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Abstract 32 

Catalytic conversion of glycerol to C3 products using advanced functional materials is an economical and 33 

efficient approach to promoting sustainable energy development. Selective glycerol dehydration to 34 

hydroxyacetone (HA) is one such alternative and requires an appropriate balance of catalyst texture, 35 

structure, and acidity. In this study, different Cu-based catalysts supported on SBA-15 with different Si/Al 36 

molar ratios (2, 10, 15 and ∞) were prepared using the “pH-adjusting” method and ammonia evaporation 37 

method and they were evaluated for the dehydration of glycerol at high concentration (80 wt%.) in liquid 38 

phase to hydroxyacetone under inert N2 atmosphere. The formation of 1,2-PDO was also observed even 39 

under N2 inert atmosphere conditions. The catalysts were characterized by ICP-MS, N2 adsorption-40 

desorption, XRD, HRTEM, H2-TPR, passivation of N2O, NH3-TPD, TPO, FTIR, FTIR-OH, Py-FTIR and 41 

XPS. The Al chemical environment and the Si/Al molar ratio of the supports show a remarkable effect on 42 

the catalytic performance. The highest catalytic activity was obtained with the Si/Al = 15 molar ratio, 43 

reaching a conversion of around 35% at 120 min of reaction and a selectivity of 84% to hydroxyacetone at 44 

90 min of reaction. While lower Si/Al molar ratios led to a decrease in catalytic activity and an increase in 45 

product distribution. The isomorphic incorporation of Al into the SBA-15 promotes the interlinking 46 

cooperative between the properties of textural, acidity, structural, and stability of the catalyst. HRTEM and 47 

HAADF-STEM images show a well-defined hexagonal arrangement even when the CuO phase is added to 48 

the mesoporous materials with high Al loadings. At high heteroatom loadings, the typical hexagonal 49 

arrangement of the mesostructure was preserved but a decrease in the long-range order was observed. The 50 

presence of mononuclear and oligonuclear Cuδ+ species, which is related to their coordination environment 51 

and their position in the mesoporous network, was dependent on the variation of the Si/Al molar ratio. The 52 

prominent catalytic performance at the Si/Al = 15 ratio can be attributed to an optimal cooperative effect of 53 

the structural defects and electronic promotion produced by the Al species, which favors the conversion of 54 

glycerol to HA. While the increase in the selectivity of 1,2-PDO observed with the molar ratio Si/Al = 2 is 55 

associated with a conjugation between the higher availability of acid sites on the surface that promote the 56 

dehydration of glycerol and the domain size of copper species which would be acting as dehydrogenating 57 

sites of glycerol, forming H2 in-situ leading to the conversion of HA into 1,2-PDO. 58 

 59 
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• Synthesis of Cu/SBA-15 with different Si/Al ratios. 66 

• Textural, structural, acid, and surface properties change with the Si/Al ratio. 67 

• High concentration glycerol dehydration under an inert atmosphere. 68 

• Intra-framework Al species were formed in the Cu/Al-SBA-15 with the lower Al load. 69 

• Incorporation of copper by ammonia-evaporation (AE) method. 70 
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1. Introduction 82 

The need to find new energy resources due to increasing energy demand and environmental implications 83 

has led to a vision of sustainable use of resources. In this sense, research on catalytic transformations of 84 

different biomass-derived compounds is currently active. Especially, glycerol is considered one of the most 85 

important biomass-derived starting platform molecules. This has been generated over the years from the 86 

biodiesel production and it is estimated that biodiesel production will continue to grow, with projected 87 

average annual production growth of 17.5% from 2023 to 2027[1]. Hence, the transformation and 88 

valorization of glycerol represents an important contribution to the conversion of renewable and clean raw 89 

materials and the development of clean processes to overcome both environmental and economic 90 

considerations[2, 3].  91 

 92 

Among the various strategies for glycerol valorization, the pursuit of sustainable catalytic pathways to 93 

produce C3 chemicals has emerged as a highly relevant possibility[2, 4]. The selective dehydration towards 94 

hydroxyacetone (HA) is interesting for the sustainable and atomically economic advantages it offers. HA 95 

serves as a crucial intermediate in the production of propylene glycol, propionaldehyde, acetaldehyde, furan 96 

derivatives, and other compounds derived from petroleum[5]. Traditionally, HA has been synthesized by 97 

several processes, catalytic[6] and biological[7, 8]. However, many of these methods involve multiple steps, 98 

rendering them economically unfeasible when considering factors such as low yield values, the extensive 99 

use of expensive reactants, and the cost of effluent disposal[9]. Producing HA from glycerol sourced from 100 

biomass could potentially reduce production costs by up to 10 times compared to petroleum-based 101 

production[10]. Therefore, with its advantage in the carbon-atom economy, this type of production offers 102 

grated economic viability and benefits compared to conventional methods reliant on petroleum substances. 103 

 104 

A wide variety of heterogeneous catalysts have been used in the conversion of glycerol to HA, with 105 

transition metal-based catalysts being potential candidates for this application[9]. Inexpensive transition 106 

metal catalysts such as Ni, Co, and Cu remain more competitive than noble metals[4, 11]. Copper-based 107 

catalysts are distinguished by their low cost, reduced toxicity compared to nickel or cobalt, and superior 108 

resistance to poisoning compared to noble metals. Cu possesses a low ability to produce C–C bond cleavage 109 

rendering it a convenient and environmentally friendly option for the dehydration of glycerol to HA[12, 13]. 110 

Indeed, Cu-based catalysts demonstrate higher viability in achieving elevated glycerol conversion and 111 

selectivity towards HA. Sato et al.[14] in their study of the gas-phase reaction of glycerol over copper-based 112 

catalysts (Al2O3, Cr2O3 supported Cu catalysts), found that both supported copper as well as pure copper 113 

metal were effective catalysts for the dehydration of glycerol to produce HA under inert conditions. 114 



Additionally, according to the liquid phase glycerol dehydration mechanism elucidated by Mane et al.[15], 115 

glycerol dehydration is not only catalyzed by the acid sites but also by the Cu metal sites present in the 116 

catalyst. Similar findings were reported by the group of Gabrysch et al.[16] when they sought to define the 117 

active site for the determining step of glycerol dehydration on Cu/ZrO2 catalysts when studying the glycerol 118 

dehydrogenation reaction. Nevertheless, despite their catalytic efficiency, copper-based catalysts pose a 119 

significant challenge; generally, copper particles tend to sinter easily during the catalytic reaction[17]. 120 

Hence, one of the strategies to improve their stability is the confinement of these species on a support. The 121 

support plays a crucial role in catalyst composition, influencing the interaction with the active phases, which 122 

in turn affects the stability and activity of the catalyst[18, 19]. In this regard, several studies report the 123 

improvement of the Cu activity by dispersing it on acid supports such as SiO2[20, 21], ZrO2[22], SBA-124 

15[23], Al2O3[24], Hydrotalcites-type materials (HTs)[13] and ZSM-5[25]. Some researchers stated that 125 

silicon-based supports could facilitate the generation of well-dispersed Cu species and are preferable to 126 

other acidic supports for achieving better HA yields[26]. The preparation method, on the other hand, plays 127 

a crucial role in the optimization of copper species. Several preparation methods have been explored to 128 

achieve improved dispersion of copper particles in silica, most commonly impregnation, ammonia 129 

evaporation (AE) hydrothermal method, ion exchange, precipitation-gel, sol-gel methods, and others[9, 27]. 130 

Of these, the ammonia evaporation method can effectively disperse the copper and provide a high copper 131 

loading on the support[28, 29]. This has been attributed to the fact that the formation of phyllosilicates by 132 

this method results in a strong interaction between copper and silica. Although, the ammonia evaporation 133 

method has attracted considerable attention in the preparation of Cu/SiO2, but lately, the recent trend has 134 

focused on the application of mesostructured siliceous materials due to their potential features[30, 31]. 135 

 136 

SBA-15 mesoporous silica has been widely regarded as a promising catalytic support. This type of silica 137 

exhibits remarkable characteristics such as a well-defined porous architecture with a hexagonal 138 

mesostructure, large surface area, and comparatively thicker walls that confer good hydrothermal stability. 139 

