulting from Lewis acid 

(receiving electron) interaction of solid and liquid, γS
- and γL

- are surface energies (mJ/m2) resulting 

from the Lewis base (electron donor) interaction of solid and liquid, respectively. 

3. Results and discussion 

3.1. pH-dependent zeta potential change and determination of iep of copolymers 

The pH-dependent zeta potential profiles and the obtained iep of the copolymers of different 

composition ratios are shown in Fig. 2. The curves and the obtained iep values shifted to the right with 

the increase of the GMA ratio in the copolymer, and therefore the iep values of the copolymers 

containing 23%, 55%, and 81% GMA were found around pH 3.1, pH 3.3, and pH 3.8, respectively. This 
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is a clear indication that the electrokinetic character of the copolymer in water changes with the change 

in its chemical structure. The zeta potential values for the copolymer containing 23%, 55%, and 81% 

GMA at the same pH value (pH 4) were found around -22, -13, and -4 mV, respectively. As the GMA 

ratio increased, the negative surface charge of the copolymer decreased significantly. Therefore, the H+ 

ion concentration is given to the media to neutralize the surface charge of the copolymer also decreased. 

In other words, at a higher pH value, an iep was reached. This can be explained by the fact that the 

copolymer becomes more hydrophobic with the increase of the GMA ratio. Therefore, its affinity toward 

water molecules and hydrogen/hydroxyl ions in water decrease. As known, hydrophobic polymers 

such as PMMA and PTFE do not contain reactive surface groups such as carboxyl (-COOH) and 

hydroxyl (-OH). Therefore, the origin of surface charge for the polymers mainly results from OH- or H+ 

adsorption onto the surface, depending on the pH of the media (Tandon et al., 2008; Falahati et al., 2014). 

Similar results were also obtained by Erol et al. (2017), in which the effect of structural changes in 

glycidyl-based methacrylate copolymers on the zeta potential was investigated. In the study, the pH-

dependent zeta potential changes of NFM [2-(4-nitrophenyl)-2-oxoethyl-2-methacrylate] and GMA 

(glycidyl methacrylate) copolymers at different composition ratios were investigated. It was determined 

that the iep shifted to the right with the increase in the GMA ratio in the copolymer, and the pzc values 

of the copolymers with eight different structures changed between pH 3.2 - 4.5 (Erol et al., 2017). On the 

other hand, in the literature, it has been revealed that the iep of PMMA polymer varies between 

approximate pH 3 - 4 and that the electrolyte type in the media, ionic strength and ambient temperature 

should be considered in the zeta potential measurements (Caslavska and Thorman, 2001; Walker et al., 

2002; Fa et al., 2005; Mahabadi et al., 2006). However, some studies determined that PMMA has always 

positive the zeta potential values at all pH values (3-11.5). In other words, there is no iep (Soper et al., 

2002; Chen et al., 2006; Falahati et al., 2014). It was seen that very different zeta potential profiles and iep 

values are obtained in the literature, even for the same polymer material. This is essentially an indication 

that many factors can affect the electrokinetic properties of solids. These can be listed as follows; (i) the 

use of different measurement methods (electrophoresis, streaming potential, etc.), (ii) the polymer 

materials used may contain some unpredictable impurities arising from different production processes, 

(iii) some pre-treatments (acidic or heat treatment, surface polishing, etc.), (iv) some impurities that may 

be at the polymer-liquid interface during the measurement, (v) using a buffer solution during the 

measurement, ignoring the ionic strength of the media or using a different ionic strength media. 

3.2. Effect of various metal salts on the zeta potential of copolymers 

The effect of different metal cations on the zeta potential of the copolymers is given in Fig. 3. The zeta 

potential of the copolymers containing 23%, 55%, and 81% GMA was found to be -57, -50, and -45 mV, 

respectively. At the same time, FeCl3 concentration was 1.10-5 mol/dm3. When the iron concentration 

increased to 1.10-4 mol/dm3, it was determined that it increased up to +39 mV, +34 mV, and +30 mV, 

respectively. The pH of the prepared FeCl3 solutions varies between 2.85-4.27 depending on the 

concentration. At this pH range, there are not only Fe3+ ions but also ions such as FeOH2+ and FeOH2+. 

