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22 ABSTRACT 

23 SBA-15 mesoporous materials were synthesized with different pore sizes (5 and 10 nm) 

24 and thiol-functionalized groups and then characterized to describe their ability to differentially 

25 adsorb β-lactoglobulin (BLG), a globular protein with an ellipsoid shape measuring 6.9 nm in 

26 length and 3.6 nm in width. All adsorption experiments showed that the adsorption capacities 

27 of mesoporous materials for BLG were dependent of the duration of contact between the two 

28 materials (mesoporous and BLG) and the initial BLG concentration. It was also shown that the 

29 pore sizes and thiol groups of SBA-15-based adsorbents are an important factor for the BLG 

30 adsorption capacities. Among the tested adsorbents, thiol-functionalized SBA-15 with 10 nm 

31 pore size (SBA-15-SH-10) showed the highest adsorption capacity (0.560 g.g-1) under optimal 

32 experimental conditions. Kinetics studies demonstrated that the adsorption occurs 

33 predominantly inside the pores with interactions occurring on heterogeneous surfaces. In 

34 addition, the thermodynamic parameters indicate a spontaneous and exothermic behavior of 

35 BLG adsorption process onto the thiol-functionalized SBA-15 mesoporous adsorbent. Finally, 

36 the characterization of SBA-15-SH-10 adsorbent at 308 K showed the occurrence of an 

37 oxidation reaction of the thiol groups to sulfonate groups during the adsorption process as 

38 confirmed by Raman spectroscopy. The spectra recorded after adsorption of the protein showed 

39 that this adsorption did not impact the secondary structure of the protein. 

40 KEYWORDS: SBA-15 mesoporous, thiol functionalization, β-lactoglobulin, adsorption, 

41 modeling.

42
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43 INTRODUCTION 

44 The investigation of the biomacromolecule adsorption on solid materials is one of the most 

45 important fields in biotechnology. The discovery of mesostructured silica materials in 1992 by 

46 Kresge et al., opened a new field of research in the design of porous solids1-3. The potential of 

47 these silica materials for enzyme immobilization was first explored in 1996 by Diaz et al.,4. 

48 This was attributed to their specific characteristics such as large pore size, high specific surface 

49 area, and good hydrothermal stability, which enable these silica materials to adsorb a wide array 

50 of biomacromolecules. Consequently, various macromolecules including trypsin, lipases, 

51 lysozymes, and many others have been adsorbed on mesostructured silica materials belonging 

52 to the categories of Santa Barbara Amorphous (SBA) and Mobile Crystalline Material (MCM)5-

53 8. Furthermore, when compared to other mesostructured silica substrates such as MCM-41 

54 materials, SBA-15 materials exhibit thicker pore walls within the range of 3 to 6 nm, providing 

55 high hydrothermal stability, and being suitable for various applications in biotechnology9,10. 

56 The functionalization of these materials by either post-grafting or co-condensation methods can 

57 enhance their adsorptive properties, which could result in additional electrostatic repulsions or 

58 attractions, as well as an increased hydrophilic or hydrophobic nature between mesoporous 

59 silica materials and adsorbed biomacromolecules11. Tuning the surface chemistry of the pores 

60 opened new opportunities for developing mesoporous silica solids with very specific properties 

61 suitable for industrial applications such as adsorption processes, catalysis, drug delivery, or bio-

62 sensing12-15. For example, Gomes et al., immobilized alcohol dehydrogenase from 

63 Saccharomyces cerevisiae (ADH) on SBA-15 mesoporous materials with varying pore sizes, 

64 approximately 6.8 and 10 nm. The results showed that the adsorption enzyme penetrated deeper 

65 into the pores and exhibited good reusability16. Moreover, Miao et al., modified SBA-15 with 

66 hydrophobic and hydrophilic molecules such as 3-aminopropyltriethoxysilane (APTS) and 3-

67 glycidyloxypropyltrimethoxysilane (GPTMS), respectively, to study the immobilization of 
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68 myoglobin17. Their funding demonstrated that the loading yields of myoglobin by SBA-15-

69 APTS and SBA-15-GPTMS were 511 and 548 mg.g-1, respectively, compared to only 

70 396 mg.g-1 with native SBA-1517. The key is that surface-macromolecule interactions can be 

71 improved by immobilizing the protein on such "inorganic-organic materials". Nevertheless, 

72 there are currently no studies assessing the effects of surface functionalization with thiol groups 

73 on the kinetics and adsorption properties of proteins or peptides through their thiolate groups, 

74 originating from cysteins.

75 Several studies have described in detail the structure of β-lactoglobulin (BLG), a globular 

76 protein from milk whey. At pH 7, the protein is in a dimer form with a molecular weight (Mw) 

77 of 36.8 kDa18-20. The BLG contains two disulfide bridges (Cys66-Cys160 and Cys106-Cys119) 

78 and a free thiolate group (Cys121), which are inaccessible to polar medium in the native state 

79 of the protein because these groups are in a hydrophobic pocket21-23. In addition to the disulfide 

80 bridges, hydrophobic, hydrogen bonds, and ionic interactions between peptide chains contribute 

81 to stabilizing the protein’s conformation. Belonging to the lipocalin family, the secondary 

82 structure of the BLG is mainly constituted of beta-sheet, classifying it as a hard protein. X-ray 

83 crystallography and small-angle X-ray scattering studies have revealed that dimeric 

84 conformation of BLG is an approximately prolate ellipsoid, measuring 6.9 nm in length and 

85 3.6 nm in width. Alternatively, the dimer can be described by two impinging spheres 

86 (monomers) each with a radius of 1.8 nm24. 

87 Despite these advances, there is a notable gap in the research regarding the effects of 

88 surface functionalization with thiol groups on the kinetics and adsorption properties of proteins 

89 or peptides through their thiolate groups, originating from cysteins. This study aims to address 

90 this gap by examining the influence of pore size and thiol group functionalization on SBA-15 

91 materials on the adsorption yield of BLG, a globular protein from milk whey.
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92 Furthermore, to highlight the effect of functionalization of SBA-15 materials on BLG 

93 adsorption, the effects of contact time, BLG concentration, and temperature on the equilibrium 

94 adsorption capacities of the adsorbents were studied and compared. To understand the 

95 mechanism of the adsorption process, pseudo-first-order, pseudo-second-order, Elovich, and 

96 Bangham’s models were fitted to experimental kinetic data. Furthermore, the Freundlich, and 

97 Langmuir approaches were applied to analyze the adsorption data. The thermodynamic 

98 parameters of the protein adsorption at various temperatures were also systematically calculated 

99 and compared from the experiments carried out between 278 and 308 K. We also used Raman 

100 spectroscopy to better understand the effect of the adsorption of the protein on the 

101 functionalized mesoporous materials but also on the structure of the proteins.

102 MATERIALS AND METHODS 

103 Chemicals and reagents 

104 Pluronic triblock copolymer (P123, (EO)20(PO)70(EO)20, Mw= 5800 g.mol-1, Aldrich), 

105 tetraethylorthosilicate (TEOS, Aldrich), (3-mercaptopropyl)-triethoxysilane (MPTES, 

106 Fluorochem), hydrochloric acid (HCl, Fisher Chemicals, 38%), citric acid (C6H8O7, Aldrich, 

107 ≥99.0 %), sodium phosphate dibasic (Na2HPO4, Aldrich, ≥99.0 %) sodium chloride (NaCl, 

108 Aldrich, ≥99.0 %), trichloroacetic acid (Serva, Heidelberg, Germany, ≥99.0%) were used as 

109 received. Anhydrous toluene (Aldrich, 99.8%) was pre-dried over 4 Ǻ activated molecular 

110 sieves and stored in a tube schlenk before use. 

