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A B S T R A C T   

Pure and boron-containing, Santa Barbara Amorphous (SBA-15) mesoporous materials and B-SBA-15-x (x is 
molar ratio of Si/B = 50, 30, 10), were synthesized via a direct hydrothermal method. Samples were charac
terized by XRD, BJH pore size distribution and SEM techniques. A contact angle technique was used to determine 
surface free energy and its dispersive and polar components. For this purpose, ethylene glycol (EG), di- 
iodomethane (DIM), formamide (FA) and water were used as model liquids to detect the contact angles. The 
OWRK/Fowkes approach was used to calculate the surface free energy values. Total surface free energy (γS) 
values of pure SBA-15 and B-SBA-15-50, B-SBA-15-30, B-SBA-15-10 were calculated as 64.365, 63.545, 63.490 
and 64.218 mJ/m2 at room temperature, respectively. The main results of the study can be summarized as 
follows: (i) The contact angle measurement technique is suitable for determining the total surface free energy (γS) 
and its dispersive and polar components (γd

S and γp
S, respectively) of SBA-15 mesoporous materials and (ii) 

Addition of boron did not have a significant impact on the characteristic structure of SBA-15.   

1. Introduction 

The contact angle formed by solid and liquid substances is an 
important parameter in industrial products such as adhesives, coatings, 
paints, cosmetics and some medical devices, and the surface free energy 
(SFE) of solids can be calculated using contact angle values [1]. The 
surface free energy of a powder material has an important role in 
determining physicochemical properties such as wettability, adhesion, 
and flowability. Also both surface wettability and surface free energy are 
affected by physical and chemical changes of the solid surface [2]. 

Contact angle measurement is one of the most commonly used 
techniques for solid surface characterization [3]. In contact angle mea
surements, image analysis is performed and this method is a reliable 
method that ensures the accuracy and repeatability of test results [4]. 
The contact angle is formed by the liquid in contact with the surface of 
different solids and helps to understand the surface properties of the 
solid. For this purpose, the “sessile drop method” is often used to mea
sure the contact angle [1,2,5–7]. The surface free energy of the solid is 
rather calculated from the Young equation on the basis of the contact 
angle for model liquids [8]. There are several approaches such as the 
Zisman [9], Fowkes [10], Owens–Wendt–Rabel–Kaelble (OWRK) [11, 

12], van Oss–Chaudhury–Good [13] and Wu [14] for calculating the 
surface free energy from equilibrium liquid contact angles. 

Nowadays there is increasing interest in new materials with high 
adsorption capacity because of their usage in industry. Therefore, SBA- 
15, Mobil Composition of Matter (MCM-41) and zeolite type materials 
have attracted great attention due to desirable properties such as high 
surface area, large pore volume and facile functionalization [15]. 
Compared to other mesoporous materials, SBA-15 stands out with larger 
pore sizes, hydrothermal stability and a thicker wall structure. 

In order to increase the catalytic activity of SBA-15, different 
methods of loading metals such as Al, Fe, Cr, Co, Mn etc. [16–18] is 
frequently encountered in the literature. In this way, functional groups 
are formed on the surface of the support material. Due to its adsorption, 
refractory and high conductivity properties, boron is a cost-effective 
mineral used in many fields of industry. It is also known that boron 
containing materials exhibit enhanced properties such as super hard
ness, insulation and nonlinear optical behavior [19]. Additionally, some 
sources have shown that boron-containing catalysts reduce carbon for
mation and accumulation [20–22]. In addition, the number of boron 
loaded SBA-15 studies in the literature is less than the others. 

Mesoporous SBA-15 is an increasingly important material with its 
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high surface area and thermal resistance. Boron is used in many areas of 
industry due to its adsorption, refractory and high conductivity prop
erties and its minerals are cost-effective. There are a small number of 
studies on the preparation of boron containing SBA-15 catalysts in the 
literature. Moreover, the characterization of B-SBA-15 materials by 
contact angle technique has not been found in the literature. 

