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A B S T R A C T   

Pure and boron-containing B-SBA-15-x (molar ratio, Si/B = 50, 30, 10) mesoporous materials were synthesized 
by a direct hydrothermal procedure. Samples were characterized by XRD, ICP-OES, FT-IR, BET and SEM. Inverse 
gas chromatography (IGC) technique was used to determine the dispersive surface energies (γd

S), adsorption 
thermodynamic parameters (ΔH, ΔG, ΔS) and the acid-base constants (KA and KD) of the samples. IGC experi
ments were performed at infinite dilution region at 200, 210, 220 and 230 ◦C. The surface characterization 
results confirmed that the SBA-15 structure was formed, boron was added to the structure and all samples have 
meso pores. The surface area of the pure SBA-15 was determined as 745.288 m2/g and it was found that the 
surface area decreases with increasing boron content. Physical adsorption occurred between the IGC probe 
molecules and all SBA-15 materials according to the adsorption thermodynamic parameters. (γd

S) values of pure 
SBA-15, B-SBA-15-50, B-SBA-15-30 and B-SBA-15-10 were found at 40.873, 37.039, 36.636 and 37.444 mJ/m2 

at 200 ◦C, respectively. It has been observed that the dispersive surface energy of all samples decreases with 
increasing temperature. According to the SC value calculated from the KA and KD parameters, the surface of B- 
SBA-15-10 with the highest boron content was found to be acidic. On the other hand the surfaces of all other 
samples were determined as basic.   

1. Introduction 

Mesoporous materials are preferred in many adsorption applications 
due to their high surface area and adjustable pore size. Usage areas of 
meso-porous materials are still being studied and their use as catalyst 
supports is becoming more common. Compared to other porous mate
rials, SBA-15 is characterized by larger pores, thicker walls and higher 
thermal and hydrothermal stability [1–4]. 

Synthesis of SBA-15 with various active components enhancing 
surface activity is frequently encountered in the literature [5–9]. Tran
sition metals and some acids are often used as active ingredients due to 
their activity in catalytic reactions. Boron is an important semi-metal 
due to its many uses in industry such as cosmetics, pharmaceuticals, 
adhesives, refractories, disinfectants, catalysts etc. In addition, there are 
results in the literature that boron doped catalysts show resistance to 
coke formation [10–12]. There are a few studies of SBA-15 with added 
boron in the literature [5,7]. Therefore, in this study, B-SBA-15-x sam
ples were characterized by the IGC technique and both adsorption 

thermodynamic parameters and dispersive surface energy components 
of surface energy were calculated. 

There are many approaches to preparing SBA-15 materials such as 
changing the active component and the synthesis method [4]. It is 
known that the final material structure is affected by the synthesis 
method used. Generally, direct hydrothermal and sol-gel methods are 
preferred in the synthesis of metal-loaded SBA-15 materials [5,7,10,13]. 

Surface free energy (SFE, γS) can be defined as the work required to 
produce a new material surface and is given by the relationship between 
surface area and energy [14]. γS includes dispersion and specific terms. 
The dispersive term (γd

S) is caused by non-polar interactions based on 
London forces and the specific term (γsp

S ) is caused by polar interactions. 
Due to the high sensitivity of (γd

S) for changes in the surface chemistry, 
(γd

S) is an appropriate parameter for the characterization of porous ma
terials [15]. It is known that determination of γd

S provides information 
about the force fields of high energy regions of adsorbent materials 
[16–18]. 

It is difficult to determine the surface energies of solids. Inverse gas 
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chromatography (IGC) is an important technique used for the surface 
characterization (superficial phenomena, glass transitions, dispersive 
surface energy, adsorption heat, acid-base properties) of solid materials 
[19]. Therewithal IGC is a reliable technique that provides accurate 
measurement regardless of sample morphology over a wide temperature 
range [20]. Contrary to conventional gas chromatography, in this 
method the non-volatile stationary phase in the column is examined. An 
empty column is filled with the porous material (adsorbent) under 
investigation and the probe molecule (adsorbate) in the mobile phase 
probes the surface of the adsorbent [21]. In summary, the IGC technique 
is based on determining the properties of solid materials using probe 
molecules of known properties. The retention times of the probe mole
cules on the solid are determined and γd

S is calculated. 
In recent years, studies using IGC technique for the characterization 

of various materials have been carried out [15,19,21–24]. The disper
sive surface energy of SBA-15 (surface area: 576 m2/g) was found to be 
56.03 mJ/m2 at 366 K by using the IGC technique in one of these studies 
[15]. However, IGC characterization of boron-containing SBA-15 mes
oporous materials has not been studied before. 

In this study, pure and boron-containing SBA-15 samples were syn
thesized with the direct hydrothermal method. Samples were charac
terized by X-ray powder diffraction (XRD), Fouirer Transform Infrared 
Spektrofotometre (FTIR), N2 adsorption-desorption, Bru
nauer–Emmett–Teller (BET), İndüktif Eşleşmiş Plazma-Optik Emisyon 
Spektrometresi (ICP-OES) and scanning electron microscope (SEM) In 
order to understand the adsorption behaviors of synthesized materials, 
dispersive surface energies, adsorption thermodynamic parameters and 
acid-base constants (KA and KD) were determined by the IGC technique. 