111 β-lactoglobulin (BLG) was purified from whey powder (Bipro, Davisco, Geneva, 

112 Switzerland) following the method of Fox et al.25. The powder was slowly dissolved in water 

113 (73.5 g of whey powder/L) under constant agitation for at least 2 h. Trichloroacetic acid was 

114 used as a precipitant (3.1 g in 20 mL water per 100 mL of protein solution). The mixture was 

115 centrifuged at 10 000 g for 30 min at 20 °C and the supernatant was dialyzed (cutoff of the 
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116 dialysis membrane 3500 Da) under constant stirring deionized water and 3 times for 2 h against 

117 sodium chloride solution at 0.1 M. Absorbance of the diluted protein was measured by UV-

118 visible spectroscopy in the range of 220-350 nm. The protein’s concentration was determined 

119 using the absorbance intensity at 278 nm and ε (0.1%) = 0.96 L. cm-1.g-1. The final 

120 concentration of purified BLG was around 20 g.L-1. After purification, the protein was freeze-

121 dried, and the resulting powder was stored at -20 °C until use. To prepare the mother solution 

122 of the BLG ([BLG]: 32.7 g.L-1) used for the adsorption experiments, the powder was slowly 

123 resuspended in a Mc Illvaine buffer (0.2 M Na2HPO4 and 0.1 M citric acid) at pH 7 and dialyzed 

124 against the buffer (3 times x at least 2h) 24 h before use.

125 Mesoporous Materials: Structural Characterization’s 

126 The functionalized and as-synthesized materials were characterized by Fourier 

127 Transform-Infrared Spectroscopy (FTIR) using a Bruker Equinox 55 spectrometer equipped 

128 with a DTGS detector. The FTIR spectra were recorded using KBr pellets prepared by mixing 

129 a small amount of material (~1-2 mg) with 200 mg of KBr. Each sample was scanned 100 times 

130 between 4000 cm-1 to 400 cm-1 with a resolution of 4 cm-1.

131 The thermal decomposition of organic moieties grafted onto the SBA-15 materials was 

132 characterized by TGA (Mettler Toledo, USA). The samples were dried at 100°C for 1 h and 

133 heated under air flow between 100 °C and 800 °C with a heating rate of 10 °C.min-1. 

134 The mesoporous structure of the SBA-15 materials was inspected by Transmission 

135 Electron Microscopy (TEM, JEM2100, JEOL; Japan).

136 The X-ray Photo-electron Spectroscopy (XPS) analysis were achieved using a 

137 spectrometer (Thermo Fisher Scientific, USA) with a monochromatized Kα-Al radiation 

138 (1486.7 eV), and an X-ray power of 450 W. The carbon C1s peak at 285 eV was considered as 

139 a reference. The core level characteristic peaks for O1s, Si2s, and S2s were measured. 
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140 The structural organization of the mesoporous materials was performed using low-angle 

141 Powder X-Ray Diffraction patterns (PXRD) collected on an X-ray diffractometer (Bruker D8, 

142 USA) with Cu Kα radiation. The tube voltage was 35 kV, and the current was 35 mA. 

143 The specific surface area (SBET), pore size (Dp), and pore volume (Vm) of the non-

144 functionalized and functionalized SBA-15 materials were measured by N2 

145 adsorption/desorption on a Micromeritics ASAP 2020 setup (Micromeritics Instrument, 

146 Nocross, GA). All samples were previously degassed at 80 °C under N2 flow for 24 h prior to 

147 analysis. Specific surface areas (SBET) were calculated according to Brunauer-Emmett-Teller 

148 (BET) equation at a relative pressure ranging from 0.06 to 0.25 and the pore size distribution 

149 (Dp) was obtained the adsorption branch of isotherms using the Barrett-Joyner-Halenda (BJH) 

150 approach. The pore volume was calculated from the amount of adsorbed N2 at P/P0= 0.95.

151 The Raman spectroscopy includes a Spectra Physics Nd/YAG laser model LAB-170-10 

152 which delivers pulses with a duration of 5 ns at a repetition rate of 10 Hz. The equivalent power 

153 density at the sample was 30 mW mm−2 for a beam diameter of 1 cm. The spectra were recorded 

154 using the second harmonic emission wavelength (532 nm) of the laser. The scattered light was 

155 detected at 90° using a Princeton Instruments spectroscopy system, which includes an Acton 

156 Spectra Pro 2500i monochromator with maximum resolution of 0.035 nm and a PIMAX-1024-

157 RB CCD camera. The spectral resolution of the system was 7 cm−1 as determined by the FWHM 

158 of the Raman spectrum of N2 in air. 

159 Synthesis of the SBA-15-OH mesoporous materials

160 Pristine SBA-15-OH mesoporous materials with two different pore sizes (5 nm and 

161 10 nm) were synthesized based on the method developed by Zhao et al.,26 and adapted by 

162 Gustafsson et al.,27. In the typical synthesis, mesoporous materials were denoted SBA-15-OH-
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163 5 and SBA-15-OH-10, which reflects the measured average pore size 5 nm and 10 nm, 

164 respectively.

165 4.0 g of Pluronic P123 was dissolved in 80 mL of hydrochloric acid solution (HCl, 2 M) 

166 and the mixture was vigorously stirred for 2 h at 40 °C. After that, 6.24 g of TEOS was added, 

167 and the solution stirred at the same temperature for an additional 24 h. The gel mixture was 

168 aged in a Teflon-lined stainless-steel autoclave for another 24 h at 100 °C or 130 °C to prepare 

169 SBA-15-OH-5 and SBA-15-OH-10 materials, respectively. At the end of the condensation 

170 process, the solid precipitate was recovered by centrifugation (10 000 g, 10 min, 20 °C), 

171 washed with deionized water until the conductivity was close to that of deionized water, and 

172 air-dried at room temperature for 2 days. Finally, the template was removed from the white 

173 product by calcination in air at 550 °C for 6 h.

174 Post-grafting of SBA-15-OH-5 and SBA-15-OH-10 materials

175 The functionalization of SBA-15-OH-5 and SBA-15-OH-10 mesoporous materials with 

176 thiol groups using a post-grafting method was performed using the previously reported methods 

177 with some modifications28. First, 200 mg of SBA-15-OH-5 or SBA-15-OH-10 materials were 

178 dried at 373 K for 8 h to remove physiosorbed water. Afterward, the synthesized mesoporous 

179 silica was dispersed in 10 mL of anhydrous toluene under N2 flow. Then, 8.5 mmol MPTES 

180 was added dropwise into the synthesized mesoporous silica (SBA-15-OH-5 or SBA-15-OH-

181 10) materials and the mixture was stirred under reflux at 353 K for 24 h. At the end of the 

182 reaction, the functionalized samples were recovered by centrifugation (10 000 g, 20 min, 

183 293 K), washed with ethanol several times to remove the unreacted and physically adsorbed 

184 reagents, and dried under vacuum at 353 K overnight. The samples functionalized with MPTES 

185 were marked as SBA-15-SH-5 and SBA-15-SH-10. 