These features enable it the ability to incorporate metal atoms within the mesopores, making it a suitable 140 

platform for the dispersion of copper species[32-34]. In addition, this uniform mesopore system not only 141 

provides a wide space for the incorporation of active sites but also combines the advantages of high 142 

accessibility to them and efficient mass transport effects[34, 35]. However, despite its qualities of structural 143 

uniformity, size, order, and uniform distribution of its pores, all of which are often not sufficient to satisfy 144 

certain application requirements, particularly due to their inert character because of their overall neutral 145 

framework and the absence of active components.  146 

 147 



The literature reports that the dehydration of glycerol requires catalysts with appropriate acidity and a well-148 

balanced combination of material structure and porosity. Numerous studies suggest that Lewis acid centers 149 

enhance selectivity towards HA[10, 13, 15, 36]. HA formation from glycerol involves a complex reaction 150 

pathway including direct dehydration of primary and/or secondary–hydroxyl group or dehydrogenation 151 

followed by dehydration, depending on the type and strength of acid sites present on the catalyst surface. 152 

Extensive research has been conducted on the glycerol dehydration reaction in the gas-phase mode[37-39], 153 

with the majority of studies involving the utilization of hydrogen in the formation of 1,2-propanediol (1,2-154 

PDO)[11, 40] but only a few articles focused on the liquid phase can be found in the literature[15, 22, 41]. 155 

Most of the vapor phase studies have been performed at high temperatures, leading to reduced selectivity 156 

towards HA due to the formation of acrolein and other by-products. In addition, these processes can result 157 

in rapid catalyst deactivation due to the extensive formation of carbonaceous deposits on the surface[42]. 158 

Thus, liquid-phase glycerol dehydration may be preferable for achieving high selectivity towards HA. 159 

  160 

Considering that Lewis acidic sites are required to promote glycerol dehydration to the formation of HA, 161 

introducing a heteroatom into the structure of SBA-15 is an effective approach to enhance the catalytic role 162 

of this material[43]. Hence, the functionalization of SBA-15 by introducing heteroatoms in its structure 163 

becomes much more indispensable to exceed certain limitations. Its functionalization capacity allows 164 

optimizing this system by insertion of metal ions or heteroatoms into the neutral silica framework thereby 165 

creating materials with diverse acid-base or redox properties suitable for various scientific and technological 166 

applications[32, 33]. Different heteroatoms have been incorporated such as Al[44-46], Ga[47], Fe[48], 167 

Zr[49], Ti[50], or Nb[51], with the aim of tuning and improving either the acid-base or redox properties of 168 

SBA-15. It is widely reported that by changing the Al loading on SBA-15 silica it is possible to design the 169 

surface acid site density. Incorporating Al into the siliceous mesoporous network is effective for the creation 170 

of acid sites making it suitable for use as an acidic solid catalyst or as a carrier material for the dispersion 171 

of metal nanoparticles (NPs) and also to improve their hydrothermal stability[46, 52]. The coordination 172 

environment of the aluminum species influences the nature and strength of the acid sites that these species 173 

can provide to SBA-15, showing a linear relationship between the ratio of Brönsted/Lewis acid sites (CB/CL) 174 

and the proportion of tetrahedral species[45]. Aluminum is considered the most appropriate element to be 175 

inserted into the silicon framework of the SBA-15 due to its similar properties and atomic size referred to 176 

the silicon element. In addition, it has proven to be a valuable alternative for the generation of surface acid 177 

sites due to its small size and high charge density[53]. 178 

 179 



Nevertheless, the incorporation of aluminum into the mesoporous silica is not straightforward and requires 180 

fine control of the synthesis procedures[46, 54]. Normally the synthesis of SBA-15 is carried out in an acidic 181 

medium (pH ~ 1) in order to precipitate silica (isoelectric point, IEP ~ 2), increase the cationic charge density 182 

of the medium, and thus promote cooperative self-assembly of the silicon ions with the pre-formed template 183 

structure. This assembly is achieved through hydrolysis and condensation reactions, resulting in the 184 

formation of a hybrid organic-inorganic interface and consequently the formation of the hexagonal 185 

mesophase of SBA-15[33]. The pH level significantly affects the solubility of the aluminum precursor. At 186 

a pH ~ 1, aluminum exists primarily in its cationic form (Al3+), which hinders its condensation onto silicon 187 

species to form Si–O–Al bonds due to electrostatic repulsion between the Al3+ ions and silica species[55, 188 

56]. Additionally, in acidic hydrothermal conditions, the dissociation of Al–O–Si bonds is promoted, and 189 

the difference in hydrolysis rates between silica and aluminum is typically substantial, resulting in less 190 

efficient insertion of Al into the mesostructure. 191 

 192 

Several synthetic strategies to introduce the Al species in the SBA-15 have been adopted to overcome these 193 

circumstances, including direct synthesis[57, 58], post-synthesis[59], and “pH-adjusting”[55, 56, 60]. The 194 

pH-adjusting method has been proven to be the most efficient method to achieve high levels of aluminum 195 

incorporation[55, 60-62]. The two-step pH-adjusting method has been developed to enhance the insertion 196 

of heteroatoms such as Al into the walls of ordered mesoporous silica materials under these strongly acidic 197 

conditions. In this method, the heteroatom source is added to the initial reaction mixture in a strongly acidic 198 

medium (pH ~ 0). Once the hexagonal mesophase is formed, the pH value of the system is adjusted to a 199 

neutral pH of 7.5, followed by a hydrothermal treatment for an additional period of time, during which a 200 

large number of heteroatoms can be isomorphically introduced into the mesophase[55, 60]. Through, the 201 

“pH-adjustment” step, random incorporation of Al into the structure of SBA-15 is minimized and 202 

considerable differences between the Si/Al ratios of the initial gel and the final product are avoided. It should 203 

be noted that aspects such as the synthesis approach as well as the selection of the variables of reaction 204 

involved such as the nature of the Si[63] and Al[64] precursors used, the type of acids used as media[43, 205 

65, 66], the control of the H2O/HCl molar ratio[44, 57], the temperature and time of the synthesis of initial 206 

gel mixture[66, 67], the order in which the Si and Al precursors are added in the hydrothermal synthesis 207 

(simultaneously, separately, or in intervals)[68],  among others[53, 57, 62], can influence the 208 

physicochemical properties and the quality of the final material.  209 

 210 

Considering this background outlined regarding the adjustment of the synthesis parameters, the 211 

incorporation of high aluminum loading in the SBA-15 structure was studied. Different Si/Al molar ratios 212 



were evaluated (15, 10, 2, and ∞). The Al-SBA-15 materials in this study were synthesized by the “pH-213 

adjusting” method reported by Wu et al.[60] with modifications such as the aluminum source, shorter time 214 

reaction of gel formation, and a temperature of 60 °C in the preparation of the initial gel mixture. The role 215 

of high aluminum loading incorporation in the texture, structure, acidity, and surface properties of SBA-15 216 

was assessed. In addition, a series of Cu-based catalysts supported on the SBA-15 with different Si/Al molar 217 

ratios (2, 10, 15, and ∞) were prepared and evaluated in the liquid phase dehydration of glycerol under an 218 

inert atmosphere of nitrogen. Copper species were introduced on Al-SBA-15 materials by the ammonia 219 

evaporation (AE) method. The change in the aluminum loading in the structure of SBA-15 affected the 220 

structural, textural, and acidity properties of the catalysts and the interaction of Cu species with Al-SBA-15 221 

support. These catalyst descriptors were correlated with the dehydration of glycerol.  222 