2. Experimental 

2.1. Catalyst preparation 

Pure SBA-15 was synthesized by a hydrothermal procedure [1,2]. 
Pluronic 123 triblock copolymer (Aldrich) and TEOS (tetraethyl ortho
silicate) (Aldrich) were used as surfactant and silica source, respectively. 
2.005 gr P123 was dissolved in 15 ml of water. 60.75 g of aqueous 2 M 
HCl was added to the solution under stirring. The solution was heated at 
35 ◦C for 1 h. 4.27 g of tetraethylorthosilicate (TEOS) was added and the 
mixture was stirred at 35 ◦C for 20 h. The solution was then transferred 
to an autoclave and aged in a vacuum oven at 100 ◦C for 24 h. The solid 
product was recovered by filtration, washed and dried overnight. 
Calcination was conducted at 540 ◦C under a dry air flow for 6 h with a 
heating rate of 1◦Cmin− 1. 

B-SBA-15-x samples were also synthesized by direct hydrothermal 
procedure. In a synthesis procedure of B-SBA-15 samples [7], 4,02 g of 
Pluronic 123 was dissolved in 25 ml of water at 30 ◦C. 125 ml of aqueous 
HCl at required pH value was added to the solution under stirring. This 
was then heated at 40 ◦C for 1 h 8.6 g of tetraethylorthosilicate (TEOS) 
was added and the mixture was stirred at 40 ◦C overnight. A calculated 
amount of boric acid (molar ratio of Si/B = 50, 30, 10) was dissolved in 
water and added to the solution under stirring. The solution was then 
aged at 100 ◦C for 24 h under static conditions. The solid product was 
recovered by filtration and dried at 100 ◦C overnight. The template was 
removed by calcination under a dry air flow at 540 ◦C for 6 h with a 
heating rate of 1◦Cmin− 1. 

2.2. Characterization 

Small angle XRD patterns were acquired on a Rigaku Ultima-IV X- 
Ray diffraction device operating at 40 kV and 30 mA using Cu Kα ra
diation (λ = 0.15406 nm). The diffractograms were recorded in the 2θ 
range of 0.5–10◦ with a 2θ step size of 0.01◦. 

Fourier-transform infrared spectra (FT-IR) patterns of samples were 
recorded on a Perkin Elmer Spectrum 100 spectrometer in the 

wavelength range of 400–4000 cm− 1 and with a resolution of 0.4 cm− 1 

(ATR technique). 
Chemical compositions of the B-SBA-15-x samples were measured 

using ICP-OES optical emission spectroscopy on a Anton Paar MW3000, 
Perkin Elmer Optima 4300DV spectrometer. Previously, samples were 
digested by acid treatment with HNO3, HCl and HF. 

Surface areas and N2 adsorption–desorption isotherms 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, x2000 zoom and 10 μm for all 
samples). 

Inverse gas chromatography (IGC) experiments were performed with 
an Agilent 6890 GC, equipped with a thermal conductivity detector 
(TCD). A 4.66 mm i.d. and 50 cm length stainless steel column was used 
in this work. Helium was used as the carrier gas at a flow rate of 20 and 
30 ml/min. The temperature of the injector and column was set at 200, 
210, 220 and 230 ◦C to perform different experiments. 215.15 ◦C, which 
the standard average of 200, 210, 220 and 230 ◦C, was used in the 
calculation of adsorption thermodynamic parameters. The TCD detector 
was set at 300 ◦C for all experiments. Chromatographic peaks were 
recorded at the infinite dilution region. In this region, the retention 
volume was assumed to be independent of the injection amount [25]. 
Probes were injected manually with a 1 μl Hamilton syringe. The in
jection volumes were 0.01 (two times), 0.02 (three times) and 0.03 μl 
(two times) (at infinite dilution region). At least seven injections were 
made for each probe (previously averaged for each within itself, and 
then three results were averaged). Retention times were recorded with a 
chart recorder and corrected for the dead time of column. The average 
retention time value, tR, was used for the calculations. To determine the 
adsorption themodynamic parameters and the surface energies of the 
solids n-pentane, n-hexane, n-heptane and n-octane were used. Three types 
of organic compounds with different acidity character were used as 
probe molecules in the calculation of acid-base parameters and SC 
values. Dichloromethane (DCM) and trichloromethane (TCM) were used as 
acidic probes, tetrahydrofuran (THF) was used as a basic probe and 
diethylether (Et2O) and acetone (Ace) were used as amphoteric probes. 

2.3. Theory and equations 

2.3.1. Inverse gas chromatography theory 
IGC experiments were conducted within the infinite dilution region 

(Henry’s law region). The following formulas were used for calculations 
in this region (Eqs. (1) and (2)) [26–28]. 

VN =(tR − tm).Fa.(T / Ta).j (1)  

j=
3
2
.