186
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187 Adsorption studies

188 The adsorption capacities of β-lactoglobulin (BLG) onto SBA-15-based adsorbents were 

189 examined in Mcllvaine buffer solutions (0.2 M Na2HPO4 and 0.1 M citric acid) at pH= 7. Three 

190 parameters (contact time, initial BLG concentration and temperature) were studied. For a 

191 typical experiment, 50 mg of adsorbent (SBA-15-OH-5, SBA-15-OH-10, SBA-15-SH-5, or 

192 SBA-15-SH-10) were added to a 10 mL amber glass bottle containing 4 mL of the BLG solution 

193 ([BLG]=9.0 g.L-1). The suspension was mixed at 298 K using an incubator orbital shaker at 

194 120 rpm for various contact times to study the kinetics of the different SBA-15-based 

195 adsorbents. BLG proteins adsorption capacities were examined over a time range of 30 to 3600 

196 minutes at 298 K. In addition, the initial β-lactoglobulin (BLG) concentrations used for 

197 adsorption isotherm studies ranged from 1 to 11 g.L-1 and were examined at four different 

198 temperature conditions (278, 288, 298, and 308 K). After each experiment, the supernatant was 

199 separated by centrifugation at 4 500 g for 5 minutes and then filtered through a syringe filter 

200 with a 0.2 µm pore size. The pellet was washed three times for 15 minutes with 1 mL of 

201 McIlvaine buffer solution (pH=7). Finally, the initial and equilibrium BLG concentration in 

202 each solution were determined using a UV-Visible spectrophotometer at a detection wavelength 

203 of 278 nm. 

204 The adsorption capacity Qe (g.g-1) at the equilibrium was calculated by the following 

205 equation:  

206

𝑄𝑒

=
𝑉(𝐶0 ― 𝐶𝑒)

𝑚                                                                                                                                    (𝟏)

207 where C0 (g.L-1) is the initial concentration of BLG, Ce (g.L-1) is the concentration of BLG 

208 at equilibrium, V (L) is the volume of the adsorbent and m (g) is the mass of the adsorbent. 
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209 For the kinetic study of BLG adsorption on the SBA-15-based adsorbents, the adsorption 

210 capacity Qt (g.L-1) at a time t was calculated using Eq. (2):

211 𝑄𝑡 =
𝑉(𝐶0 ― 𝐶𝑡)

𝑚                                                                                                                                    (𝟐)

212 where Ct (g.g-1) is the residual BLG concentration in solution at time t.

213

214 RESULTS AND DISCUSSION

215 Structural characterizations of SBA-15 materials after synthesis and functionalization.

216 Fig.1 presents the N2 isotherms and the pore size distribution of the both the native and 

217 functionalized materials. For all samples, the adsorption/desorption curves (Fig. 1A) exhibit 

218 type IV isotherms with the H1 hysteresis according to the IUPAC classification, which is 

219 typical of mesoporous materials.

220

221

222 Fig. 1. (A) N2 adsorption -desorption isotherms at 77 K and (B) Pore size distribution of (a) 

223 SBA-15-OH-5, (b) SBA-15-OH-10, (c) SBA-15-SH- and (d) SBA-15-SH-10.
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224 Moreover, the hydrothermal temperature has a significant effect on the specific surface 

225 area (SBET), pore volume (Vp), pore size (Dp), and pore wall thickness (twall) of the non-

226 functionalized SBA-15 materials (SBA-15-OH-5 and SBA-15-OH-10). This effect is evident 

227 as the adsorption-desorption loop shifts to the right leading to an increase in pore size. As the 

228 hydrothermal temperature increases, the specific surface areas increase from the 698 m2.g-1 at 

229 373 K to 702 m2.g-1 at 403 K for SBA-15-OH-5 and SBA-15-OH-10, respectively (Table S1). 

230 According to the Barret-Joyner-Halenda (BJH) model method, the pore size (Dp) of the non-

231 functionalized SBA-15 materials increases from 5 nm to about 10 nm with increasing 

232 temperature from 373 K to 403 K, respectively. However, for the thiol-functionalized SBA-15 

233 mesoporous materials (SBA-15-SH-5 and SBA-15-SH-10), we observed (Table S1), a decrease 

234 in the specific surface area (SBET), suggesting the successful loading of mercaptopropyl groups 

235 into the pores. This interpretation was also confirmed by the lower pore volume (Vp) and pore 

236 size (Dp) of thiol-functionalized SBA-15 materials, which demonstrated that thiol-

237 functionalized groups occupied part of pore space and mainly covered the inner surface of 

238 mesoporous channels (Table S1). 

239 The unit cell parameters (a0) and the d100 values, summarized in Table S1, were 

240 calculated from the small-angle X-ray diffraction patterns of SBA-15-based materials (Fig. S1). 

241 The non-functionalized SBA-15 materials (SBA-15-OH-5 and SBA-15-OH-10) revealed three 

242 well-resolved peaks, denoted as (100), (110), and (200) reflections. These peaks are 

243 characteristics of hexagonal symmetry (P6mm) with highly well-ordered mesoporous structure, 

244 as discussed by Miao et al.,29. In the same situation, the thiol-functionalized SBA-15 

245 mesoporous materials (SBA-15-SH-5 and SBA-15-SH-10) also maintained an intense (100) 

246 peak and weaker (110) and (200) peaks. This observation further confirmed that both SBA-15-

247 SH-5 and SBA-15-SH-10 materials maintained a hexagonally ordered structure after 

248 functionalization. In addition, the larger wall thickness (twall) and the smaller pore size of 
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249 functionalized materials compared to the non-functionalized materials confirmed the presence 

250 of the mercaptopropyl groups grafted inside the mesopore channels, which influences both the 

251 hexagonal symmetry and pore size. 

252 The mesoporous structure of the non-functionalized SBA-15 materials (SBA-15-OH-5 

253 and SBA-15-OH-10) were investigated using transmission electron microscopy (TEM). Figs. 

254 S2a and S2c show that the SBA-15-OH-5 and SBA-15-OH-10 materials consist of parallel 

255 pore channels and highly ordered mesopores. Consequently, the qualitative studies demonstrate 

256 that the non-functionalized SBA-15 materials possessed a large-scale hexagonal structure. 

257 Additionally, the TEM images revealed that the diameter of the pore channel was 4.9 nm and 

258 10.0 nm for SBA-15-OH-5 and SBA-15-OH-10, respectively, which confirmed the results of 

259 the small-angle XRD patterns, as well as the narrow pore size distribution determined by N2 

260 adsorption-desorption isotherms (Fig. 1B). 

261 FTIR spectroscopy was used to further confirm the presence of thiol groups on the 

262 functionalized SBA-15 mesoporous materials (SBA-15-SH-5 and SBA-15-SH-10). It can be 

263 seen from Fig. S3 that all the samples display similar characteristic bands of silica network, 

264 along with absorbance bands in the range 454-479 cm-1 and 1074-1077 cm-1. These bands are 

265 assigned to the symmetric and asymmetric stretching vibration of Si-O-Si bands, respectively. 

266 Additionally, the presence of adsorption bands located in the range 1630-1632 cm-1, and 3435-

267 3517 cm-1 are attributed to O-H bending vibration of physically adsorbed moisture and O-H 

268 stretching vibration of hydrogen-bonded silanol groups, respectively30.