Therefore, such ferric hydroxyl-type ions can also adsorb on negatively surface-charged copolymers, 

compressing the electrical double layer (EDL) thickness, and causing a decrease in the zeta potential. It 

can be seen from Fig. 3 that Ca2+ ions also have a significant effect on the zeta potential of their 

copolymers. These ions can adsorb on the copolymer surface due to strong dipole-dipole, dipole-excited 

dipole interactions between Ca2+ ions and polar groups such as carbonyl (-C=O), S, and N of the 

copolymers. As a result, the zeta potential of copolymers containing 23%, 55%, and 81% GMA at 1.10-2 

mol/dm3 CaCl2 concentration decreased to around -16, -12, and -6 mV, respectively. For this reason, the 

Ca2+ ion can be considered as the specifically adsorbed ion for MBAOM - GMA copolymers. Monovalent 

K+ ions, on the other hand, cannot adsorb on the copolymers due to the relatively weak electrostatic 

interaction and only collect into the EDL and compress the EDL, thereby reducing the zeta potential 

slightly. In summary, it was determined that the effect degrees of metal cations on the zeta potential 

were in the order FeCl3>CaCl2>KCl. It was found that 3+ valence metal cations (such as Fe3+) showed a 

more significant effect on the zeta potential compared to 2+ and 1+ valence metal cations (such as Ca2+ 

and K+). Trivalent Fe3+ ions are capable of reversing the sign of the zeta potential of all copolymers from 

negative to positive in a narrow concentration range. This shows that there is a powerful electrostatic 
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interaction between Fe3+ cations and negatively charged copolymers so that they can penetrate the stern 

layer, which forms the EDL of the copolymers. As known from the literature, metal ions with 3+ valence 

can adsorb specifically onto solids with negative surface charge, and they convert the surface charge to 

positive (Ersoy and Çelik, 2002). In a study, the effect of CaCl2 and KCl salts on the zeta potential of 

PMMA was investigated, and similar results were obtained (Falahati et al., 2014).  

 

Fig. 2. pH-dependent zeta (ζ) potential profiles of copolymers (in 1.10-3 mol/dm3 NaCl solution) 

 

Fig. 3. Zeta (ζ) potential profiles of copolymers depend on salt concentration in the presence of different metal 

salts 

3.3. Surface hydrophobic/hydrophilic properties of copolymers (contact angles, θ, with water) 

As it is known, the most essential indicator of the hydrophobic character of a solid surface is the contact 

angle value of that solid surface with water. As the hydrophobic character of the solid surface increases, 

the contact angle increases. If the contact angle with water is 90o and above, that surface is called a 

hydrophobic surface (Leja, 1982; Erbil, 2006; Evcin et al., 2018). Related to the hydrophilic and 

hydrophobic concepts, Good and Van Oss (1992) expresses that “There is no question that hydrogen 

bonding is involved in hydrophilic behavior of solid surfaces and that its absence is correlated strongly with 

hydrophobic behavior”. The measured contact angles for MBAOM-GMA copolymers with different 

monomer composition ratios used in this study are given in Fig. 4. As seen from Fig. 4, the contact angle 

value increases with the increase of the GMA ratio of the copolymer. While the contact angle of the 

copolymer with 23% GMA was ~59o, it was determined that this value increased to ~64o in the 

copolymer containing 55% GMA and to ~68o in the copolymer containing 81% GMA. The GMA 
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monomer of the copolymer contains much fewer polar groups than the MBAOM monomer. While there 

is only carbonyl (-C=O) and epoxide ring as polar groups in the GMA unit, the MBAOM unit has 

carbonyl (-C=O), amide (NH-C=O), methoxy (CH3-O) sulphur and nitrogen (N, S) groups (Fig. 1). For 

this reason, as the ratio of GMA increases in the copolymer structure, the polar character of the 

copolymer decrease. Therefore, its affinity for water decreases; that its hydrophobic character increases.  