[
(Pin/Pout)

2
− 1

]

[
(Pin/Pout)

3
− 1

] (2)  

Where VN is the net retention volume of the probes, tR is the probe 
retention time, tm is the retention time of the mobile phase, Fa is the 
volumetric flow rate (at the column outlet), T is the column tempera
ture, Ta is the ambient temperature, j is the James–Martin gas 
compressibility correction factor, Pin is the inlet pressure and Pout is the 
outlet pressure. (VN) can be calculated according to Eq. (1) and Eq. (2) 
expresses the James–Martin gas compressibility correction factor. 

At zero surface coverage, ΔH0 can be identified by the differential 
heat of adsorption of the probe, which is based on the change of VN with 
temperature (Eq. (3)). 

ΔH0 = − R(d(lnVN) / d(1 /T)) (3)  

(VN) values are calculated according to eq (1). Then the lnVN versus 1/T 
is plotted and ΔH0 is calculated from the slope according to Eq. (3). 
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The standard free energy change of adsorption (ΔG0) is calculated 
according to Eq. (4). 

ΔG0 = − RTln
(

VN .P0

m.S.Π0

)

(4)  

Where R is the ideal gas constant, P0 is the adsorbate vapor pressure in 
the gaseous standard state equal to 101 kN/m2 (101 kPa), m is the mass 
of adsorbent in the column, S is the specific surface area of adsorbent, 
and Π0 is the reference two-dimensional surface pressure equal to 0.338 
mN/m [23,29]. Since P0, m, S and Π0 are constant, the same equation 
can be written as (Eq. (5)): 

ΔG0 = − RTlnVN + C (5) 

The standard entropy change of adsorption (ΔS0) can be calculated 
according to Eq. (6) [16,30–33]. 

ΔS0 =
(
ΔH0 − ΔG0) / T (6)  

2.3.2. Determination of dispersive surface enegy 
The standard free energy change of adsorption (ΔG0), work of 

adhesion (WA) and surface energy of solid (γS), can be expressed as the 
sum of their own dispersive term (caused by non-polar interactions) and 
specific term (caused by polar interactions, OH groups), as an Eqs. (7)– 
(9) respectively. 

ΔG0 =ΔGd + ΔGsp (7)  

WA =Wd
A + Wsp

A (8)  

γS = γd
S + γsp

S (9)  

Where ΔGd, ΔGsp, Wd
A, Wsp

A , γd
S, γsp

S are dispersive and specific terms of 
ΔG0, WA and γS, respectively. γd

S values were calculated from the data 
obtained by using non-polar n-alkane series as probes. Similarly, γsp

S can 
be calculated from data obtained using polar probes (DCM, TCH, THF, 
Ace). The relationship between ΔG0 and WA is given by Eq. (10): 

ΔG0 =N.a. WA (10)  

Where N is the Avogadro constant and a is the cross-sectional area of the 
liquid molecule. The dispersive term of work of adhesion (Wd

A) is given 
by Eq. (11) [34]: 

Wd
A = 2

̅̅̅̅̅̅̅̅̅̅

γd
S γd

L

√

(11)  

Where (γd
L) is the dispersive surface energy of liquid [35]. The rela

tionship between (ΔG0) and (VN) is given in Eq. (5). By combining Eqs. 
(5), (10) and (11), the relation between γd

S and (VN) can be obtained and 
the new equation can be expressed by Eq. (12) [26]. 

RTlnVN = 2N
(
γd

S

)1/2a
(
γd

L

)1/2
+ const. (12) 

According to Eq. (12), γd
S values of samples were calculated from the 

slope of the line formed by plotting a(γd
L)

1/2 values against RTlnVN 

values, based on the retention volumes obtained using non-polar n-al
kanes. The n-alkane line is obtained by using the a(γd

L)
1/2 and RTlnVN 

values for the n-alkanes. The a(γd
L)

1/2 and RTlnVN values of each of the 
polar probes are also marked separately on this graph. Mathematically, 
the distance of the point from the line is equal to ( − ΔGsp) [26]. The 
( − ΔGsp) values were calculated but the graphs are not shown in this 
paper. 

Eq. (13) shows the relationship between the specific component of 
Gibbs free energy change (ΔGsp) and the specific component of enthalpy 
change ΔHsp. 

ΔHsp = − T2.(δ / δT)(ΔGsp / T) (13) 

For each polar component, when the values calculated according to 
Eq. (12) are plotted against temperature (1000/T versus ( − ΔGsp/T)), 
the ( − ΔHsp) values can be calculated from the slope of the obtained line 
(Eq. (13)). 

Eq. (14) can be used to find the acceptor and donor numbers (acid 
and base coefficients, KA and KD, respectively) of the solid surface [36]. 

( − ΔHsp /AN*)=KA.(DN /AN*) + KD (14)  

Where DN and AN* are Gutmann’s donor and modified acceptor 
numbers, respectively [22,37,38]. 

(SC) is a measure of the surface acidity and basicity, which is 
calculated from the ratio of (KD/KA) (Eq. (15)). 

SC = |KD /KA| (15) 

According to Eq. (15), for a (SC) > 1, the surface is considered to be 
alkaline, but acidic for (SC) < 1 [23]. 