For this reason, pure and boron loaded SBA-15 samples were syn
thesized by a direct hydrothermal method, characterized with x-ray 
diffraction (XRD), BJH (Barrett, Joyner ve Halenda method) pore size 
distribution and scanning electron microscopy (SEM) and their surface 
free energy values (γS, γd

S and γp
S) and surface properties were determined 

via a contact angle measurement technique according to the OWRK/ 
Fowkes approach. 

2. Materials and methods 

2.1. Catalyst preparation 

Pure SBA-15 was synthesized by a hydrothermal procedure. Ac
cording to typical synthesis of SBA-15 [23,24], pluronic 123 triblock 
copolymer (Aldrich) and TEOS (Aldrich) were used as surfactant and 
silica source, respectively. 2.005 g P123 was dissolved in water. 60.75 g 
of aqueous 2 M HCl was added to the solution and then 4.27 g of TEOS 
was added drop by drop. The mixture was stirred at 35 ◦C for 20h, 
transferred to an autoclave and aged at 100 ◦C for 24 h. The product was 
filtered, washed, dried and calcined at 540 ◦C with dry air for 6h with a 
heating rate of 1◦Cmin− 1. B-SBA-15-x samples were synthesized also by 
a direct hydrothermal procedure [17]. The only difference from pure 
SBA-15 was the addition of calculated amounts of boron after TEOS 
addition. 

2.2. Characterization 

XRD patterns were recorded on a Panalytical/Empyrean X-Ray 
Diffraction instrument operating at 45 kV and 40 mA using Cu Kα ra
diation (λ = 0.15406 nm) in the 2θ range of 0–80◦ with a 2θ step size of 
0.02◦. 

BJH pore size distributions of the samples were measured via N2 
adsorption at − 196 ◦C on a Micromeritics ASAP 2020 apparatus with all 
samples outgassed at 250 ◦C for 180 min under vacuum before 
measurement. 

Scanning electron microscopy (SEM) images were obtained with a 
JEOL JSM-5600 LV microscope (at 20 kV, x7500 zoom and 2 μm for B- 
SBA-15-x samples, operating conditions). 

2.3. Contact angle measurements 

Contact angle tests were carried out by dropping model liquids on 
the pelleted samples with an Attention Theta Lite contact angle 
measuring device. Sessile drop method was used for determination of 
the wettability of samples. The synthesized particulate mesoporous 
materials (samples) were made into pellets by applying 1–2 tons of 
pressure to obtain a smooth surface. At least 4 pellets were prepared 
from each sample because of the 4 model liquids. Static contact angles 
were measured using four model liquids: EG and DIM were used as non- 
polar model liquids; FA and water were used as polar model liquids. 
Based on device measurements, the average droplet volumes of each 
model liquid at first contact with the solid surface were as follows: 
water, EG, FA and DIM were approximately 9 μl, 10 μl, 10 μl and 3 μl, 
respectively. Experimental studies were conducted at room 
temperature. 

Using the pellets obtained from the synthesized samples, the contact 
angles (θ) formed by a single drop of each model liquid were examined 
and recorded by the software program named “One Attention” on the 
computer connected to the device. Image records were set to 10 s at % 

100FPS. The angle values formed between the determined baseline and 
the right and left contact points of the model liquid droplet with the solid 
surface were measured by the program. The program averages the angle 
values of the right and left points. The final average contact angle 
after10 s of the experimental period was calculated by averaging of all 
the mean values. However, some non-significant data at the first contact 
of the liquid droplet with the solid surface and inconsistent data recor
ded from time to time were excluded from the mean. 

Measurements were taken for each model liquid separately and the 
final contact angles were determined according to the method described 
above. The contact angles of model fluids with samples are listed in 
Table 2. 

The OWRK/Fowkes approach was used for surface free energy cal
culations. The surface free energies of samples and its components are 
listed in Table 3. 

Experiments were repeated when inconsistent results were obtained. 