 223 

 224 

 225 

 226 

 227 



2. Experimental 228 

2.1. Support synthesis 229 

The SBA-15 samples containing aluminum were synthesized by the “pH-adjusting” method modified from 230 

the literature[60]. The methodology adopted for the synthesis of these materials is detailed in the 231 

supplementary material and illustrated in Scheme S1.  232 

 233 

2.2. Catalysts synthesis 234 

All nominal loadings were 5 wt%. metallic Cu. The copper catalysts were prepared by the AE method[69] 235 

and the methodology adopted for the synthesis of these materials is detailed in Scheme S1 of the 236 

supplementary material. The appropriate amount of Cu(NO3)2·3H2O (Merck, 99%) was dissolved in a 237 

certain volume of deionized water (to maintain the same concentration in the final solid; at a ratio of 0.2386 238 

g of the precursor salt to 1.0 mL of distilled water). An approximate volume of 14 mL of 28 wt% of ammonia 239 

aqueous solution was added and the solution was stirred at 25 °C for 10 min to form the ammonia copper 240 

complex solution. Then the amount of support was dispersed in the ammonia copper complex solution. The 241 

slurry was stirred for 20 min at 25 °C and subsequently, the temperature was raised to 90 °C to evaporate 242 

ammonia. After this process, the solid was dried for 2 h at 90 °C and underwent a calcination treatment from 243 

room temperature to 400 °C (2 °C·min-1) for 4 h. 244 

 245 

2.3 Characterization 246 

2.3.1. Chemical composition 247 

Copper loading of the catalysts was determined by inductively coupled plasma spectrometer (ICP-MS) on 248 

Thermo Fisher Scientific iCAP RQ ICP-MS equipment. Samples were digested, previously to the analysis, 249 

in a mixture of acids HF: HCl (3:7) in a Milestone microwave apparatus at 120 °C for 15 min. 250 

The local variation in the composition of the samples and the Si/Al molar ratio of the resulting samples were 251 

determined by Energy Dispersive X-ray Spectroscopy (EDS) analyses on a VEGA3 EASYPROBE SBU 252 

(TESCAN) unit coupled to an OXFORD energy dispersive X-ray (EDS) spectrometer using a voltage of 20 253 

kV and a working distance of 12 mm. The EDS technique is used for semiquantitative elemental analysis 254 

of the sample, by spectral method and mapping. 255 



An X-ray fluorescence spectrometer (Shimadzu EDX-720 energy dispersive spectrometer) was used to 256 

identify the Si/Al molar ratio of the prepared samples. The equipment has an X-ray tube with a rhodium 257 

(Rh) anode that operates between 5-50 kV and 1-1000 µA. This technique allows qualitative and 258 

quantitative analysis of elements with atomic weights between sodium (Na) and uranium (U). 259 

 260 

2.3.2. Textural and structural properties 261 

N2 adsorption-desorption analyses at -196 °C were performed in a Tristar II series Micromeritics to evaluate 262 

the textural properties of the samples. The samples (approximately, 100 mg) were dried in an oven overnight 263 

and then degassed under an N2 flow at 120 °C for 2 h, prior to measurements. Multi-point BET (SBET) 264 

surface area value was estimated from P/P0 values within the range of 0.05-0.30. The total pore volume (VP) 265 

was determined from adsorption data at a P/P0 value of 0.95 and the pore size distribution of the samples 266 

was determined by the adsorption isotherm of the BJH method. 267 

X-ray diffraction measurements (XRD) were made using a Bruker-AXS D8-Advance diffractometer with 268 

vertical theta-theta goniometer, incident- and diffracted-beam Soller slits of 2.5º, a fixed 0.5º receiving slit 269 

and an automatic air-scattering knife on the sample surface. Low-angle X-ray diffraction patterns were 270 

recorded for 2θ = 0.5-10º with an angular step of 0.02º at a step/time of 1.0 s using the software option 271 

Variable Detector Opening. Meanwhile, the wide angles X-ray diffraction was recorded for 2θ = 5-80º with 272 

an angular step of 0.02º at a step/time of 0.5 s. CuKα radiation was obtained from a copper X-ray tube 273 

operated at 40 kV and 40 mA. Diffracted X-rays were detected with a PSD detector LynxEye-XE-T with 274 

an opening angle of 2.94º. Samples were deposited on a low-background (Si (510)) support. The 275 

diffractograms were interpreted with the software TOPAS by considering a hexagonal cell[70] and refining 276 

only the a parameter and the peak width. Profile fitting[70] was performed with the TOPAS v6 software[71, 277 

72]. The background was modeled with a 3rd order Chebyshev polynomial. The instrumental contribution 278 

to the diffraction profile was calculated with the LaB6 (NIST SRM 660c). The peak width of each phase 279 

was modeled with the Double-Voigt Approach[73, 74] by considering only the Lorentzian contribution of 280 

the crystallite size effect and discarding any contribution of the microstrain to the peak width. The average 281 

integral breadth was obtained from the resulting fitted Voigt function to the whole diffractogram. The 282 

Scherrer equation[75] was then applied to obtain the apparent crystallite size. 283 

The morphology and the pore structure of the samples and distribution of Cu in the catalysts were observed 284 

by high-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field scanning 285 

transmission electron microscopy (HAADF-STEM). The micrographs were obtained on a FEI Tecnai F20 286 



microscope equipped with a field emission source with a point-to-point resolution of 0.19 nm and an 287 

accelerating voltage of 200 kV. The sample was suspended in methanol and a drop was deposited on a 288 

copper grid coated with a carbon film.  289 

 290 

2.3.3. Spectroscopic studies 291 

The concentration of acidic sites (Brönsted and Lewis) of the materials was determined using in-situ Fourier 292 

Transform Infrared (FTIR) spectroscopy technique with adsorbed pyridine using a transmission cell with 293 

CaF2 windows in a Bruker spectrometer (Vertex 70) equipped with an MCT detector. The background was 294 

carried out at 150 °C under an Ar atmosphere (100 mL·min-1) after 30 min of heating. For analysis, a 12 295 

mm sample self-supporting pellet was pretreated at 350 °C under an Ar atmosphere (100 mL·min-1) for 60 296 

minutes. Then, the system was cooled to 150 °C, and pyridine vapor was injected until the sample was 297 

completely saturated. Excess physisorbed pyridine was removed with Ar flow (100 mL·min-1). The spectra 298 

of the samples without and with adsorbed pyridine were subtracted. The acid sites were quantified based on 299 

the Lambert-Beer equation: 300 

𝐴𝐴𝑖𝑖 =
𝜀𝜀𝑖𝑖𝑊𝑊𝐶𝐶𝑖𝑖
𝑆𝑆

 (Eq. 1) 

Where 𝐴𝐴𝑖𝑖 (cm-1), 𝜀𝜀𝑖𝑖 (cm·μmol-1), 𝑊𝑊 (mg), 𝐶𝐶𝑖𝑖 (mmol·g-1), and 𝑆𝑆 (cm2) are the integrated absorbance, 301 

integrated molar extinction coefficient, sample mass, the concentration of the 𝑖𝑖 species, and sample disk 302 

area, respectively. The 𝜀𝜀𝑖𝑖 values for the pyridinium ions bonded to Brönsted acid sites and pyridine 303 

coordinated to Lewis acid sites were 𝜀𝜀𝐵𝐵,𝑃𝑃𝑃𝑃 (1545 cm-1) = 1.23 cm·μmol-1 and 𝜀𝜀𝐿𝐿,𝑃𝑃𝑃𝑃 (1450 cm-1) = 1.73 304 

cm·μmol-1, respectively[76]. 305 

Transmission FTIR spectra of the samples were recorded using a Bruker spectrometer (Vertex 70) equipped 306 

with an MCT detector to register the vibrational modes over the range 3200-3800 cm-1 corresponding to the 307 

hydroxyl region of the IR spectra. The materials diluted in KBr (10%) were submitted in a flow Ar at 150 308 

°C for 2 h to remove physisorbed water/moisture. 309 

Fourier-transform infrared (FT-IR) spectroscopy was performed to characterize the functional groups 310 

spectra of the fresh and post-reaction copper catalysts within a wavenumber range from 4000 to 400 cm-1. 311 

FT-IR spectra were recorded on a Nicolet Magna Infrared spectrometer using the KBr pellets method. 312 

UV-Vis diffuse reflectance spectra (UV-Vis DRS) profiles were recorded in the range of 200-1100 nm 313 

(nominal resolution of 1 nm) by a Thermo Scientific spectrometer (model Evolution 300) equipped with a 314 