3. Results and discussion 

3.1. XRD analyses 

Small angle XRD patterns of all samples are shown in Fig. 1. The 
intensity values for each sample are between 0 and 300000 cps. When 
the data of all samples are shown in the same graph, they overlap and 
the lines cannot be separated. Therefore, for clarity, the combined graph 
was added, ignoring the intensity values. 

SBA-15 and B-SBA-15-x samples all showed a sharp peak (approxi
mately at 2θ = 0.88◦) and two diffraction peaks (approximately at 2θ =

Fig. 1. Small angle XRD patterns (a) Pure SBA-15, (b) B-SBA-15-50, (c) B-SBA- 
15-30 and (d) B-SBA-15-10. 
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1.5◦ and 1.88◦) and these peaks represent (100), (110) and (200) re
flections, respectively with typical attributes of two dimensional, well- 
arranged hexagonally mesoporous structure (p6mm symmetry) illus
trating the high quality of mesopore packing [1,2,12]. XRD results 
proved that the SBA-15 structure is succesfully formed in all samples and 
the addition of boron to the structure did not change the basic structure 
of SBA-15. Also the results are compatible with the literature [5,7]. 

3.2. FT-IR measurements 

FT-IR spectra of SBA-15 and B-SBA-15-x catalysts are shown in Fig. 2. 
According to the literature, the small shoulder band seen at 920 cm− 1 in 
B-SBA-15-10, the sample with the highest boron content, is tetra coor
dinated boron in the framework [5,39]. The same peak was not seen in 
other boron containing samples. This may occur because the amount of 
boron loaded into other samples is too small. Also, by looking at pre
vious studies with boron-containing materials, the 1395 cm− 1 band seen 
only in B-SBA-15-x samples can be interpreted as the presence of boron 
species [5,12,40,41]. These adsorption bands show that boron oxide 
species were successfully formed on the surface of B-SBA-15-x samples. 
The bands at 429-441 cm-1 and 805-813 cm-1 in all samples can be 
interpreted as asymmetric and symmetric stretching vibrations of Si–O 
and the band at 1043-1059 cm-1 is thought to be the Si–O–Si band in all 
samples [6,10,12]. The pure SBA-15 shows a vibration at a wavelength 
of 1625 cm-1 which wasn’t seen in other samples, that can be considered 
as adsorbed water. The band 3390-3442 cm-1 for all samples (not 
marked in the graph) indicates the presence of surface silanol groups 
and adsorbed water [6]. 

3.3. Determination of surface area and boron content studies 

Textural properties such as N2 adsorption-desorption isotherms, 
boron content by weight (ICP-OES), BET surface areas, average pore 
diameters and pore volumes were investigated for all samples. Results 
are given in Fig. 3 and Table 1, respectively. The quantity adsorbed 
values for each sample are between 140 and 840 cm3/g STP. When the 
data of all samples are shown in the same graph, they overlap and the 
lines cannot be separated. Therefore, for clarity, the combined graph 
was added, ignoring the quantity adsorbed values. 

It can be seen that all isotherms in Fig. 3 correspond to type IV of the 
IUPAC classification, representing mesoporous materials. All samples 
exhibited a clear H1-type hysteresis loop associated with a highly or
dered mesoporous structure with narrow pore size distribution of cy
lindrical channels at high relative pressure values (P/P0 = 0.53–0.83), 
which is consistent with results in the literature [5,7,10,12,42]. 

Fig. 2. Framework FT-IR spectra of (a) Pure SBA-15, (b) B-SBA-15-50, (c) B- 
SBA-15-30 and (d) B-SBA-15-10 catalysts. 

Fig. 3. N2 adsorption isotherms of (a) Pure SBA-15, (b) B-SBA-15-50, (c) B- 
SBA-15-30 and (d) B-SBA-15-10 catalysts. 

Table 1 
ICP-OES results, BET surface areas, pore diameter and pore volumes of samples.  

Sample B content (wt%)a ABET (m2/g)b dp (nm)c Vp (cm3/g)d 

Pure SBA-15 0.000 745.288 6.56 1.06 
B-SBA-15-50 0.294 ± 0.004 645.522 7.65 1.14 
B-SBA-15-30 0.430 ± 0.010 644.184 7.91 1.17 
B-SBA-15-10 1.050 ± 0.010 611.895 8.73 1.26  

a ICP-OES results. 
b BET Surface area. 
c BJH Adsorption average pore width. 
d BJH Adsorption cumulative volume of pores between 17.000 Å and 

3000.000 Å width. 

T. Yarbaş and A. Çıtak                                                                                                                                                                                                                        



International Journal of Adhesion and Adhesives 118 (2022) 103249

5

According to Fig. 3, pure SBA-15 showed the isotherm most similar to 
type IV. The isotherms of the B-SBA-15-x samples also confirm to type 
IV, but they showed narrower hysteresis rings compared to pure SBA-15. 
This may be due to boron added to the structure at different amounts. As 
explained above, the quantity adsorbed values were approximately 
found to be within the same range for all samples (140–840 cm3/g STP). 
However, it is seen in Table 1 that the boron contents, BET surface areas, 
pore diameters and pore volumes of the samples are different. 