269 After functionalization of mercaptopropyl groups onto the SBA-15-OH-5 (Fig. S3a) 

270 and SBA-15-OH-10 (Fig. S3b) materials, the intensity of the absorption bands located in the 

271 range 808-825 cm-1 indexing to the stretching vibration of free silanol groups (Si-OH) were 

272 decreased for SBA-15-SH-5 and SBA-15-SH-10 (Fig. S3c and Fig. S3d), suggesting the 

273 grafting of organosilanes with silanol groups (-OH) was efficient. Meanwhile, the presence of 
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274 novel absorption bands appeared in the range of 2891-3007 cm-1, which were due to the C-H 

275 stretching vibrations in -CH2 and -CH3, indirectly confirmed that MPTES has successfully 

276 grafted onto the SBA-15-OH-5 and SBA-15-OH-10 materials. Moreover, a weak stretching 

277 vibration of -SH groups also showed in the range 2570-2670 cm-1, confirming that MPTES was 

278 successfully grafted on the silica surface (See Fig. S4).

279 XPS analysis can identify the surface composition of the thiol-functionalized SBA-15 

280 mesoporous materials. XPS results (Fig. S5) show that the surface of the SBA-15-SH-5 and 

281 SBA-15-SH-10 materials contained only Si, O, C, and S. In all cases, the presence of two peaks 

282 around 163 and 230 eV, corresponding to S2p and S2s were observed, which are characteristic 

283 of thiol groups on the silica surface, and this confirmed the absence of oxidation of thiol groups 

284 to sulfonate groups during the post-grafting process.

285 The thermal stability of the non-functionalized and thiol-functionalized SBA-15 

286 mesoporous materials were also evaluated by thermogravimetric analysis (TGA) from 50 °C to 

287 800 °C under airflow. As shown in Fig. S6, thermogravimetric analysis curves for SBA-15-

288 OH-5 and SBA-15-OH-10 show a slight weight loss between 200 °C and 800 °C, of about 

289 1.0 % wt. and 1.2 % wt., respectively, due to the dehydroxylation of silica and organic 

290 components completely removed after calcination treatment. The weight losses lower than 

291 200 °C from the thiol-functionalized SBA-15 mesoporous materials were mainly attributed to 

292 the evaporation of the adsorbed water after heating, while these weight losses at the higher 

293 temperature were ascribed to the thermal degradation of grafted organic groups. In addition, the 

294 grafting densities of the SBA-15-SH-5 and SBA-15-SH-10 mesoporous materials were 

295 calculated, i.e. 1.45 mmol.g-1 and 2.16 mmol.g-1, respectively (Table S2).  

296

297
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298

299 β-lactoglobulin (BLG) adsorption onto the mesoporous materials

300 Influence of contact time on the adsorption capacities 

301 To understand the adsorption behaviors of BLG towards the various mesoporous 

302 materials, experiments were carried out at different contact times in the range of 30-3600 

303 minutes (Fig. 2) and the initial concentration used was 9 g.L-1 (0.49 mM). 

304

305 Fig. 2. Influence of contact time on the adsorption of BLG by (a) SBA-15-OH-5, (b) SBA-

306 15-SH-5, (c) SBA-15-OH-10, and (d) SBA-15-SH-10. Experimental conditions: [BLG] = 
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307 9.0 g.L-1, [Adsorbent]= 12.5 g.L-1, pH = 7, and T = 298 K. The error bars correspond to one 

308 standard deviation n = 2.

309 Fig. 2 shows that the adsorption capacity of BLG on the adsorbents, as a function of the 

310 contact time, have the shape of the saturation curves. In all cases, BLG is adsorbed onto the 

311 mesoporous materials, probably due to the availability of high surface area, pore size, and 

312 available adsorption sites (OH groups for native SBA-15-OH and both OH and SH groups for 

313 functionalized materials). 

314 Furthermore, the time required to achieve equilibrium depends on the average pore size 

315 and the functional groups: 360, 300, 240 and 180 minutes for SBA-15-OH-5, SBA-15-SH-5, 

316 SBA-15-OH-10, and SBA-15-SH-10, respectively. It is noteworthy that the time needed to 

317 reach equilibrium is longer for SBA-15-OH-5 compared to SBA-15-OH-10, as BLG molecules 

318 diffuse slowly in the smaller pores. The functionalization of mercaptopropyl groups onto the 

319 SBA-15-OH-5 and SBA-15-OH-10 materials resulted in higher adsorption capacities for BLG 

320 proteins. In addition, the SBA-15-SH-10 adsorbent can achieve equilibrium adsorption faster 

321 than SBA-15-SH-5 adsorbent with the highest adsorption capacity of BLG proteins 

322 (0.56±0.01 g.g-1) which correspond to 30 µmol of BLG per gram of SBA-15-SH-10. This can 

323 be attributed to the greater abundance and accessibility of thiol groups onto SBA-15-SH-10, as 

324 well as the higher grafting density of thiol-silane groups (2.16 mmol.g-1  compared to 

325 1.45 mmol.g-1 for the SBA-15-SH-5, see Table S2). 

326 Influence of initial BLG concentrations on the adsorption capacities of the mesoporous 

327 materials

328 To further investigate the adsorption behavior of BLG on the mesoporous materials, 

329 different initial concentrations of BLG ranging from 1 to 11 g.L-1 were studied at a fixed contact 

330 time of 24 hours (Fig. 3). 
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331

332 Fig. 3. Influence of initial concentration of BLG on their absorptions by (a) SBA-15-OH-5, 

333 (b) SBA-15-SH-5, (c) SBA-15-OH-10, and (d) SBA-15-SH-10. Experimental conditions: 

334 [Adsorbent] = 12.5 g.L-1, contact time = 24 h, pH = 7, and T = 298 K. The error bars represent 

335 one standard deviation (n = 2).

336 Fig. 3 shows that the equilibrium adsorption capacities (Qe) of adsorbents increase with 

337 increasing the initial BLG concentration rises and eventually reach a plateau. For materials with 

338 the same pore size, the adsorption capacity is nearly the same at low initial BLG concentrations. 

339 Upon reaching the saturation point of the adsorbent surfaces, the maximum adsorption 

340 capacities (Qe,max) of BLG proteins at the plateau, are measured as 0.03±0.01, 0.10±0.01, 

341 0.33±0.01, and 0.56±0.01 g.g-1 for SBA-15-OH-5, SBA-15-SH-5, SBA-15-OH-10, and SBA-

342 15-SH-10, respectively. These results confirm that the SBA-15-SH-10 adsorbent exhibits the 

343 highest adsorption capacity towards BLG proteins. It is important to note that the equilibrium 

344 adsorption capacities of the mesoporous materials become nearly constant when the initial 
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345 concentration of BLG is close to 9.0 g.L-1 due to the saturation of the active adsorption sites on 

346 the surface of the adsorbents. For subsequent experiments, this concentration (9.0 g.L-1) will be 

347 used.

348 Modelization of the adsorption kinetics of β-lactoglobulin (BLG) onto the different mesoporous 

349 materials

350 To better describe the mechanism of adsorption of BLG proteins onto SBA-15 

351 adsorbents as well as on diffusion processes, pseudo-first-order (PFO), pseudo-second-order 

352 (PSO), Elovich, and Bangham’s kinetics models were applied to the experimental data 

353 previously discussed. 

354 The pseudo-first-order kinetic (PFO) model assumes that the adsorption is controlled by 

355 diffusion step and the rate of adsorption is proportional to the difference between the quantity 

356 adsorbed at equilibrium (Qe) and the quantity (Qt) adsorbed at a given time. Additionally, it 

357 assumes that the adsorption is reversible. Equation 3 describes the linear form of the PFO 

358 model31:

359 log(Qe ― Qt) = logQe ― kf

2.303 t                                                                                                (3)   

360 where Qe and Qt (g.g-1) are the adsorption capacities at time (t) and at equilibrium, respectively, 

361 and kf (min-1) is the rate constant. The values of Qe and kf are calculated respectively from the 

362 intercept and the slope of the linear plot of log(Qe-Qt) as a function of the time. 