Harrick diffuse reflection accessory (Praying Mantis) using a PTFE as a reference. The Kubelka-Munk 315 

function 𝐹𝐹(𝑅𝑅∞) for infinitely thick samples was used to convert reflectance measurements (%𝑅𝑅) into 316 

equivalent absorption spectra. The original data of the reflectance spectra (%𝑅𝑅) as a function of wavelength 317 

(λ) were treated with the Kubelka-Munk function and the modified Kubelka-Munk function[77, 78] to 318 

determine the optical absorption edge energy values (𝐸𝐸𝑏𝑏) as indicated by the following equations: 319 

𝐹𝐹(𝑅𝑅∞) =
(1 − 𝑅𝑅∞)2

2𝑅𝑅∞
=
𝛼𝛼
𝑆𝑆

 
(Eq. 2) 

Where 𝐹𝐹(𝑅𝑅∞) corresponds to the reflectance transformed according to the Kubelka-Munk function and 𝑅𝑅∞ 320 

is the ratio between the reflectance of the sample and the reference sample. This expression directly 321 

determines the relationship between the absorption (𝛼𝛼) and scattering (𝑆𝑆) coefficients and the reflectance 322 

ratio between the target sample and the reference sample, measured at an infinite penetration distance. 323 

Considering the energy-independent scattering coefficient, the Kubelka-Munk function can be assumed 324 

proportional to the absorption coefficient which is defined by the following expression: 325 

𝛼𝛼 =
(ℎ𝑣𝑣 − 𝐸𝐸𝑏𝑏)𝜂𝜂

ℎ𝑣𝑣
 

(Eq. 3) 

And thereby the modified Kubelka-Munk Function expression is obtained: 326 

𝐹𝐹(𝑅𝑅∞) =
(ℎ𝑣𝑣 − 𝐸𝐸𝑏𝑏)𝜂𝜂

ℎ𝑣𝑣
 

(Eq. 4) 

(𝐹𝐹(𝑅𝑅∞)ℎ𝑣𝑣)
1 𝜂𝜂� = ℎ𝑣𝑣 − 𝐸𝐸𝑏𝑏 (Eq. 5) 

Where ℎ𝑣𝑣 is the energy of the incident photon, 𝐸𝐸𝑏𝑏 is the optical absorption edge energy, and the exponent 327 

η depends on the type of optical transition caused by photon absorption. By plotting the modified Kubelka-328 

Munk function (𝐹𝐹(𝑅𝑅∞)ℎ𝑣𝑣)
1 𝜂𝜂�  as a function of ℎ𝑣𝑣 (Eq. 5) and extrapolating the linear part of the curve in 329 

the low-energy region, it is possible to determine the edge energy values which provide information about 330 

the oxidation state and environment of the species involved in these optical transitions. For this study, direct 331 

transitions were considered, so 𝜂𝜂 = ½. 332 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Kratos Axis Ultra HAS spectrometer 333 

with a hemispherical analyzer and Mg Kα X-ray radiation source (ℎ𝑣𝑣 = 1253.6 eV) operated at 10 mA and 334 

15 kV. The binding energy (BE) of the sample was calibrated to the C 1s line (BE = 285.0 eV). The spectral 335 

data were treated using the CasaXPS software. 336 

 337 

 338 



2.3.4. Programmed temperature analyses 339 

Approximately 50 mg of sample was used for the temperature-programmed analyses. The sample was 340 

loaded into a U-shaped quartz tube arranged between layers of quartz wool attached to AutoChem II 2920 341 

equipment. The water formed during the programmed temperatures was removed from the gas stream in a 342 

dewar with a cooling bath maintained at -10 °C. 343 

For the temperature-programmed desorption of NH3 (NH3-TPD) experiments, the samples (ca. 50 mg) were 344 

reduced at 400 °C (5 °C·min-1) for 2 h in H2 flow (20 mL·min-1). Then, the sample was cooled to 40 °C with 345 

Ar flow (20 mL·min-1) and subsequently saturated with NH3 flow (20 mL·min-1) for 10 min at 40 °C. After 346 

that, the sample was heated to 75 °C (5 °C·min-1) under an Ar flow (20 mL·min-1) to remove physically 347 

adsorbed (weakly held) NH3. The concentration of ammonia desorbing from the sample was continuously 348 

monitored with a thermal conductivity detector (TCD). The total amount of desorbed ammonia in the 349 

samples was obtained by the standardized ammonia TPD peak areas following the calibration of the TCD 350 

detector.  351 

In the H2 temperature-programmed reduction (H2-TPR) experiments, the sample was oxidized with a flow 352 

of 10% O2/He (50 mL·min-1) from room temperature to 500 °C (5 °C·min-1) for 30 min. Then, the sample 353 

was cooled to 50 °C in flow of He (50 mL·min-1) and allowed to stabilize for 10 min. After cooling under 354 

He, the gas was switched to 5% H2/Ar with a flow of 50 mL·min-1, raising the temperature to 900 °C (5 355 

°C·min-1), and the amount of H2 consumed was monitored by the TCD detector previously calibrated using 356 

CuO reduction as reference. 357 

The dispersion of Cu was measured by N2O passivation coupled with temperature-programmed reduction. 358 

The technique comprises three steps: reduction to Cu0, oxidation of Cu0 to Cu2O using N2O, and 359 

temperature-programmed reduction of Cu2O surface species. The sample was initially outgassed at 90 °C 360 

under He for 1 h and then reduced with 5% H2/He (50 mL·min-1) from room temperature to 400 °C (5 361 

°C·min-1) for 120 min (Step 1, Eq. 6). The reduced sample was cooled in He flow (50 mL·min-1) to 40 °C 362 

and purged for 30 min. Then, 20% N2O/Ar flow (20 mL·min-1) was introduced to oxidate selectively the 363 

surface Cu0 species (Step 2, Eq. 7) at 40 °C for 1 h. Later, He (50 mL·min-1) flowed to decrease the 364 

temperature to 35 °C and stayed for 10 min. Ultimately, the reduction of surface Cu2O to metallic Cu was 365 

performed with 5% H2/He flow (50 mL·min-1) by raising the temperature from 35 to 900 °C (5 °C·min-1) 366 

(Step 3, Eq. 8). The H2 consumption was followed by a TCD detector. Then, copper dispersion 𝐷𝐷(%) 367 

defined as a ratio of Cu exposed at the surface (Cusurface) determined by N2O to total Cu content (Cutotal) 368 



determined by H2-TPR analysis, was calculated by using Eq. 9, considering the stoichiometry of N2O/CuO 369 

= 0.5 mol N2O/mol Cu0. 370 

𝐶𝐶𝐶𝐶𝑂𝑂(𝑠𝑠) + 𝐻𝐻2(𝑔𝑔) → 𝐶𝐶𝑢𝑢(𝑠𝑠) + 𝐻𝐻2𝑂𝑂(𝑔𝑔) (Eq. 6) 

𝑁𝑁2𝑂𝑂(𝑔𝑔) + 2𝐶𝐶𝑢𝑢(𝑠𝑠) → 𝐶𝐶𝐶𝐶2𝑂𝑂(𝑠𝑠)   + 𝑁𝑁2(𝑔𝑔) (Eq. 7) 

 𝐶𝐶𝐶𝐶2𝑂𝑂(𝑠𝑠) + 𝐻𝐻2(𝑔𝑔) → 2𝐶𝐶𝑢𝑢(𝑠𝑠) + 𝐻𝐻2𝑂𝑂(𝑔𝑔) (Eq. 8) 

𝐷𝐷(%) =
𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 ∙ 𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐−1 )
𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 ∙ 𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐−1 )

× 100% 
(Eq. 9) 

 371 

The deposits of carbon on the used catalysts were measured by temperature-programmed oxidation (TPO). 372 