According to the ICP-OES results (Table 1), the boron contents by 
weight of the samples were found as %1.05 (B-SBA-15-10), 0.43 (B-SBA- 
15-30), 0.29 (B-SBA-15-50) and 0 (pure SBA-15), respectively. This 
result is expected because the synthesis calculations were made ac
cording to the nSi/nB molar ratio. Therefore, B-SBA-15-10 with the 
lowest nSi/nB ratio has the highest boron content. 

Pure SBA-15 exhibits 745.288 m2/g surface area which is in agree
ment with the literature [10,12,43]. The surface area ranking is as fol
lows: pure SBA-15 > B-SBA-15-50 > B-SBA-15-30 > SBA-15-10 
(745.288, 645.522, 644.184 and 611.895 m2/g, respectively). It is 
reasonable that increasing amount of boron added to the structure may 
cause the reducing surface area. And this may occur because the boron 
atoms added to the structure partially block the pores. In the literature, 
there are SBA-15 samples prepared with ratios SiO2/B2O3 = 50 and 10 
and their surface areas were found to be 767 and 672 m2/g, respectively 
[5]. However, in our study, the samples were prepared with molar ratios 
nSi/nB = 50, 30 and 10. Therefore, the composition by weight and 
surface areas of the materials are not similar compared with Eswar
amoorthi and Dalai’s study. 

Pore size values of samples were found ranging between 6.56 and 
8.73 nm. The pore size (6.56 nm) of pure SBA-15 is compatible with the 
6.5 nm, 6.91 nm and 7.1 nm values found in the literature [10,12,15]. 
The pore sizes of the B-SBA-15-x samples are over 7.65 and there is a 
study in the literature where the pore diameter of a B-SBA-15 sample is 
7.8 nm [5]. Therefore, it can be said that the results are compatible with 
the literature. It is seen that the pore size increases as the amount of 
boron in the structure increases. Generally, when an additional material 
is added to the structure, the pore size decreases as the amount of added 

material increases, and this is explained by the fact that new atoms 
partially block the pores [12,44]. However in Grieken’s study, the pore 
diameters of the Al and Cr added SBA-15 samples were found to be 
higher than pure SBA-15, and this was explained by the lower wall 
thicknesses of the Al and Cr bonded structures [7]. 

It is observed that the pore volume increases with increasing boron 
content of the sample, as does the pore size. And the order is B-SBA-15- 
10 > B-SBA-15-30 > B-SBA-15-50 > Pure SBA-15 (1.26, 1.17, 1.14 and 
1.06 cm3/g, respectively). There are studies in the literature where the 
pore volumes of pure SBA-15 are 0.93 [43], 0.96 [7], 0.98 [6], 1.19 [5] 
and 1.35 cm3/g [11]. These values are compatible with the 1.06 cm3/g 
value in our study. In addition, it is seen that the increase in boron 
content causes an increase in average pore diameter (dp) and total pore 
volume (Vp). In Grieken’s study, similar increasing trends were observed 
for Al, Cr-containing SBA-15 samples and B-containing SBA-15 samples 
synthesized by the hydrothermal method [7]. As a result of adding 
different components to the structure, the increase in average pore 
diameter and total pore volume is explained by inclusion of the added 
component into the silica walls [45]. 

The pore volume values of the B-SBA-15-x samples ranged from 1.14 
to 1.26 cm3/g. In two different studies in the literature, the pore vol
umes of the boron added SBA-15 samples synthesized by hydrothermal 
methods were found between 0.99 and 1.14 cm3/g [5] and between 
0.97 and 1.1 cm3/g [7], which is consistent with our results. 

3.4. Scanning electron microscopy study 

Fig. 4 shows SEM images where a rope-like structure is seen in all 
samples. Previous work has shown that rope-like structures are char
acteristic features of SBA-15 [1,2]. It is also observed that agglomera
tions tended to form with increasing boron content as shown in Fig. 4b, 
c, and d, respectively. A similar situation has been observed in a study in 
which SBA-15 with various boron contents was investigated [5]. 

Fig. 4. SEM images of samples (for x2000 zoom). (a) Pure SBA-15, (b) B-SBA-15-50, (c) B-SBA-15-30 and (d) B-SBA-15-10.  
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3.5. IGC measurements 

Thermodynamic properties of probes are shown in Table 2. Graphs of 
RTln(VN) versus a.(γd

L)1/2 for the adsorption of n-alkanes on the samples 
are shown in Fig. 5. 

Table 3 shows the calculated dispersive surface energy values of the 
samples where it can be seen that the dispersive surface energy 
decreased with increasing temperature in all samples. In studies con
ducted with different materials in the literature, it has been understood 
that γd

S decreases with an increase in temperature [16,47]. Similarly, 
there are studies in the literature in which it is stated that γd

S depends on 
the surface composition of the solid and the test temperature [48,49]. 
The γd

S of pure SBA-15 was found to be 40.873 mJ/m2 at 200 ◦C. In the 
literature, γd

S of pure SBA-15 determined by the IGC method was found to 
be 56 mJ/m2 at 93 ◦C [15,22]. In addition, when approaching the zero 
surface coverage of different silica samples at 90 ◦C, it is seen that γd

S 
values change between approximately 30-50 mJ/m2 using the IGC 
technique [24]. 