2.4. Surface energy determination model 

There are several theoretical models to calculate surface free energy 
based on contact-angle measurements as mentioned above. In this study, 
the most commonly used and cited Owens – Wendt – Rabel – Kaelble 
(OWRK) model [11] was chosen to determine surthe face free energies of 
samples, also known as the expanded Fowkes model [10] based on the 
Young – Dupree Equation. This model has been named OWRK/Fowkes 
by the Attention Theta Lite contact angle device. 

Eq (1) shows the Young’s Equation: 

γL.cosθ= γS − γSL (1)  

where γS, γL and γSL are the surface free energies of solid, liquid and 
solid–liquid (mJ/m2); θ is the contact angle (◦) between solid and liquid, 
respectively. 

γL (in Eq (1)) is a characteristic of the model liquid and is known. θ 
(in Eq (1)) is the contact angle between liquid and solid and can be 
measured. Therefore, the work of adhesion (WA) equation is needed to 
calculate γS and γSL [3]: 

WA = γS + γL − γSL (2) 

When Eq (2) is combined with Eq (1): 

WA = γL. (1+ cosθ) (3) 

The Owens–Wendt–Rabel–Kaelble (OWRK) model also termed the 
extended Fowke’s model based on the Young–Dupree Equation leads to 
Eq (4): 

γL. (1+ cosθ) = 2.
( ̅̅̅̅̅̅̅̅̅̅

γd
S.γd

L

√

+

̅̅̅̅̅̅̅̅̅̅

γp
S.γ

p
L

√ )

(4)  

where γL, γd
L and γp

L are the total, dispersive and polar surface free en
ergies of liquid and γd

S and γp
S are the dispersive and polar components of 

solid surface free energy respectively [3]. 

3. Results and discussion 

3.1. XRD patterns 

XRD patterns of the B-SBA-15-x samples are shown in Fig. 1. This 
indicates that the addition of boron does not lead to a deterioration in 
the crystal structure of SBA-15 and a uniform SBA-15 structure is formed 
in all samples. It can be said that the peak seen at approximately 2θ =
22–24◦ in all B-SBA-15-x samples is the amorphous SiO2 in the structure 
of SBA-15 [25,26]. Although boron is added to the structure, it is un
derstood that the SBA-15 framework is preserved. On the other hand, the 
B2O3 phase expected at approximately 2θ = 27–28◦ was not seen in any 
sample. This can be explained by the high dispersion of B2O3 particles in 
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the SBA-15 support and therefore below the XRD detection limit [22]. In 
a similar situation in the literature, it has been suggested that amor
phous glassy boron oxide phases may have been formed due to the 
difficulty of crystallization of boron oxides [27]. 

3.2. BJH pore size distributions 

Fig. 2 shows BJH pore size distributions of samples. All samples are 
seen to exhibit uniform pore size distribution and the results seem to be 
consistent with the literature [28]. Pores between 2 and 50 nm means 
mesoporous according to the IUPAC classification [29]. In all catalysts it 
can be said that the pores are mostly in this range. It is understood that 
the addition of boron does not change the mesoporous structure. 

3.3. SEM analyses 

Fig. 3 shows SEM images of the B-SBA-15-x samples (for 7500 zoom). 
Since the amount of boron is low in the B-SBA-15-50 sample, rope-like 
domains can be seen more clearly than with the other B-SBA-15-x 
samples. In the B-SBA-15-30 and B-SBA-15-10 samples, although the 
rope-like areas decreased with increasing boron content, it can still be 
said to exist. 

3.4. Contact angle results 

The surface free energy components of model liquids used in the 
contact angle measurements are given in Table 1. 

Contact angles were measured using all model liquids for all samples 
at room temperature as shown in Table 2. It should be noted here that a 
smaller contact angle means better wettability of a given solid [33]. 
Hence a higher contact angle means less adsorption of the model liquid 
by the sample and thus less interaction between the two. Calculated 
surface free energy values of the samples according to the OWRK/
Fowkes approach (Eq (4)) at room temperature are given in Table 3. 