Previously to the experiments, the post-reaction catalyst was centrifuged, washed with deionized water to 373 

remove physically adsorbed species on the surface, dried at 80 °C for 24 h, and stored in a desiccator. The 374 

sample was heated from room temperature (RT) up to 70 °C (5 °C·min-1) for 30 min and then cooled down 375 

to RT. TPO experiments were carried out starting from RT up to 900 °C with a heating rate of 5 °C·min-1 376 

in a 10% O2/He flow of 50 mL·min-1 after waiting for the baseline to stabilize. The amount of desorbed CO2 377 

was quantified by using a TCD with the help of a reference test, using a defined CO2 pulse over 50 mg of 378 

inert quartz. 379 

 380 

 381 

  382 



2.4. Catalytic test reaction 383 

The catalytic dehydration of glycerol was conducted in a Parr 5500 compact reactor with 600 mL capacity, 384 

adapted to a Parr 4848 controller. Before the reaction, the copper catalyst was reduced in a quartz reactor 385 

with an H2 flow (20 mL·min-1) from room temperature to 400 °C (5 °C·min-1) for 4 h. The composition of 386 

the reactor feed consisted of 60 g of an 80 wt%. aqueous glycerol solution (glycerol, Sigma-Aldrich, 99.5 387 

%) and 300 mg of the reduced catalyst (corresponding to a glycerol/Cu molar ratio = 2205). Consequently, 388 

the reactor was closed, purged with N2(g) to ensure an inert atmosphere, and heated with an agitation of 400 389 

rpm until the temperature was 120 °C. Then, when the reactor reached 220 °C the agitation was increased 390 

and maintained at 800 rpm, allowing autogenous pressure to be reached. Additional N2 was used to achieve 391 

a constant working pressure of 20 bar. Reaction time was set to 5 h and sample aliquots were collected at 392 

different times. These aliquots were filtered and separated into two series: one series was analyzed by gas 393 

chromatography (GC), while the other series was diluted using a dilution factor of 15 (Vfinal/Vinitial) and 394 

analyzed by high-performance liquid chromatography (HPLC). Glycerol consumption was analyzed on 395 

YL9100 high-performance liquid chromatograph (HPLC) equipment equipped with an ICSep ICE-396 

COREGEL 87H3 column and DAD and RID detectors using an isothermic method at 40 °C with a runtime 397 

of 20 min. The mobile phase was an aqueous solution of 5 mM H2SO4 (0.6 mL·min-1). The HPLC analyses 398 

of the liquid samples were used to evaluate the progress of the reaction by calculation of glycerol conversion 399 

𝑋𝑋(%) according to Eq. 10, where 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔0  and 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡  are the initial and final glycerol concentrations (expressed in 400 

wt%.), at a given time 𝑡𝑡, respectively. 401 

𝑋𝑋(%) =
𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔0 − 𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡

𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔0
× 100% 

(Eq. 10) 

For the identification and quantification of the reaction products a Perkin Elmer XL Autosystem gas 402 

chromatograph equipped with a Nukol capillary column (30 m × 0.53 mm × 0.5 µm) and flame ionization 403 

detector (FID) was used, with He as carrier gas. The chromatograms were obtained using the following 404 

temperature program: (a) 40 °C (0 min); (b) ramp of 1 °C·min-1 from 40 to 50 °C for 6 min; (c) ramp of 5 405 

°C·min-1 from 50 to 160 °C, maintaining this temperature for 0 min; and (d) 10 °C·min-1 ramp from 160 to 406 

200 °C for 18 min, giving a total runtime of 60 min. The selectivity of the products 𝑖𝑖 and the yield of the 407 

main products were calculated respectively based on Equations 11 and 12, where 𝑆𝑆𝑖𝑖 is the selectivity for the 408 

product 𝑖𝑖, 𝐴𝐴𝑖𝑖 is the area under the peak determined for product 𝑖𝑖, divided by the sum of the areas of all 409 

products 𝐴𝐴𝑗𝑗, where 𝑗𝑗 takes as many values as products were identified and not identified by gas 410 

chromatography, 𝑌𝑌𝑖𝑖 is the yield for the product 𝑖𝑖 calculated as the glycerol conversion 𝑋𝑋(%) multiplied by 411 

the selectivity for this product. 412 



𝑆𝑆𝑖𝑖(%) =
𝐴𝐴 𝑖𝑖 

∑ 𝐴𝐴𝑗𝑗∞
1  

× 100% 
(Eq. 11) 

𝑌𝑌𝑖𝑖(%) =
𝑆𝑆𝑖𝑖 × 𝑋𝑋 
100%

 
(Eq. 12) 

The catalytic activity was expressed in terms of a specific initial reaction rate, calculated from the initial 413 

slope of the glycerol conversion curve as a function of reaction time, with the data acquired during the first 414 

120 min of reaction guaranteeing linear behavior using the Eq. 13, where 𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔0  is the specific initial reaction 415 

rate (molgly·gcat
-1·min-1), 𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔0  is the initial number of mol of glycerol, 𝑠𝑠 is the slope (%·min-1) obtained from 416 

the linear fit of the first points of the curve and 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐  is the mass of the catalyst (g). 417 

𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔0 �
𝑚𝑚𝑚𝑚𝑚𝑚𝑔𝑔𝑔𝑔𝑔𝑔 

𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑚𝑚𝑚𝑚𝑚𝑚
� =

𝑛𝑛𝑔𝑔𝑔𝑔𝑔𝑔0 × 𝑠𝑠
𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 × 100%

 
(Eq. 13) 

 418 

Additionally, the initial reaction rates of formation 𝑟𝑟𝑓𝑓,𝑖𝑖
0  of the main products 𝑖𝑖 were determined. These were 419 

calculated from the slope 𝑠𝑠 obtained from the curve that represents mol of product (mol) formed as a 420 

function of reaction time (min) and normalized by the catalyst mass. 421 

𝑟𝑟𝑓𝑓,𝑖𝑖
0 �

𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 
𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑚𝑚𝑚𝑚𝑚𝑚

� =
𝑠𝑠

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐
     

(Eq. 14) 

 422 

 423 



3. Results and discussions 424 

3.1. Characterization  425 

3.1.1. Chemical composition. 426 

Chemical analysis from ICP-MS and the near-surface composition from XPS spectra were tabulated in 427 

Table 1 together with XRF measurements. The analyses indicated that the Si/Al ratio and Cu content were 428 

close to the targeted values. This demonstrated a high efficiency in the incorporation of the Al and Cu 429 

species. However, from the XPS measurements, it can be seen that the upon introduction of Cu species, the 430 

surface composition changed.  431 

 432 

Table 1. Elemental composition of the materials 433 

Sample 
Si/Al molar ratio 

nominal (gel) 

Si/Al molar ratio of final sample 
Cu loading 

(wt%)a 
XRF EDS XPS 

SBA-15 ∞ n.a. n.a. n.a. n.a. 

SBA-15 SiAl 15 15 11.4 15.1 11.5 n.a. 

SBA-15 SiAl 10 10 8.5 10.0 9.4 n.a. 

SBA-15 SiAl 2 2 2.5 2.1 2.1 n.a. 

Cu/SBA-15 ∞ n.a. n.a. n.a. 5.7 

Cu/SBA-15 SiAl 15 15 n.d. n.d. 64.6 5.0 

Cu/SBA-15 SiAl 10 10 n.d. n.d. 10.1 4.8 

Cu/SBA-15 SiAl 2 2 n.d. n.d. 3.2 4.7 
a Determined by ICP-MS 434 
n.a.= not applicable. 435 
n.d.= not determined. 436 
 437 
 438 

3.1.2. Textural and Structural Properties  439 

The N2 physisorption isotherms and pore size distribution for copper catalysts are shown in Figure 1(a) and 440 

(b), and the estimated textural parameters for supports and copper catalysts are tabulated in Table 2. Samples 441 

gave typical type IV isotherms, representative of a typically ordered mesoporous structure with double 442 

opened cylindrical-shaped pores as consistent with literature studies[56, 79, 80]. It shows that the 443 



mesoporous structure is still retained after the incorporation of heteroatoms in the matrix of SBA-15. 444 

However, it can be clearly seen that different hysteresis loops were obtained with the variation of the Si/Al 445 

molar ratio. Initially, the Cu/SBA-15 sample displayed an H1 hysteresis loop characterized by nearly 446 

perpendicular adsorption and desorption branches. It supports the existence of a large amount of uniform-447 

size ordered mesopores in the support. Next, with the incorporation of Al (Si/Al ratio decreases) in the SBA-448 