363 The pseudo-second-order (PSO) model is often used successfully to describe the 

364 mechanism of the fixing of an adsorbate onto the surface of an adsorbent. The linear form of 

365 the PSO model is given by Eq. 432:

366
t

Qt
= 1

ks Q2
e

+ 
t

Qe
                                                                                                                     (4)
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367 where ks (g.mmol-1.min-1) is the rate constant adsorption of PSO model. The values of ks and 

368 Qe are calculated from the intercept (1/ksQe
2) and the slope (1/Qe) of the linear plot of t/Qt as a 

369 function of the time.

370 Another interesting model to describe the adsorption process of BLG on the 

371 heterogeneous surface of the SBA-15-based adsorbents is the Elovich or Roginsky-Zeldovich 

372 kinetic model and is described by Eq. 533: 

373 Qt =  1Bln(t) + 1
Bln(AxB)                                                (5)

374 where A (mmol.g-1.min-1) and B (g.mmol-1) are the Elovich initial adsorption rate and the 

375 desorption constants, respectively. The values of A and B are determined from the slope and 

376 the intercept of the linear plots of Qt as a function of ln(t).

377 The Bangham’s model was used to examine whether pore diffusion was the sole 

378 controlling step in the adsorption process or not. Equation 6 describes the linear form of the 

379 Bangham’s model 34, 35:

380 log[log 𝐶0

𝐶0 𝑄𝑡 𝑚
] = log 𝑘𝐴 𝑚

2.303 𝑉
+ 𝛼 log 𝑡              (6)

381 where C0 (g.L-1) is the initial concentration of adsorbate in the solution, Qt is the adsorption 

382 capacity at time t, V (L) is the volume of the solution, m (g) is the weight of adsorbent, and α 

383 and kA (L.g-1.L-1) are constants.

384 In order to estimate the most appropriate model to describe the adsorption kinetic 

385 process, the calculated expressions of some error functions including the correlation coefficient 

386 (R2) and the standard deviation ∆q _(%) are:

387 𝑅2 =
∑(𝑄𝑡, 𝑐𝑎𝑙 𝑄𝑡,𝑒𝑥𝑝)²

∑(𝑄𝑡, 𝑐𝑎𝑙 𝑄𝑡,𝑒𝑥𝑝)² ∑(𝑄𝑡, 𝑐𝑎𝑙 𝑄𝑡,𝑒𝑥𝑝)²                                                                                      (7)
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388 ∆𝑞(%) =
∑(

𝑄𝑡, 𝑒𝑥𝑝 𝑄𝑡,𝑐𝑎𝑙
𝑄𝑡, 𝑒𝑥𝑝

)²

(𝑛 1)
× 100                                                                                           (8)

389 where Qt,exp and Qt,cal (g.g-1) are the experimental and calculated adsorption capacities at time t, 

390 respectively, Qt,exp is the average of Qt,exp, and n is the number of data points. 

391 The evaluation of the kinetic parameters obtained from the linear fittings of PFO, PSO, 

392 Elovich models are presented in Table S3 together with the error functions of the correlation 

393 coefficient (R2) and the standard deviation ∆q (%). Fig. 4 compares the experimental data and 

394 the data coming from these kinetics models, where the parameters were established from linear 

395 regression for the SBA-based adsorbents. 

396

397 Fig. 4. Comparison of experimental and predicted kinetics of BLG adsorption onto the SBA-

398 15-OH-5, SBA-15-OH-10, SBA-15-SH-5, and SBA-15-SH-10 mesoporous adsorbents, 

399 according to the pseudo-first-order (PFO), the pseudo-second-order (PSO), and the Elovich 

400 models.
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401 The curves suggest that the pseudo-first-order (PFO) model is more appropriate than the 

402 pseudo-second-order (PSO) model to fit the experimental adsorption data for the SBA-15-OH-

403 5 and SBA-15-OH-10 adsorbents. This conclusion is supported by the higher values of 

404 correlation coefficient (R2) and the smaller values of the standard deviation ∆q (%) (Table S3). 

405 In contrast, the experimental adsorptions of BLG proteins onto SBA-15-SH-5 and SBA-15-SH-

406 10 are well fitted by the PSO model considering that the experimental data (Qe,exp., g.g-1) are 

407 much closer to the calculated equilibrium adsorption capacity (Qe,calc., g.g-1). Furthemore, the 

408 SBA-15-SH-10 adsorbent exhibits a higher adsorption rate constant (ks) than SBA-15-SH-5 

409 adsorbent. This behavior can be attributed to the higher grafting density of thiol groups and the 

410 larger pore diameter.

411 The Elovich model was then employed to attain a better understanding of the adsorption 

412 process when the adsorbent’s surface is heterogeneous, and the adsorption activation energy is 

413 non-uniform36. The parameters and adjustments of the Elovich model used are shown in Table 

414 S3 and Fig. 4. The higher correlation coefficient (R2) of the Elovich model (R2 > 0.942) for the 

415 SBA-15 adsorbents allow us to conclude that the surfaces of the adsorbents are heterogeneous, 

416 with a greater heterogeneity observed on the surface of the SBA-15-SH-10 adsorbent. 

417 Furthermore, the initial adsorption rate constant “A” increases in the order SBA-15-OH-5 < 

418 SBA-15-SH-5 < SBA-15-OH-10 < SBA-15-SH-10. In contrast, the desorption constant “B” 

419 decreases in the order SBA-15-OH-5 > SBA-15-SH-5 > SBA-15-OH-10 > SBA-15-SH-10. 

420 This behavior may be attributed to the higher affinity of BLG proteins towards the 

421 heterogeneous active adsorption sites on functionalized materials between two disulfide bridges 

422 (Cys66-Cys160 and Cys106-Cys119) in BLG proteins and thiolate groups on SBA-15-based 

423 materials, or electrostatic and hydrogen bonds interactions, along with diffusion into the pores 

424 of the adsorbents. 
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425 The Bangham’s kinetic model was found to describe the ability of BLG proteins to be 

426 adsorbed within the pores of SBA-15-based adsorbents. The values of the Aharoni’s parameters 

427 (kA and ) as well as R2 and Δq (%) values, are given in Table S4 and the corresponding linear 

428 plots are displayed in Fig. 5. 

429

430 Fig. 5. Bangham’s kinetic plots for the adsorption of BLG proteins onto SBA-15-OH-5, SBA-

431 15-SH-5, SBA-15-OH-10, SBA-15-SH-10.

432 Based on the best correlation coefficient values (R2~1) obtained from the Bangham’s 

433 kinetic model, it can be inferred that the adsorption of BLG proteins occurs through diffusion 

434 into the pores of the SBA-15-OH-10 and SBA-15-SH-10 adsorbents. 
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435 This observation is consistent with the conditions used in this study, as the dimeric form 

436 of BLG protein is ellipsoidal with a unit cell of a= 2.9, b= 3.4, and c= 8.0 nm37, 38, which is 

437 larger than the SBA-15-OH-5, and SBA-15-SH-5 entrance sizes (pore diameter= 5.00 and 

438 4.03 nm, see Table S1). Consequently, it has a reduced chance of entering these smaller pores, 

439 leading to hindered diffusion inside them. Furthermore, the diffusion constant kA decreases 

440 according in the following order: SBA-15-SH-5 > SBA-15-OH-5, and SBA-15-SH-10 > SBA-

441 15-OH-10. This ranking clearly exhibits that the diffusion constants depend on both the pore 

442 size and the grafting density of the thiol groups on the surface SBA-15-based adsorbents. 