For EG, the highest contact angle was seen with pure SBA-15 and the 
lowest contact angle was seen with B-SBA-15-10. Considering the con
tact angle values, it can be said that increasing the amount of boron in 
the sample increases the interaction between the sample and EG. Images 
showing contact angles with EG for all samples can be seen in Fig. 4. 
Images were taken for 3 different situations which are immediately after 
dropping (at about time t = 0), shortly after dropping (e.g. 1.97 s as seen 
in Fig. 4), and approximately at the end of the interaction (at a time 
when the droplet image in the sample did not change), respectively are 
compatible with the sample-EG contact angles in Table 2. 

The contact angles that DIM formed with the samples could not be 
correlated with the boron contents of samples. B-SBA-15-30 showed the 
highest contact angle with DIM (24.653◦). The lowest contact angle was 
seen in pure SBA-15 (18.301◦). In other words, the most interacting 
sample with DIM was pure SBA-15. However, it must be said that the 
DIM contact angles of the samples are very close to each other, except for 
B-SBA-15-30. The sample with the most interaction (lowest contact 
angle) with FA and water was determined as pure SBA-15. In fact, boron 
oxides are known to be hygroscopic [19]. Therefore, B-SBA-15-x sam
ples could be expected to have higher water adsorption effect than pure 
SBA-15. However, since the B-SBA-15-x samples were synthesized on the 
basis of the nSi/nB molar ratio, the boron contents by weight of samples 
are actually quite low. Therefore, it can be said that boron species on 
sample surfaces do not have much effect on wettability. 

The lowest contact angles with pure SBA-15 were observed with the 
polar model liquids (FA and water) (Table 2). There are some results in 
the literature that show that the polar model liquids (water and form
amide) form lower contact angles on surfaces containing more polar 
groups. In addition, there are results in the literature that show that 
surface free energy increases with an increase in surface polarity [7]. 
Considering this situation, it can be interpreted that there are more polar 
groups on the surface of pure SBA-15 compared to the B-SBA-15-x 
samples. Again, in accordance with observations in the literature [7], 
the surface free energy of a sample which had the highest surface po
larity was found to be higher than the others in this study (Table 3). 

No study has been found in the literature investigating SBA-15 using 
the contact angle measurement method. Therefore, contact angles of 
model liquids on SBA-15 samples could not be compared to a similar 
study in the literature. 

Summarizing Table 2, we can say that the lowest contact angles for 
all model liquids except EG occur with pure SBA-15. So, pure SBA-15 
adsorbed DIM, FA and water model liquids more than B-SBA-15-x 
samples. And this situation generatesexpectation that the surface free 
energy of pure SBA-15 will be higher than the others. Looking at the 
total surface free energy(γS) in Table 3, it is seen that the surface free 
energy of pure SBA-15 is higher than the others (64.365 mJ/m2). The 

Fig. 1. XRD patterns of B-SBA-15-x samples (a) B-SBA-15-50, (b) B-SBA-15-30 
and (c) B-SBA-15-10. 

Fig. 2. BJH pore size distributions of (a) pure SBA-15, (b) B-SBA-15-50, (c) B- 
SBA-15-30 and (d) B-SBA-15-10 samples. 
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fact that the γS of pure SBA-15 is higher than the others is consistent with 
the expectation in Table 2. 

In fact, as can be seen in Table 3, the γS, γd
S and γp

S values of all 
samples were found to be very close to each other. γS values of the 
samples vary between 63.4 and 64.3 mJ/m2. After pure SBA-15, the 
highest surface free energy was seen with B-SBA-15-10 (64.218 mJ/m2). 
γd

S and γp
S values of the samples are also very close to each other, 

changing between 38.5-39.8 and 24.4–25.0 mJ/m2, respectively. 
There is no study found in the literature in which the surface free 

energy of SBA-15 materials is determined by the contact angle tech
nique. However, there are some results obtained by the inverse gas 
chromatography (IGC) technique. Therefore, the results obtained from 
this study were compared with results of IGC studies in the literature. 
For example, in Rückriem’s studies, the γd

S value of SBA-15 was deter
mined as 56 mJ/m2 at 93 ◦C using the IGC technique [34,35]. It is 
known that a temperature increase decreases γd