15, the inflection of the adsorption-desorption branches becomes less pronounced, and the hysteresis loop 449 

gradually deforms adopting an H3-type behavior. This feature is associated with a change in the shape of 450 

mesopores from cylindrical to slit-like channels[81]. Such aspect, as explained in our previous work[82], 451 

can be attributed to the formation of parallel macropores created during the process of aluminum assembly 452 

into the structure, due to pore-blocking/percolation in a narrow range of pore necks and/or to the partial 453 

destruction of the ordered structure of SBA-15 by the formation of particle aggregates when the Al content 454 

is high[53, 83, 84]. This suggests that the Al incorporation would greatly impact the textural porosity, while 455 

the addition of copper slightly affected the textural properties.  456 

 457 

 458 

 459 

 460 
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 469 

 470 

 471 

 472 

 473 

 474 

Figure 1. (a) N2 adsorption-desorption isotherms and (b) pore size distribution curves of the materials and 475 

XRD patterns of Cu/SBA-15 samples: (c) small-angle and (d) wide-angle. 476 
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Table 2. Physicochemical properties of the synthetic materials determined by N2 adsorption-desorption and 477 
XRD measurements. 478 

Sample SBET 
(m

2
·g-1) 

𝑉𝑉𝑝𝑝a
  

(cm
3
·g

-1
) 

𝑑𝑑𝑝𝑝b  
(nm) 

𝑑𝑑100c  
(nm) 

𝑎𝑎0d  
(nm) 

𝑤𝑤e  
(nm) 

SBA-15 525 1.10 9.8 9.4 12.2 3.9 
SBA-15 SiAl 15 382 0,72 8.4 8.4 13.2 5.7 
SBA-15 SiAl 10 374 0.61 8.0 8.0 13.0 6.4 
SBA-15 SiAl 2 381 0.50 5.5 5.5 12.2 7.1 

Cu/SBA-15 273 0.78 11.4 10.9 12.6 4.2 
Cu/SBA-15 SiAl 15 208 0.44 8.5 11.4 13.2 4.7 
Cu/SBA-15 SiAl 10 204 0.44 8.8 11.2 12.9 4.1 
Cu/SBA-15 SiAl 2 163 0.30 7.3 10.6 12.2 4.9 

a Pore volume calculated at P/P0 = 0.95. b BJH desorption average pore diameter. c Interplanar distance of (100) 479 
reflection. d Unit cell parameter: �𝑎𝑎0 = 2 × 𝑑𝑑100

√3
�. e Pore wall thickness: 𝑤𝑤 = 𝑎𝑎0 − 𝑑𝑑𝑝𝑝. 480 

 481 

The decrease of nitrogen uptake with increased Al introduction in the SBA-15 was indicative of smaller 482 

mesopores volumes than samples that are aluminum-free. The specific surface area (SBET) and pore volume 483 

(VP) of the SBA-15 support decreased with the incorporation of Al (Table 2). Copper catalysts exhibited 484 

lower specific surface area and pore volume compared to the correspondent supports. The values of SBET 485 

and VP of the Cu/SBA-15 were 273 m2·g-1 and 0.78 cm3·g-1 (Table 2). In the prepared Cu/SBA-15 SiAl x 486 

catalysts the SBET and VP values decreased to 208-163 m2·g-1 and 0.44-0.30 cm3·g-1 compared to Cu/SBA-487 

15 catalyst. A decrease in the specific surface area accompanied by a significant loss of the total pore volume 488 

occurs when copper is introduced in the starting supports.  489 

The samples exhibited an unimodal pore size distribution. A decrease in the average pore size of the SBA-490 

15 supports is also noticed with higher aluminum loadings. Meanwhile, with the addition of Cu species an 491 

increase in the average pore diameter compared with the supports. However, the pore size distribution of 492 

the copper catalysts derived by the adsorption isotherm of the BJH method also shows a decrease in size as 493 

the aluminum load increases. This would indicate that a certain amount of pores have been filled due to 494 

copper species deposition[85]. This is noticed from the decrease in the pore size distribution of the copper 495 

catalysts (Figure 1(b) and Table 2), where mesopores contracted from 11.4 nm for the Cu/SBA-15 to 7.3 496 

nm for the Cu/SBA-15 SiAl 2 sample. Notably, the unique modal distribution of the pores demonstrates the 497 

homogeneous character of the mesopores.  498 



Copper surface deposition or its insertion into the hexagonal structure of SBA-15 could be enough to block 499 

a certain number of mesopores and could lead to a decrease in the pore volume, which would result in a 500 

decrease in the SBET surface[69, 86]. Nevertheless, the pore size shows the opposite trend. A pore 501 

enlargement compared to the supports took place after CuO loading for all samples. This phenomenon can 502 

be associated with two causes: (1) due to the dissolution of the outer silica layer in silicic acid caused by the 503 

copper incorporation method; and (2) due to an isomorphic substitution of the deeper Si atoms within the 504 

silica lattice. Each cause is explained as follows: during the ammonia evaporation method may occur 505 

dissolution of the silica walls to result in the formation of silicic acid and copper phyllosilicates. The reason 506 

lies in the absolute amount of OH- ions in the solution, which are produced by the auto-protolysis of water 507 

by the presence of ammonia. These ions react with the silica walls, forming silicic acid (Si(OH)4), which in 508 

turn reacts with the Cu(OH)2(H2O)4 complex to form the copper phyllosilicates, which in turn gives rise to 509 

CuO species when the material is calcined[27, 69, 87]. Whereas if the substitution of the deeper Si atoms in 510 

the silica lattice occurred, it would lead to unit cell enlargement due to the longer length of the metal-oxygen 511 

bond, resulting in mesopore expansion[87, 88]. According to the literature, the higher radius of Cu2+ (0.070 512 

nm) with respect to Si4+ (0.040 nm) and Al3+ (0.054 nm) ions could justify the observed mesopore 513 

expansion, due to the longer Cu–O bonds[87, 89]. Since the lattice parameters determined from the XRD 514 

results (Table 2) did not show a noticeable change after Cu incorporation, it is hypothesized that the increase 515 

in the average pore size is due to the dissolution of the silica walls by the ammonia evaporation method. 516 

The low-angle XRD patterns of the copper catalysts (Figure 1(c)) were like those recorded for starting 517 

supports as reported by our previous work[82]. It can be seen that upon Cu introduction, no significant 518 

changes in the patterns were observed. Meanwhile, as the Al content increases, the reflections indexed to 519 

the (100), (110), and (200) planes of the hexagonal structure become less intense, confirming that the loss 520 

of structural order is attributed to the incorporation of consecutive Al loadings via the “pH-adjusting” 521 

method (for molar ratio Si/Al ≤ 15)[90]. In addition, the structural parameters do not show a considerable 522 

effect on the Cu species loading in the framework of the SBA-15. The cell parameter 𝑎𝑎0 and 𝑑𝑑100 spacing 523 

values ranged around 13.2-12.2 nm and 11.4-10.6 nm respectively, which are similar to those of the initial 524 

supports (Table 2). These results suggest that the substitution of Si atoms for Al atoms in the silica lattice 525 

of the hexagonal structure of SBA-15 leads to deformation in the channel organization, which becomes 526 

more prominent as the Al loading increases. In addition, the calculated lattice parameter (𝑎𝑎0) of the catalyst 527 

series increases from 12.6 to 13.2 nm when the value of the Si/Al molar ratio decreases from ∞ to 15. Next, 528 

the value of the cell parameter decreases from 13.2 to 12.2 nm when the value of the Si/Al molar ratio 529 

decreases from 15 to 2. This indirectly confirms the substitution of Cu atoms in the framework of SBA-15, 530 

which is favored by the presence of Al in the SBA-15 up to a certain content. Otherwise, no significant 531 



changes in the unit cell parameter 𝑎𝑎0 and 𝑑𝑑100 spacing was noted by the incorporation of the Cu-phase (𝑎𝑎0 532 

and 𝑑𝑑100 spacing values ranged around 13.2-12.2 nm and 11.4-10.6 nm respectively). It may be concluded 533 

that CuO particles were uniformly distributed on the surface or pore wall of the mesoporous SBA-15. 534 