Graphs of RTln(VN) versus a.(γd
L)

(1/2) for all samples were found to be 
linear at all temperatures (Fig. 5). And the γd

S values were determined 
from the slopes of the lines. In the literature, it has been suggested that γd

S 
can be obtained by extrapolation for different temperatures when the 
variation of γd

S as a function of temperature is linear [16]. According to 
this suggestion, when extrapolated using our operating temperatures of 
200 and 210 ◦C, which are closest to 93 ◦C, and γd

S values at these 
temperatures, the γd

S value of pure SBA-15 is calculated as 59.18 mJ/m2 

at 93 ◦C. This value is compatible with the literature (56 mJ/m2 [15,22]. 
No γd

S results for SBA-15 containing boron has been found in the 
literature to compare with our B-SBA-15-x values. In fact, γd

S values of 
the samples containing boron were found very close to each other at all 
temperatures. This may occur because even B-SBA-15-10 with the 
highest boron content contains a very small amount of boron by weight 
(1 wt%, Table 1). 

γd
S order of the samples varies according to the temperatures. How

ever, the only unchanged sequence is that the γd
S of pure SBA-15 is 

highest at all temperatures and the γd
S of B-SBA-15-30 is the lowest. In 

the literature, there are studies in which the addition of some compo
nents to the surface of materials (not SBA-15) reduce the γd

S and surface 
free energy [48–51]. Accordingly, it is interpreted that the γd

S values of 

Table 2 
Physical and chemical properties of the probes.  

Probes aa (Å)2 
(γd

L)
a (mJ/ 

m2) 
DNb (kJ/ 
mol) 

AN*b (kJ/ 
mol) 

Character 

n-Pentane 45.00 16.10 – – Neutral 
n-Hexane 51.50 18.40 – – Neutral 
n-Heptane 57.00 20.30 – – Neutral 
n-Octane 63.00 21.30 – – Neutral 
DCM 38.00 26.50 0.00 16.32 Acidic 
TCM 44.00 25.90 0.00 22.59 Acidic 
Et2O 47.00 16.70 80.30 5.90 Amphoteric 
Ace 42.50 16.50 71.40 10.46 Amphoteric 
THF 45.00 22.50 84.42 2.09 Basic  

a [16,26,46]. 
b [46]. 

Fig. 5. RTln(VN) versus a.(γd
L)1/2 plots for the adsorption of n-alkanes on samples for different temperatures. Pure SBA-15, (b) B-SBA-15-50, (c) B-SBA-15-30 and (d) 

B-SBA-15-10. 

Table 3 
Calculated dispersive surface energy values of samples for different 
temperatures.    

γd
S (mJ/m2)   

Sample 200◦C 210◦C 220◦C 230◦C 
Pure SBA-15 40.873 39.167 35.712 32.036 
B-SBA-15-50 37.039 33.394 29.757 27.015 
B-SBA-15-30 36.636 31.316 28.148 24.900 
B-SBA-15-10 37.444 33.779 28.679 26.842  
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B-SBA-15-x samples are lower than that of pure SBA-15 at all tempera
tures, due to the fact that the boron addition affects the surface 
coverage. 

The adsorption thermodynamic parameters (ΔH, ΔG and ΔS) of the 
samples calculated using Eqs. (3)–(6) are shown in Table 4. Adsorption 
equilibrium depends on changes in adsorption enthalpy and entropy. 
The Gibbs free energy change indicates the spontaneity of adsorption. 
Negative (ΔG) indicates that adsorption of adsorbate occurs spontane
ously [52]. According to Table 4 the negative (ΔG) values of all probes 
for all samples indicated that the adsorption was spontaneous and the 
probe preferred to stay in the stationary phase rather than the mobile 
phase [53]. Generally, physical adsorption occurs when (ΔG) is between 
0 and -20 kJ/mol, and chemical adsorption when it is between − 80 and 
− 400 kJ/mol [53,54]. It can be seen that all (ΔG) values are in the range 
of 0 to − 20 kJ/mol. Therefore, all adsorbate-adsorbent interactions 
were interpreted as physisorption. Which bonds are formed in physical 
adsorption (hydrogen bonding, electrostatic, hydrophobic or van der 
Waals interactions) can be determined from thermodynamic parame
ters. According to the literature, all interactions given in Table 4 were 
caused by van der Waals interactions (ΔH<0, ΔS<0, |ΔH| > |TΔS|) 
[53]. 

A negative (ΔH) means that the adsorption of adsorbate is an 
exothermic process. Therefore, the negative value of the enthalpy 
change actually indicates that the process is energetically stable [55]. 
Physical adsorption occurs when (ΔH) < 40 kJ/mol [52,54]. Since all 
(ΔH) values in Table 4 are highly negative, it can be said that all 
adsorption processes were managed by physisorption control. According 
to the literature, the more negative adsorption enthalpy change (ΔH)

indicates a higher interaction between the adsorbate and the adsorbent 
[16,25]. So it means that the interaction of pure SBA-15 with all probes 

is higher than B-SBA-15-50. However, the same inference cannot be 
made for B-SBA-15-30 and B-SBA-15-10. (ΔH) values obtained on 
B-SBA-15-30 for n-hexane, n-heptane, n-octane, DEE, Ace and THF are 
more negative than pure SBA-15. In other words, it appears that 
B-SBA-15-30 interacts more highly with these probes. Similarly, the 
(ΔH) value obtained on B-SBA-15-10 for THF is also more negative than 
pure SBA-15. Negative values of (ΔH) indicate that free diffusion of 
molecules through a bulk solution and a boundary layer is less than that 
resulting from bulky groups and other adsorbate arrangements on the 
surface and pores of adsorbents [55]. 