S [36,37]. Our study was 
carried out at room temperature and the γd

S value of pure SBA-15 was 
found to be 39.43 mJ/m2. Although the temperature was higher in 
Rückriem’s studies, it was reported that higher γd

S values were found for 
pure SBA-15. In IGC, it is usually studied in the infinite dilution zone 

where very small injection quantities are applied to determine γd
S and a 

very small area of the stationary phase is examined and, that IGC eval
uates the high energy regions of the stationary phase with preferential 
interactions of the model liquids [3,38,39]. Therefore, it can be said that 
the γd

Svalue calculated according to IGC is higher. In addition, there are 
studies in the literature comparing IGC and contact angle measurement 
(for various approaches) methods for different materials and it has been 
observed that the surface free energy values calculated by different 
methods are different from each other [3,38–40]. And in Yao’s study, 
citing a study that stated that the results of γd

S obtained from the two 
methods could not be the same due to the difference in their theoretical 
approach [3]. The difference between the results obtained with IGC and 
contact angle methods can be explained with the above explanations. 
Also, since the total surface free energy (γS) and its polar component (γp

S) 
values are not calculated in Rückriem’s studies [34,35], it may not be 
possible to make a clear comparison. It should also not be forgotten that 
there may be differences in the SBA-15 synthesis procedure and different 
model liquids, methods (contact angle measurement and IGC) and ap
proaches used in the surface free energy calculations. 

Looking at Table 3, it can be seen that adding boron to the structure 
does not have a clearly visible effect on γS, γd

S and γp
S values. However, it 

can be said that the highest (γS) value measured at room temperature 
belongs to pure SBA-15. 

4. Conclusions 

The following conclusions can be drawn from this investigation:  

• The surface free energy components (γS, γd
S and γp

S) of mesoporous 
materials can be easily determined using the contact angle mea
surement technique.  

• The OWRK/Fowkes approach can be used in surface free energy 
calculations with SBA-15 materials.  

• With the materials investigated, surface free energy increases with an 
increase in surface polarity  

• It can be concluded that there is good adhesion with good interfacial 
interactions, i.e. low contact angle.  

• Pure SBA-15 showed the highest surface energy (γS) according to B- 
SBA-15-x samples (64.365 mJ/m2).  

• Boron addition to SBA-15 materials does not have a significant effect 
on surface free energy values.  

• Boron addition did not alter the structural properties of SBA-15 
mesoporous materials.  

• In addition, it is expected that some properties of the materials such 
as adsorption, refractory, conductivity, hardness and insulation will 
be developed and used in many areas of industry by using the contact 
angles and surface energies of the synthesized boron-containing SBA- 
15 materials. 

Fig. 3. SEM images of B-SBA-15-x samples (for x7500 zoom) (a) B-SBA-15-50, (b) B-SBA-15-30 and (c) B-SBA-15-10.  

Table 1 
Literature values of surface energy of model liquids and their components  

Model liquid γL (mJ/m2)  γd
L (mJ/m2)  γp

L (mJ/m2)  

Ethylene glycol [30] 48.0 29.0 19.0 
Di-iodomethane [31] 50.8 50.8 0.00 
Formamide [3] 58.0 39.0 19.0 
Water [32] 72.8 21.8 51.0  

Table 2 
Contact angles of model liquids.  

Contact Angle (◦)  

Ethylene glycol Diiodomethane Formamide Water 

Pure SBA-15 17.743 18.301 10.643 8.204 
B-SBA-15–50 13.653 19.905 19.417 12.135 
B-SBA-15–30 9.037 24.653 13.260 16.703 
B-SBA-15–10 8.744 18.838 12.266 14.098  

Table 3 
Surface free energy values of pure SBA-15 and B-SBA-15-x samples.  

Sample γS (mJ/m2)  γd
S (mJ/m2)  γp

S (mJ/m2)  

Pure SBA-15 64.365 39.429 24.936 
B-SBA-15-50 63.545 38.897 24.648 
B-SBA-15-30 63.490 38.523 24.966 
B-SBA-15-10 64.218 39.780 24.437  
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