In the wide-angle region, only the diffraction signal centered at 2θ = 23.5° associated with amorphous silica 535 

is distinguishable[91]. Thus, the formation of any crystalline aluminum (Al2O3 or Al(OH)3) or copper phase 536 

in the material is ruled out, suggesting then that a high dispersion of both elements occurred throughout the 537 

matrix of the mesoporous structure or that both are in an amorphous state. The absence of representative 538 

diffraction lines characteristic of copper phases suggests the formation of small copper particles below the 539 

XRD detection limit or their settling deep in the support walls[90]. This is consistent with the study 540 

developed by Boosa et al.[92] in which it is reported that at low copper contents (5% wt. Cu), CuO species 541 

are present in a highly dispersed state in this class of mesoporous materials. Then, based on the hypothesis 542 

mentioned above and the N2 physisorption together XRD results, we believe the following: when the Cu 543 

atoms are added, it is possible that the chemical environment of the previously deposited Al on the SBA-15 544 

structure (i.e. the lattice oxygen atoms, belonging either to the silanol groups or the aluminol groups 545 

provided by the incorporated Al species) facilitates a specific interaction with the copper species, aiming to 546 

stabilize and enhance the dispersion of the copper particles[93]. It is probable that the aluminum species 547 

already integrated into the SBA-15 framework form a thin layer or coating on the surface of the 548 

mesopores[46]. Subsequently, the introduced Cu species likely penetrate initially this AlxOy layer rather 549 

than the silica network, thereby minimally altering the cell parameter. 550 

The HRTEM and HAADF-STEM images of the local structure of the catalysts are shown in Figure 2. Figure 551 

2(a) shows that the hexagonal arrangement of the mesostructure of SBA-15 is preserved because the 552 

characteristic tubular channels along the observed copper particles are clearly distinguishable. However, the 553 

local discontinuity of the mesopores that was observed in the starting supports is due to the effect of 554 

incorporation of Al species[82, 90]. On the other hand, apparently, the structural order of the materials is 555 

not significantly affected by the incorporation of copper into the support. In fact, as can be seen in Figure 556 

2(b) the Cu/SBA-15 material exhibits a well-defined tubular structure with a long range of ordering of the 557 

mesopores. Further, the Fourier Transform image inserted in this micrograph indicates that the lattice has 558 

an interplanar spacing of 10.8 nm, having correspondence with the value obtained by XRD (Table 2) and 559 

confirming that the material preserves the structural characteristics of its starting material SBA-15 at long 560 

range order. In contrast, the Cu/SBA-15 SiAl 10 and Cu/SBA-15 SiAl 2 samples (Figure 2(c) and Figure 561 

2(e), respectively) exhibit the same decreasing range ordering that was observed in the starting materials 562 

but the hexagonal array of mesopores can still be clearly observed. A partial destruction and gradual 563 



decrease in the extent of straight channels is observed. The materials fragment into domains that decrease 564 

in size oriented in different directions due to higher Al incorporation. The changes in the hysteresis loop 565 

shape and the decrease in the intensity of the diffraction peaks confirm the alteration of the ordered mesopore 566 

structure SBA-15 is primarily attributed to aluminum incorporation into the SBA-15 matrix, while copper 567 

plays a secondary role. 568 

 569 

On the other hand, it is observed that the copper species were uniformly distributed on the starting supports. 570 

Figure 2(a) shows an HAADF-STEM image of the Cu/SBA-15 sample exhibiting morphology slightly 571 

different from the parent support (Fig. S1 A-B). The channel limits were not identified, suggesting that 572 

copper incorporation takes place homogeneously. The Cu nanoparticles were observed as bright dots 573 

(marked with red circles), while Figure 2(b) corresponds to an HRTEM image where the Cu nanoparticles 574 

appear as dark dots. Representative HRTEM and HAADF-STEM images of the Cu/SBA-15 SiAl 10 575 

(Figures 2(c) and Figure 2(d)) and Cu/SBA-15 SiAl 2 (Figures 2(e) and Figure 2(f)) samples still suggest 576 

that Cu is well dispersed. These observations reveal that a high dispersion of CuO was achieved by the 577 

ammonia evaporation method. Additional micrographs of the samples are presented in Figure S1 of the 578 

supplementary material. 579 

 580 
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Figure 2. HRTEM and HAADF-STEM images of catalyst samples: (a) HAADF-STEM and (b) HRTEM 594 
images of Cu/SBA-15; (c) HRTEM and (d) HAADF-STEM images of Cu/SBA-15 SiAl 10 sample and (e) 595 
and (f) HAADF-STEM of Cu/SBA-15 SiAl 2 sample. 596 
 597 

3.1.3. Temperature - Programmed (TP) Analyses 598 

H2 Temperature-Programmed Reduction (H2-TPR) was used to determine the reducibility of the copper 599 

species and to study their characteristics in terms of dispersion and interaction with the support. The H2-600 

TPR profiles of the catalysts are presented in Figure 3(a). Bulk CuO exhibits a sharp peak at 287 °C (the 601 

inset in Fig. 3a). The reduction temperature of CuO significantly decreases after being supported on the 602 

surface of pure SBA-15. The profiles of the catalysts change with the increase in the amount of Al loading. 603 

The changes should be related to the reduction of supported CuO species in different interactions with the 604 

carrier surface, with different particle sizes, and different copper dispersion[80, 85, 94]. The presence of 605 

aluminum species changed the reducibility of the copper species. 606 

 607 

The H2-TPR profile for Cu/SBA-15 exhibited a very pronounced and almost symmetrical signal centered at 608 

209 °C. Since XRD and HRTEM analyses suggested a high dispersion of the copper phase, this signal could 609 

be attributed to the reduction of highly dispersed copper species: isolated Cu2+ species and/or nano-clusters 610 

[Cu–O–Cu]n inserted in the pores of SBA-15[95, 96]. According to the type of synthesis adopted, the 611 

ammonia evaporation method (AE), the formation of copper phyllosilicate phases is obtained in the samples 612 

and these phases derive in highly dispersed CuO species when they decompose during the calcination 613 

treatment[27, 30]. 614 

 615 

Next, as the Si/Al molar ratio in the materials decreases, in general, there is a shift of the reduction signal 616 

towards higher temperatures, accompanied by a broadening and a decrease in its intensity. This indicates a 617 

broad particle size distribution, and that the material becomes less homogeneous with increasing Al loading. 618 
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Figure 3. (a) H2-TPR of the catalysts. The inset shows the H2-TPR profile of CuO bulk. (b) H2-TPR of 628 

catalysts previously passivated by N2O 629 

 630 

The H2-TPR profile of the catalyst Cu/SBA-15 Si/Al 15 exhibits two very marked events shifted to higher 631 

temperatures centered at 216 °C and 287 °C, respectively. These signals could be attributed to the reduction 632 

of the Cu phase in two steps, from Cu2+ to Cu+ and from Cu+ to Cu0, or due to the reduction of well-dispersed 633 

copper oxide species with a moderate and strong interaction with the support, respectively. Meanwhile, the 634 

profile of the Cu/SBA-15 Si/Al 10 sample shows a peak at 214 °C and a weak shoulder peak with maxima 635 

at 268 °C that could be attributed to highly dispersed Cu2+ species and larger CuO particles, respectively. 636 