All of the (ΔS) values are negative in Table 4. The negative entropy 
change corresponds to a decrease in the degrees of freedom of the 
adsorbed species [53,55]. In brief, the negative entropy change indicates 
that the system is more ordered after adsorbate adsorption [52]. 

In all samples, (− ΔH), (− ΔG) and ​ (− ΔS) values for n-alkanes in
crease as the C number increases. Considering the negativity, it can be 
seen that an increase in the C number appears to decrease ΔH,

ΔG and ΔS (e.g. − 0.098 < − 0.066, ΔS values for n-octane and n-pentane 
on pure SBA-15, respectively). Almost the same situation was observed 
with the C number in other organic probes. 

Another generalization that can be made by looking at Table 4 is that 
the (− ΔH), (− ΔG) and ​ (− ΔS) values obtained on pure SBA-15 using the 
same probes are mostly higher than those obtained in B-SBA-15-50 and 
B-SBA-15-10 samples (accept ( − ΔG) of n-pentane; ( − ΔH) and ( − ΔS) of 
Ace and THF on B-SBA-15-10). 

The ( − ΔGsp) values were calculated from the distance of the plotted 

points from the line according to the RTlnVN and a(γd
L)

1/2 values of the 
polar probes and are given in Table 5. According to Table 5, it can be 
said that increasing temperature decreases the ( − ΔGsp) values for 
almost all samples and all probes (except for DCM on pure SBA-15 at 
230 ◦C, TCM on B-SBA-15-50 at 230 ◦C, THF on B-SBA-15-50 at 230 ◦C 
and TCM on B-SBA-15-10 at 220 ◦C). It can be said that the interactions 
of all samples with polar probes are close to each other (Table 4). 
Therefore, it is estimated that the polar surface hydroxyl group densities 
of the samples are close to each other with small differences. However, 
pure SBA-15 appears to have the strongest interaction with amphoteric 
(Et2O and Ace) and basic (THF) probes. 

No study was found in the literature to calculate the ( − ΔGsp) values 
using SBA-15 with boron content. However, a study was found in which 
pure SBA-15 was used and ( − ΔGsp) values were calculated for some 
polar probes by the IGC method. (ΔGsp) values for TCM (chloroform) and 
acetone on pure SBA-15 were found as − 2.0 and − 13.6 kJ/mol at the 

Table 4 
Thermodynamic parameters for the adsorption of the probes on pure SBA-15 and 
B-SBA-15-x samples.  

Sample Probes -ΔH (kJ/mol) -ΔG (kJ/mol) -ΔS (kJ/molK) 

Pure SBA-15 n-Pentane 38.357 5.674 0.066  
n-Hexane 46.612 8.457 0.078  
n-Heptane 55.354 11.020 0.090  
n-Octane 61.905 13.716 0.098  
DCM 36.505 5.283 0.064  
TCM 41.553 7.456 0.069  
Et2O 64.227 14.565 0.101  
Ace 59.196 14.413 0.091  
THF 67.264 16.892 0.103 

B-SBA-15-50 n-Pentane 28.296 5.491 0.046  
n-Hexane 38.825 7.867 0.063  
n-Heptane 48.141 10.278 0.077  
n-Octane 54.574 12.948 0.085  
DCM 26.063 4.908 0.043  
TCM 30.532 6.677 0.048  
Et2O 56.094 12.690 0.088  
Ace 44.171 12.951 0.063  
THF 55.478 4.884 0.103 

B-SBA-15-30 n-Pentane 36.706 4.830 0.065  
n-Hexane 47.477 7.402 0.082  
n-Heptane 58.081 9.518 0.099  
n-Octane 66.053 12.171 0.110  
DCM 36.409 4.208 0.065  
TCM 41.378 6.210 0.072  
Et2O 66.118 12.417 0.110  
Ace 65.363 13.269 0.106  
THF 72.869 15.364 0.117 

B-SBA-15-10 n-Pentane 32.459 5.887 0.054  
n-Hexane 41.977 8.239 0.069  
n-Heptane 51.880 10.658 0.084  
n-Octane 60.641 13.328 0.096  
DCM 29.217 5.247 0.049  
TCM 38.911 7.148 0.065  
Et2O 59.883 12.853 0.096  
Ace 59.205 13.475 0.093  
THF 70.238 16.029 0.111  

Table 5 
( − ΔGsp) values of polar probes on samples.  