443 Moreover, the low values of rate constants α (about α <1 for SBA-15-OH-10 and SBA-15-OH-

444 5) provide evidence that pore diffusion was the predominant mechanism during the adsorption 

445 process of BLG proteins.

446 Modeling of the adsorption isotherms of BLG onto mesoporous materials

447 Several isotherms’ models can be used to determine the nature of adsorption (chemical 

448 or physical) and the surface properties of the adsorbent (heterogeneous or homogeneous 

449 surface) 39. For this study, the Langmuir and Freundlich models were employed to explore the 

450 effect of temperature on the adsorption process of SBA-15 adsorbents. The Langmuir isotherm 

451 model is widely used to describe a monolayer adsorption environment, assuming that the 

452 adsorption surface is homogeneous and that there are no interactions and steric hindrances 

453 among the adsorbates40, 41. The linear form of the Langmuir isotherm model is expressed by 

454 Eq. (9):

455
Ce

Qe
=  

Ce

𝑄𝑚𝑎𝑥
+ 

1
b 𝑄𝑚𝑎𝑥

                                                                                                                           (9)

456 where Qmax (g.g-1) is the maximum monolayer adsorption capacity and b (L.g-1) is a 

457 Langmuir constant. The values of b and Qmax are obtained from the slope and the intercept of 

458 the linear plot of Ce/Qe vs. Ce. 
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459 The Freundlich isotherm is an empirical model for reversible adsorption on rough and 

460 heterogeneous surfaces with interaction between the adsorbates. The linear form of the 

461 Freundlich isotherm model is given as by Eq. (10)42:

462 lnQe = ln(KF) + 1
nln(Ce)                                                                                                               (10)

463 where KF ((g.g-1)( g.L-1)1/n) is Freundlich isotherm constant, and n (a dimensionless 

464 parameter) is the exponential constant of the Freundlich model related to adsorption intensity 

465 which is favorable when 1/𝑛< 1. The values of KF and 1/𝑛 are obtained from the slope and the 

466 intercept of the linear plot of ln(Qe) vs. ln(Ce).

467 The fitted graphs of the Langmuir and Freundlich isotherm models are presented in Fig. 

468 6, and the corresponding numerical parameters for both models are gathered in Table S5 and 

469 Table S6. 

470 The adsorption capacities of BLG proteins onto the SBA-15-OH-5 and SBA-15-OH-10 

471 adsorbents exhibited an increase as the solution temperature increased (Fig. 6). Surprisingly, 

472 the adsorption capacities of BLG proteins onto the SBA-15-SH-5 and SBA-15-SH-10 

473 adsorbents significantly decreased with rising temperatures, indicating a potentially low 

474 interaction between the active sites of adsorbents and the BLG proteins. These results suggest 

475 that the behavior of thiol groups present on the adsorbents varies with temperature when 

476 interacting with BLG proteins. 

477
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478

479 Fig. 6. Comparison of the predicted adsorption isotherms and the experimental adsorption 

480 data for BLG proteins onto (a) SBA-15-OH-5, (b) SBA-15-SH-5, (c) SBA-15-OH-10, and (d) 

481 SBA-15-SH-10 adsorbents at 278, 288, 298, and 308 K, according to the Langmuir (L) and 

482 Freundlich (F) isotherm models.

483 It was also observed that the Langmuir model provided a better fit for the adsorption 

484 data compared to the Freundlich model, as evidenced by the higher values of correlation 

485 coefficient (R2) and the least values of standard deviation ∆q (%) (Fig. 6 and Tables S5-6). 

486 Therefore, a good fit to the Langmuir model indicates that the adsorption behavior of BLG 

487 proteins onto the active sites onto SBA-15-based adsorbents follows the homogeneous and 

488 monolayer coverage on the adsorbent surface. In addition, the close proximity between the 
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489 calculated adsorption capacities (Qcalc.) and the experimental (Qmax.) values further affirms the 

490 suitability of this model for interpreting the adsorption processes. 

491 One important parameter is the separation factor (RL) deduced from the Langmuir 

492 isotherm model. RL is used to identify the feasibility and favorability of the adsorption process 

493 and can be obtained using Eq. (11)42:

494 RL =  
1

1 bCref 
                                                                                                                          (11)

495 The value of RL indicates four types of adsorption behavior: (RL= 0) unfavorable, (RL= 

496 1), linear irreversible (RL> 1), and (0 <RL<1) favorable42. In the context of the adsorption of 

497 BLG proteins onto the SBA-15-based adsorbents, the characteristic values determined from the 

498 model are reported in Table S5. In this study, the values of separation factor (RL) are found in 

499 the range of 0-1, indicating the favorable uptake of the corresponding proteins. Additionally, 

500 the values of the Freundlich isotherm constant (KF) for SBA-15 adsorbents range from 1 to 10, 

501 further confirming the feasibility of the adsorption process. 

502 Adsorption thermodynamics

503 The thermodynamic parameters were also evaluated to better describe the mechanism 

504 of BLG adsorption between 278 K and 308 K. The thermodynamic parameters were calculated 

505 using Eqs. (12) (13), and (14)43-44:

506 ΔG° = ΔH°-TΔS° = - R×T×ln (K)  (12)

507 ln(K) = ΔS°
R ― ΔH°

RT       (13)

508 K is the distribution coefficient for adsorption of BLG and is determined as44:

509 K= 
𝑸𝒆

𝑪𝒆
       (14)
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510 where Qe (g.g-1) is the adsorption capacity at equilibrium, Ce (mg.L-1) is the 

511 concentration of BLG at equilibrium, R is the universal gas constant (8.314 J.mol-1.K-1), T is 

512 the absolute temperature, ΔG° (kJ.mol-1) is the Gibbs free energy change during adsorption, 

513 ΔS° (kJ.mol-1.K-1) and ΔH° (kJ.mol-1) are entropy and enthalpy change, respectively. The 

514 values of ΔS° and ΔH° were obtained from the slopes and the intercepts of the linear Van’t 

515 Hoff plot, i.e ln(K) versus 1/T. The thermodynamic parameters are listed in Table 1.

516 The negative values of ΔG° were calculated at temperatures ranging from 278 K to 308 

517 K confirming the feasibility of the process and the spontaneous nature of the adsorption of BLG 

518 onto SBA-15-based materials. In addition, the decrease of the absolute values of ΔG° for the 

519 SBA-15-SH-5 and SBA-15-SH-10 (even if smaller) adsorbents as temperature increases 

520 indicate the lower attractions between the active sites of adsorbents and BLG proteins. For the 

521 SBA-15-OH-5 and SBA-15-OH-10 adsorbents, the absolute values of ΔG° increased with 

522 increasing temperature, signifying stronger attraction between the active sites of adsorbents and 

523 BLG proteins. Generally, for chemical adsorption the values of ΔG° are in the range of -80 to 

524 -400 kJ.mol-1 and for physical adsorption it ranges between 0 and -20 kJ.mol-1 44. The values of 

525 ΔG° for BLG adsorption onto SBA-15 materials were in the range of -1.48 to -12.54 kJ.mol-1, 

526 and thus it is probable that the nature of the adsorption process was predominantly physical 

527 adsorption.