Similar to these results, in a study investigating the surface properties of glycidyl methacrylate-based 

NFM-GMA copolymers, it was determined that the contact angle of the copolymer with water 

increased. In other words, hydrophobicity increased with the increase of the GMA ratio of the 

copolymer. While the contact angle of the copolymer consisting of 100% NFM was 65o, this value 

increased to 88o for the copolymer consisting of 74% NFM - 26% GMA (Erol et al., 2017). On the other 

hand, while MBAOM-GMA-based copolymers showed contact angles varying between 59o-68o, higher 

contact angles were measured for epoxy, and polyester-based polymers (Adamson and Gast, 1997; 

Evcin et al., 2018). This is due to the difference in the chemical structures of methacrylate polymers and 

the other polymers mentioned. The hydrophobic character of methacrylate polymers is relatively lower 

than some other polymers such as epoxy, PTFE, and polystyrene (Ma et al., 2007; Ngai et al., 2017; Evcin 

et al., 2018). In the literature (Takahara, 1992), it is stated that the wettability determined by using a 

water droplet on the dry polymer surface of the PHEMA-PS-PHEMA [(Poly(2-hydroxyethyl 

methacrylate)] triblock copolymer increases with the increase of HEMA  mole fraction in the copolymer. 

In another study, the contact angle of PMMA polymer with water was measured as 72.5o, while they 

measured the contact angle of 33.5o and 40.4o for two different PMMA-PEG copolymers obtained with 

different techniques. They explained this decrease in contact angle with the presence of OH groups in 

the molecular structure of PEG (Ko et al., 2017). On the other hand, Ngai et al., (2017) measured the 

contact angles of 5 different methacrylate-based polymers and PS with water. As a result, they showed 

that the contact angles (θ) of the polymers changes depending on the chemical structure as PMMA (64o) 

< PEMA (poly(ethyl methacrylate)) (78o) < PIPMA (poly(isopropyl methacrylate)) (80o) = PPhMA 

(poly(phenyl methacrylate)) (80o) < PIBMA (poly(isobutyl methacrylate)) (85o) < PS (Polystyrene) (86o). 

3.4. Surface free energies (SFE) of copolymers 

The surface free energies (SFE) of the copolymers were calculated by the Acid-Base approach using the 

Van Oss-Chaudhury-Good method. Figure 5 revealed that the SFE decreased with the increase of the 

GMA ratio in the copolymer. This is because the GMA monomer contains fewer polar groups compared 

to the MBAOM monomer. The SFE value of the copolymer containing 23% GMA was ~45 mJ/m2, while 

it was calculated as 26 mJ/m2 for the copolymer with a GMA ratio of ~81%. Similar results were 

obtained in the study of Erol et al. (2017), in which they investigated the surface properties of glycidyl 

methacrylate-based NFM(2-(4-nitrophenyl)-2-oxoethyl-2-methacrylate)-GMA (glycidyl methacrylate) 

copolymers. It was determined that the SFE of the copolymer decreased with the increase of the GMA 

ratio of the copolymer. In the literature (Good and van Oss, 1992; Busscher, 1992), SFE values of PMMA 

polymers calculated by the Acid-Base approach are given between 49-65 mJ/m2 which is higher than 

those of MBAOM-GMA copolymers used in this work. When the molecular structures of PMMA and 

MBAOM-GMA were examined, it would be expected that the SFE of the 77%MBAOM-23%GMA 

copolymer with a high MBAOM ratio would be higher than that of PMMA. Because the number of H-

bonding groups on the surface of PMMA is less than that of the MBAOM component. Therefore, the 