Sample Probes − ΔGsp (kJ/mol) 

200 ◦C 210 ◦C 220 ◦C 230 ◦C 

Pure SBA-15 DCM 1.59 1.32 1.30 1.36  
TCM 1.41 1.40 1.22 1.14  
Et2O 8.56 8.29 7.94 7.64  
Ace 9.76 9.55 9.23 8.96  
THF 9.26 8.96 8.83 8.42 

B-SBA-15-50 DCM 1.62 1.50 1.15 1.41  
TCM 1.79 1.74 1.33 1.43  
Et2O 7.19 6.61 6.43 6.04  
Ace 8.51 8.13 7.99 7.96  
THF 7.78 7.37 7.09 7.13 

B-SBA-15-30 DCM 1.60 1.58 1.47 1.44  
TCM 1.57 1.46 1.33 1.22  
Et2O 7.48 7.04 6.74 6.27  
Ace 9.74 9.15 8.77 8.40  
THF 9.07 8.47 8.23 7.88 

B-SBA-15-10 DCM 1.66 1.42 1.54 1.24  
TCM 1.57 1.49 1.55 1.33  
Et2O 6.90 6.59 6.08 5.83  
Ace 8.82 8.71 7.92 7.67  
THF 8.73 8.23 7.93 7.38  
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experimental temperature of 93 ◦C, respectively [22]. In our study, the 
( − ΔGsp) values of the same probes on pure SBA-15 at 200 ◦C (which is 
our operating temperature closest to 93 ◦C) were found as 1.41 (TCM) 
and 9.76 (Ace) kJ/mol (Table 5). As explained above, considering the 
proposition that a temperature increase, decreases the values of ( −
ΔGsp), it can be said that the results are compatible with each other. 

Table 6 shows acid-base parameters (KA and KD) and surface char
acter (SC) of samples. The (KA) ranking was found as: B-SBA-15-10 > B- 
SBA-15-30 > Pure SBA-15 > B-SBA-15-50. It can be seen that the acid 
parameter (KA) increases with increasing boron content, except for B- 
SBA-15-50. The (KD) ordering is more complex and is as follows: B-SBA- 
15-50 > B-SBA-15-30 > Pure SBA-15 > B-SBA-15-10. And finally, the 
(SC) ranking is seen as B-SBA-15-50 > Pure SBA-15 > B-SBA-15-30 > B- 
SBA-15-10 which is exactly the opposite of the (KA) ranking. According 
to this order, it cannot be said that increasing amounts of boron added to 
the structure affect the surface acidity proportionately. 

It can interpreted that B-SBA-15-50 has the highest potential for 
specific interactions (KA + KD) (Table 6). Compared to the pure SBA-15, 
the KD value of B-SBA-15-10 was significantly decreased due to the 
addition of a high amount of boric acid which changed the character of 
the sample. Because its SC value is less than 1, B-SBA-15-10 has an acidic 
surface. Except for B-SBA-15-10, the surface characters of all samples 
were found to be alkaline. B-SBA-15-50 has the highest basicity among 
the alkaline samples. 

KA and KD values of pure SBA-15 were found as 0.25 and 0.377, 
respectively. Since the KD value is higher than KA, the surface character 
was found to be basic. In Rückriem’s study, KA and KD values of pure 
SBA-15 were found to be 0.7 and 0.52, so it can be said that the surface is 
acidic [22]. It is thought that this discrepancy may arise from differences 
in the pure SBA-15 synthesis steps in the two studies. 

4. Conclusions 

Inverse gas chromatography (IGC) at infinite dilution is a suitable 
method for determining the dispersive surface energy and adsorption 
thermodynamic parameters of SBA-15 mesoporous materials. It was 
determined that all adsorption processes were physical adsorption. In all 
samples, (-ΔH), (-ΔG) and (-ΔS) values for n-alkanes increased as the C 
number increased. According to (− ΔH) values, the most interacting 
materials with probe molecules were determined as pure SBA-15 and B- 
SBA-15-30 mesoporous materials. It was observed that γd

S (the dispersive 
surface energy) decreased as the temperature increased. Acid-base 
constants (KA and KD) of pure SBA-15 were found as 0.25 and 0.377, 
respectively. Since the KD value is higher than KA, the surface character 
was found to be basic. Except for B-SBA-15-10, the surface characters of 
all samples were found to be alkaline. The addition of boron to the 
structure did not affect the structure of SBA-15 significantly. It can be 
said that pure SBA-15 is the most suitable material for adsorption ac
cording to the surface areas of samples. 

There is no publication in the literature that studies the adsorption 
thermodynamic parameters of SBA-15 mesoporous materials. Therefore, 
the data obtained in this study is considered to be important. 
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[54] Gereli G, Seki Y, Murat Kuşoǧlu I, Yurdakoç K. Equilibrium and kinetics for the 
sorption of promethazine hydrochloride onto K10 montmorillonite. J Colloid 
Interface Sci 2006;299:155–62. https://doi.org/10.1016/j.jcis.2006.02.012. 

[55] Rauf N, Tahir SS, Kang JH, Chang YS. Equilibrium, thermodynamics and kinetics 
studies for the removal of alpha and beta endosulfan by adsorption onto bentonite 
clay. Chem Eng J 2012;192:369–76. https://doi.org/10.1016/j.cej.2012.03.047. 
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