528

529

530

531

532
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533 Table 1. Thermodynamic parameters for adsorption of BLG proteins onto SBA-15-OH-5, 

534 SBA-15-OH-10, SBA-15-SH-5, and SBA-15-SH-10 adsorbents under optimal experimental 

535 conditions.

536

537 Additionally, the modelled data matched the experimental results obtained from the 

538 adsorption isotherms and are supported by the positive value of ΔH° for the SBA-15-OH-5 and 

539 SBA-15-OH-10 adsorbents, indicating an endothermic nature of the adsorption process. The 

540 positive values of ΔS°, calculated as 97.57 J.mol-1.K-1 for SBA-15-OH-5 and 69.65 J.mol-1.K-1 

541 for SBA-15-OH-10, are probably related to an increasing disorder and randomness at the 

542 adsorbent-solution interface during the adsorption process. This suggests that there is no 

543 significant change in the internal mesoporous structure of adsorbent during the adsorption 

544 process. In contrast, the negative values of ΔH° for the SBA-15-SH-5 and SBA-15-SH-10 

545 adsorbents, indicate that the adsorption process of BLG proteins onto thiol-functionalized SBA-

546 15 mesoporous adsorbents is exothermic. Additionally, the obtained negative values of ΔS° for 

Adsorbent Temperature (K) K ∆G° (kJ.mol-1) ∆S° (J.K-1.mol-1) ∆H° (kJ.mol-1)
278 1.9 -1.48
288 2.8 -2.49
298 4.0 -3.45SBA-15-OH-5

308 5.6 -4.41

97.57 25.64

278 41.3 -8.60
288 48.6 -9.30
298 56.5 -10.00SBA-15-OH-10

308 65.1 -10.69

69.65 10.76

278 24.0 -7.34
288 17.6 -6.86
298 13.1 -6.38SBA-15-SH-5

308 10 -5.89

-48.33 -20.78

278 249.8 -12.66
288 194.9 -12.62
298 160.7 -12.58

SBA-15-SH-10

308 134.1 -12.54

-4.08 -13.80
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547 the thiol-functionalized SBA-15 mesoporous adsorbents indicated that there might be a lower 

548 affinity between the BLG proteins and the actives sites of the adsorbent surface, possibly due 

549 to the disorderliness in the complex formed between thiol groups and BLG proteins or the 

550 occurrence of oxidation reactions of thiol groups to sulfonate groups during the adsorption 

551 process at higher temperatures. This hypothesis was examined by XPS analysis of the 

552 distribution of BLG proteins on the SBA-15-SH-10 adsorbent at 298 K and 308 K (Fig. 7 (A) 

553 and (B)).

554

555 Figure 7. (A) High-resolution X-ray photoelectron spectroscopy spectra for (a) SBA-

556 15-SH-10 adsorbent after adsorption of BLG proteins at 298 K and (b) SBA-15-SH-10 after 

557 adsorption of BLG proteins at 308 K. (B) S2p XPS spectra of for (a) SBA-15-SH-10+BLG at 

558 298 K and (b) SBA-15-SH-10+BLG at 308 K.

559
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560 Fig. 7 (B) displays the high resolution XPS spectra of S2p for the SBA-15-SH-10 adsorbents 

561 after adsorption of BLG proteins at both 298 K and 308 K. In the spectrum obtained at 298 K 

562 (Fig. 7a (B)), a single band is observed at around 163.8 eV corresponding to S2p, characteristic 

563 of sulfur groups (-SH). This confirms the absence of oxidation of the thiol groups to sulfonate 

564 groups during the adsorption process of BLG proteins onto SBA-15-SH-10 surface at this 

565 temperature. On the other hand, in the spectrum obtained at 308 K (Fig. 7b (B)), a strong peak 

566 appears at around 168.7 eV due to oxidized thiol groups. This indicates for the SBA-15-SH-10, 

567 an oxidation reaction of the thiol groups (-SH) to sulfonate groups (-SO3H), can occur onto the 

568 mesoporous material surface at 308 K.

569 Structural characterizations of SBA-15 materials and BLG by Raman spectroscopy.

570 To complement these XPS experiments, we used Raman spectroscopy to characterize the 

571 mesoporous adsorbent before and after protein absorption at 298 K and 308 K. Fig. 8 clearly 

572 demonstrates that in the functionalized mesoporous, both in the presence and absence of BLG 

573 at 308 K, there is an appearance of the SO3 vibration at 1045 cm-1. Moreover, a shift of the C-

574 S stretching band of the thiol is observed, from 653 cm-1 at 298 K to 611 cm-1, in the both 

575 mesoporous adsorbents with and without the protein. The presence of SO3 clearly indicates the 

576 occurrence of the oxidation of the S- group into SO3
- of the SBA-15-SH-10 material. 

577 Additionally, S-S vibration which may appear at 470 cm-1 is not observed in the functionalized 

578 mesoporous with and without the protein. It is important to emphasize that the amount of 

579 adsorbed BLG is low, with values of 1.45 and 2.16 mmol.g-1 for SBA-15-SH-5 and SBA-15-

580 SH-10, respectively. Even if S-S interactions occurred, their detection using Raman 

581 spectroscopy is challenging due to the limited number of S-S and SH groups (only two S-S and 

582 one SH in BLG molecule) and their specific location within the protein structure.
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583

584 Figure 8. Raman spectroscopy spectra for (black) SBA-15-SH-10 adsorbent at 298 K, 

585 (blue) SBA-15-SH-10 after adsorption of BLG proteins at 298 K and (green) SBA-15-SH-10 

586 after adsorption of BLG proteins at 308 K. 

587 We have also compared the bands of the adsorbents with different pore sizes (5 and 10 nm) 

588 before and after the absorption of BLG at 298 K. The spectra presented in Figure 9 indicate 

589 that there is no significant difference of the vibration pattern of the two mesoporous 

590 materials. The Amide I band of the proteins absorbed on mesoporous materials with 5 or 10 

591 nm is very similar and shows a secondary protein structure which is composed of  sheets, 

592 which is typical for -lactoglobulin. 
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593

594 Figure 9. Raman spectroscopy spectra for SBA-15-SH-10 adsorbent at 298 K (black), 

595 SBA-15-SH-5 absorbent at 298 K (red), and on the same materials after adsorption of BLG 

596 proteins at 298 K, on SBA-15-SH-10 + BLG (blue), and SBA-15-SH-5 + BLG (green). 

597 So, through these Raman spectroscopy experiments, we have confirmed that oxidation of 

598 the thiol groups in the absorbent occurs at 308 K. Both mesoporous materials (5 and 10 nm 

599 pores sizes) can adsorb the proteins without major changes to their structure, and the protein 

600 itself keeps its structure after adsorption. The oxidation observed at high temperature could 

601 increase the affinity of the adsorption of the protein to the mesoporous through electrostatic 

602 interactions between SO3
- and amine groups of BLG. This can be confirmed by the increase 

603 in absolute value of the free energy observed at high temperatures (Table 1).

604
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605 Comparison of the adsorption capacities of different adsorbents for -lactoglobulin (BLG) 

606 proteins.