MBAOM-GMA copolymer is considered to be more hydrophilic than the other. However, according to 

the contact angle values, it was seen that this does not happen. This can be explained by some factors 

that are effective in determining the contact angle and SFE of solids, similar to the zeta potential 

measurements (Reynolds, 2005; Erbil, 2006). These are (i) factors related to solid material (heterogeneity 

in chemical structure, surface roughness, surface contamination, surface moisture), (ii) factors related 

to the measuring liquid (degree of purity, volatility of the liquid, contamination of the liquid, etc.), (iii) 

depending on the measurement conditions (drop volume, contact angle measurement time, pre-

treatments such as washing and drying applied to the solid sample before measurement, different test 

liquids), and (iv) environmental factors (temperature, humidity, pressure, gaseous/dusty/smoky 

media). Considering and knowing all these factors while performing contact angle measurements is of 

great importance in terms of the reliability of the results obtained.    
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Fig. 4. Contact angle values of copolymers measured with water 

 

Fig. 5. Surface free energies of copolymers 

3.5. Comparison of contact angles and surface free energies of copolymers 

As is known, there is an inverse relationship between hydrophobicity and SFE, and if one increases, the 

other decreases (Erbil, 2006; Evcin et al., 2018). Therefore, an increase in the hydrophobic character of 

the copolymer means a decrease in the SFE, which was also revealed in Fig. 6. The highest contact angle 

(68o) and lowest SFE (26 mJ/m2) measured with distilled water were obtained by MBAOM-GMA 

copolymer containing 81% GMA. This is because the GMA monomer is more hydrophobic than the 

MBAOM monomer due to the fewer polar groups in its structure. 

 

Fig. 6. Comparison of surface free energies and contact angles of copolymers  
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4. Conclusions 

MBAOM (2-[(methoxy-1,3-benzothiazole-2-yl) amino]-2oxoethyl methacrylate])-GMA (glycidyl 

methacrylate) copolymers naturally have negative surface charge and the zeta potential in water. The 

change in the composition of the copolymer seriously affected the zeta potential. It was determined that 

the zeta potential decreased depending on the increase in the GMA ratio. This is because the GMA 

monomer has a more hydrophobic character than the MBAOM monomer. Namely, the number of polar 

groups is fewer. 

The iep of the copolymers changed according to the GMA ratio, and the iep shifted towards a slightly 

higher pH as the GMA ratio increased. It was determined that the iep values of the copolymers 

containing 23%, 55%, and 81% GMA were around pH 3.1, pH 3.3, and pH 3.8, respectively. 

The type and number of cations in the dispersion media played an important role in the zeta 

potential. When a small amount (5.10-5 mol/dm3) of FeCl3 salt was added to the media, the surface 

charges of the copolymers changed from negative to positive. Other 2+ and 1+ valence cations (Ca2+, 

K+) did not show such an effect. 

For MBAOM-GMA copolymers, H+ and OH- are potential determining ions, Fe3+ and Ca2+ are ions 

capable of specific adsorption, and K+ and Na+ are indifferent ions. 

According to the contact angle data, MBAOM-GMA copolymers were found to be relatively 

hydrophilic, unlike most other polymers. As the GMA ratio of the copolymer increased, the contact 

angle and thus its hydrophobic character increased. This was due to the chemical structure difference 

between GMA and MBAOM. The GMA monomer contains much fewer polar groups/atoms than 

MBAOM and its hydrophobic property was higher than MBAOM. The highest contact angle (68o) was 

obtained with the copolymer with the highest GMA ratio (81%). 

The SFEs of the copolymers calculated by the Acid-Base approach using the Van Oss-Chaudhury-

Good (OCG) method were compatible with the contact angle data. The SFE decreased as the GMA ratio 

of the copolymer increased. The lowest SFE value (26 mJ/m2) was obtained with the copolymer with 

the highest GMA ratio (81%). 
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