607 A detailed comparison of the maximum adsorption capacities of SBA-15-OH-5, SBA-15-

608 SH-5, SBA-15-OH-10, and SBA-15-SH-10 adsorbents with various previously used adsorbents 

609 for β-lactoglobulin (BLG) proteins is presented in Table S7. For instance, Sarvi et al. prepared 

610 FDU-12-120-NH2 with a pore size of 6.1 nm for the adsorption of β-lactoglobulin at pH= 7, 

611 achieving a maximum adsorption capacity of 0.143 g.g-1 38. In contrast, Chen et al. synthesized 

612 a novel polyoxometalate (POM)-based organic–inorganic hybrid, [C33H24O4]H3PMo12O40 

613 (TPPA-PMo12), via a one-pot hydrothermal reaction45. This hybrid showed excellent adsorption 

614 performance for β-lactoglobulin, with a 99.2 % adsorption efficiency at pH 5.0 using 0.5 mg of 

615 TPPA-PMo12 for 100 mg.mL-1 of β-lactoglobulin in 1.0 mL solution. The adsorption behavior 

616 of β-lactoglobulin followed the Langmuir model, with a theoretical adsorption capacity of 1.428 

617 g.g-1. Table S7 highlights that the pore sizes and thiol groups of SBA-15-based adsorbents 

618 significantly influence BLG adsorption capacities. Notably, the thiol-functionalized SBA-15 

619 with a 10 nm pore size (SBA-15-SH-10) exhibited the highest adsorption capacity of 0.560 g.g-

620 1 under optimal conditions, which is approximately five times higher than that of the FDU-12-

621 120-NH2 adsorbent. From this table we can clearly see that the functionalization with thiol is 

622 an adding value for the reactivity of the mesoporous material. Indeed, without thiol or amine 

623 groups, the material presents very low adsorption capacity (0.034 g.g-1 for SBA-15-OH-5).

624 This behavior can be attributed to the higher affinity of β-lactoglobulin (BLG) proteins for 

625 the heterogeneous active adsorption sites on functionalized materials. This affinity arises from 

626 the interactions between the BLG proteins, moreover the disulfide bridges of the proteins 

627 (Cys66-Cys160 and Cys106-Cys119) and the thiol groups on SBA-15-based materials. 

628 Additionally, the porous structure of the SBA-15-based materials facilitates the diffusion of 

629 BLG proteins into the adsorbent pores, thereby increasing the overall adsorption capacity. The 
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630 interplay of these molecular interactions and the structural compatibility between the BLG 

631 proteins and the SBA-15-based materials underscores the effectiveness of this adsorption 

632 process. An illustrative scheme of the cooperative adsorption mechanism between BLG protein 

633 and the different mesoporous materials is proposed in Figure 10. Such findings align with 

634 studies indicating that adsorbents' surface chemistry and pore architecture significantly 

635 influence protein adsorption behavior, particularly for proteins with complex structures like 

636 BLG38,45. Another parameter which can improve the reactivity of the functionalized 

637 mesoporous material is the pH, as at higher pH, the reactivity of the thiol can be higher with 

638 100% of the the thiol on the deprotonated form (pKa of the thiol 8.4).  However, at pH values 

639 superior to the pKa of the thiol, pH > 8.4, the stability of the protein can be lower. 

640

641 Figure 10. Illustrative scheme of the cooperative adsorption mechanism between a BLG 

642 protein and the active adsorption sites onto SBA-15-OH-10, SBA-15-OH-5, SBA-15-SH-10 

643 and SBA-15-SH-5 adsorbents.

644

645
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646

647 CONCLUSION 

648 This study systematically investigated the synthesis and application of thiol-functionalized 

649 SBA-15 materials with varying pore sizes to enhance the adsorption behavior of mesoporous 

650 SBA-15 towards β-lactoglobulin (BLG) proteins. The findings provide critical insights into the 

651 interplay between pore characteristics, surface functionalization, and protein adsorption 

652 behavior. Among tested adsorbents, SBA-15-SH-10 showed the highest adsorption capacity 

653 (0.560±0.01 g.g-1) under optimal experimental conditions ([BLG]= 9 g.L-1, pH= 7, and T= 298 

654 K). The observed superior adsorption capacity of SBA-15-SH-10 compared to other tested 

655 adsorbents underscores the importance of optimizing both pore size and thiol-silane grafting 

656 density on the silica surface. The enhanced adsorption capacity of SBA-15-SH-10 can be 

657 attributed to a combination of factors, including increased surface area, pore volume, and 

658 accessible surface functional groups conducive to protein binding. The kinetics of BLG protein 

659 adsorption onto SBA-15-SH-10 followed pseudo-second order (PSO) and Bangham’s models, 

660 suggesting a complex adsorption mechanism characterized by multilayer adsorption within the 

661 pores with heterogeneous surfaces. This behavior highlights the significance of mesoporous 

662 structure in facilitating efficient protein adsorption, with the presence of thiol functional groups 

663 further enhancing binding interactions. The Langmuir model provided the best fit for the 

664 adsorption isotherm studies, indicating monolayer adsorption behavior and suggesting the 

665 formation of a homogeneous protein layer on the adsorbent surface. This monolayer formation 

666 is facilitated by specific interactions between BLG proteins and thiol-functionalized surface 

667 sites, leading to enhanced adsorption capacity and selectivity. Thermodynamic analysis 

668 revealed that the adsorption process onto SBA-15-SH-5 and SBA-15-SH-10 adsorbents is 

669 exothermic and spontaneous, driven by favorable interactions between BLG proteins and the 

670 adsorbent surface. The decrease in surface entropy upon thiol group oxidation to sulfonate 
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671 groups at 308 K indicates a reduction in surface randomness, further corroborating the 

672 specificity of protein adsorption onto functionalized surfaces. In contrast, the endothermic 

673 nature of adsorption onto non-functionalized SBA-15 mesoporous adsorbents suggests weaker 

674 interactions and lower adsorption capacities, emphasizing the crucial role of surface 

675 functionalization in enhancing protein binding affinity. Raman spectroscopy provided 

676 additional evidence of thiol group oxidation at 308 K, confirming the chemical transformation 

677 of surface functional groups during the adsorption process. Importantly, the negligible impact 

678 of protein adsorption on the secondary structure of BLG proteins suggests minimal structural 

679 perturbation, highlighting the biocompatibility and preservation of protein integrity during the 

680 adsorption process. In perspectives of this work, it will be interesting to study the release of the 

681 proteins adsorbed on the SBA-15-SH-5 and SH-10 materials by addition of dithiothreitol for 

682 example. A study as function of the pH can also bring a better understanding of the mechanism 

683 of interaction of the proteins with the different mesoporous materials. Lower pH (lower than 

684 the pHi of the BLG, so lower that 5.2) should higher the adsorption of the protein on the SBA-

685 15- OH materials through electrostatic interaction. At higher pH value (higher than the pKa of 

686 the thiol, so pH > 8.4), the majority of the thiol of the functionalized mesoporous materials will 

687 be on their deprotonated S- form and so more reactive. Finally, one can also functionalized the 

688 proteins by succinylation, or increase the accessibility of the disulfide bridge of the BLG by its 

689 partial unfolding. The results of the present study and those of these perspectives will guide the 

690 development of scalable, cost-effective adsorbents for practical applications in drug delivery 

691 and biotechnology, aligning with green chemistry principles and enhancing economic viability.

692

693

694
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Figure 10. Illustrative scheme of the cooperative adsorption mechanism between a BLG 

protein and the active adsorption sites onto SBA-15-OH-10, SBA-15-OH-5, SBA-15-SH-10 

and SBA-15-SH-5 adsorbents. 
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