The most complex profile belongs to Cu/SBA-15 SiAl 2 with a less pronounced, broader signal and a 637 

maximum peak reduction temperature (Tmax) shifted towards a higher temperature (304 °C). The broadening 638 

of the signal and the shift toward high temperature may be explained by the strong metal support interaction 639 

and the formation of large clusters of CuO on the support. It should be noted that the peak tends to broaden 640 

as the Al content increases, implying that the presence of higher Al loading would be detrimental to the 641 

dispersion of copper species. The H2-TPR profiles of catalysts previously passivated by N2O (Figure 3(b)) 642 

followed the same tendency (discussed below). These results correlate with the metallic copper surface area 643 

measurements by N2O chemisorption.  644 

 645 

It is presumed that when copper is introduced into the SBA-15 and Al-SBA-15 materials, the copper species 646 

end up present in different environments when the aluminum content in the material varies. In the first 647 

instance, when copper is added to pure SBA-15, it is more likely to be deposited inside the mesoporous 648 

walls and easily dispersed along the mesostructure of SBA-15 along with some substitution of Si4+ ions in 649 

the matrix, as suggested by the data extracted from the physisorption and XRD techniques. In this condition 650 

the copper is forced to be embedded and confined in the structure of the SBA-15 support, leading to the 651 

formation of copper phyllosilicates during the synthesis step, which are subsequently transformed into CuO 652 

particles of reduced size after the calcination process of the sample[83]. In contrast, in the aluminum-653 

containing SBA-15 supports, copper can be located in a different chemical environment, as it establishes 654 

new types of interactions with the aluminum atoms that were previously incorporated into the material. That 655 

is, as the proportion of Al increases, a higher level of coating of the SBA-15 surface and filling of the 656 

mesopores is caused by the introduced Al species. In this context, the electronic distribution state of the 657 

mesoporous surface changes, and a fraction of the introduced copper species will not be strictly forced to 658 

be embedded and confined in the structure of the support since these species will have less possibility to 659 

access the SBA-15 matrix. It can be inferred that copper species will preferentially establish a stronger 660 



interaction with the aluminum species present in the surface layer of the support than with the available 661 

silanol groups themselves[46]. Thus, it can be presumed that Cu is present in the form of larger extra-porous 662 

CuO aggregates as the aluminum content increases. In short, the complexation of Cu2+ ions occurs in 663 

different environments, inducing as a result a change in the dispersion and electronic features of the Cu 664 

particles. 665 

 666 

The N2O passivation/H2-TPR method was used for the estimation of Cu dispersion. Similar behavior to the 667 

H2-TPR profiles was observed and the result showed that the Si/Al ratio has a great influence on the 668 

dispersion of copper. A shift of the reduction signal towards higher temperatures as the Si/Al molar ratio 669 

decreases was observed (Figure 3(b)). The obtained data showed that the incorporated copper species were 670 

well dispersed in the mesostructured support. A higher reduction temperature is associated with a higher 671 

energy requirement for the reduction of Cu species, which is directly correlated to a stronger metal-support 672 

interaction. As the Al content in the sample increases, the copper dispersion percentage (DCu (%), Table 5) 673 

decreases, translating into an increase in particle size. From these results it is possible to suggest that the Al 674 

would be interacting and anchoring the Cu species that were deposited in the material. This effect is more 675 

prominent at the Si/Al 15 molar ratio due to the accentuated shift of the reduction signal observed in the H2-676 

TPR profile after passivation with N2O[97]. Following this, at Si/Al < 15 molar ratios, the formation of 677 

larger particle size clusters is promoted. 678 

 679 

3.1.4. Acidity  680 

 681 

NH3-TPD profiles of the SBA-15 supports and copper catalysts are shown in Figure S2. Table 3 lists the 682 

total acidity values corresponding to both series of samples (supports and catalysts) determined from the 683 

deconvolution of the NH3-TPD profiles within the temperature range of 80-350 °C. The surface acidity of 684 

the samples is enhanced when copper species are incorporated. The total acidity values had a noticeable 685 

increase in the presence of copper, which is explained due to acidic sites contributed by ionic copper 686 

species[92, 98]. This is clearly evidenced by comparing the NH3-TPD profile of the SBA-15 sample with 687 

that of the Cu/SBA-15 sample. The corresponding ammonia desorption is respectively increased from 253 688 

to 990 μmol·g-1 (Table 3). 689 

 690 

Lower total acidity was noticed for Cu/SBA-15 SiAl 15 and Cu/SBA-15 SiAl 10 compared to the Cu/SBA-691 

15 sample. This can be attributed to the deposition of Cu species on the acidic centers of the Al species on 692 

the SBA-15 walls. On the other hand, an increase in the total acidity is evidenced for the support and the 693 



catalyst with a Si/Al molar ratio of 2. The presence of a higher Al loading may generate segregated Al 694 

species on the SBA-15 matrix. Aluminum species also affect the Cu species availability on the catalyst. 695 

 696 

Pyridine adsorption measurement coupled with FTIR spectroscopy (Py-FTIR) was used to detect the 697 

presence and nature of acid sites on the catalysts. The Py-FTIR spectra of the calcined catalysts are shown 698 

in Figure 4(a). All the samples showed bands at 1450 and 1610 cm-1 and at 1547 and 1619 cm-1 699 

corresponding to the ring deformation mode of pyridine for Lewis and Brönsted acid sites, respectively. It 700 

is worth mentioning that the signal intensity of Lewis acid sites predominates in all the catalysts and 701 

gradually increases with increases in Al loading, as revealed by the quantification of the sites listed in Table 702 

3. 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

Figure 4. (a) FTIR spectra of pyridine adsorbed on Cu/SBA-15 modified with different aluminum contents. 713 

(b) FTIR spectra of each catalyst sample in the OH region. 714 

 715 

The Brönsted to Lewis acid site ratio is another parameter that is listed in Table 3. It can be highlighted that 716 

the catalyst with the Si/Al = 2 ratio is the only one that presents, in a very low portion, Brönsted acid sites. 717 

This is attributed to the fact that Cu is deposited on the Brönsted acid sites resulting from the Al species 718 

incorporated in SBA-15. The proportion of these Brönsted sites increases with decreasing Si/Al molar ratio. 719 

Therefore, at low Si/Al ratios, the number of Cu species deposited does not cover all the acid sites present 720 

on the support surface. In comparison with the supports, it is observed that the concentration of acid sites 721 

increases after copper incorporation, in line with the evolution of the total acidity measured by NH3-TPD. 722 

On the contrary, the intensity of the bands corresponding to Brönsted acid sites decreased. Then, the acidity 723 

of the surface of the studied catalysts is associated with the presence of Lewis acid sites and it is possible to 724 

indicate that the incorporation of copper in the supports led to an increase in Lewis’s acidity. The origin of 725 

the surface Lewis acid sites due to Cu incorporation in the silica framework is linked to the local 726 
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environment of the isolated Cuδ+ species, that is, the type of interaction established by the Cu species with 727 

the silica structure[95, 99]. These differences in the contributions of the absorption bands indicate that the 728 

incorporation of copper into the siliceous structure of SBA-15 generates surface Lewis’s acid sites and 729 

clearly the Cu species are mainly distributed in the Brönsted acid sites generated by the Al species 730 

incorporated into the SBA-15 matrix. 731 

 732 

Table 3. Measurements of acidity by NH3-TPD and Py-FTIR. 733 

Sample 
Total acidity by  

NH3-TPD (μmol·g-1) 

  

CBrönsted
a 

(μmol·g-1) 

CLewis
b 

(μmol·g-1) 
CBrönsted/Lewis

c 

SBA-15 253 0 0 u.d.d 

SBA-15 SiAl 15 351 21 7 3.0 
SBA-15 SiAl 10 202 1 3 0.3 
SBA-15 SiAl 2 844 67 43 1.6 

Cu/SBA-15 990 0 59 0 
Cu/SBA-15 SiAl 15 772 0 79 0 
Cu/SBA-15 SiAl 10 764 0 45 0 
Cu/SBA-15 SiAl 2 1629 20 121 0.2 

a Concentration of Brönsted acid sites. b Concentration of Lewis acid sites. c Ratio of Brönsted-Lewis acid sites. d u.d.: 734 
Undefined. 735 
 736 

FTIR spectroscopy analyses were carried out in the region of the hydroxyl groups. Figure 4(b) shows the 737 

spectra corresponding to this region of this series of calcined catalysts. According to the reported in the 738 

literature, the band at 3736 cm-1 can be attributed to the stretching vibration of the isolated groups of terminal 739 

silanols[66, 100], while the tail at low frequency around 3661 cm-1 can be assigned to the interaction 740 

between the vicinal hydroxyl groups by hydrogen bonding (-OH), being indicative of the perturbation of 741 

the Si-OH sites[95]. It should also be noted that this component is much more pronounced in the material 742 

with a lower Si/Al molar ratio (SiAl 2), suggesting the presence of hydroxyl groups in Al species partially 743 

embedded outside the SBA-15 matrix. However, these Al-OH species normally absorb in the region of 744 

3700-3650 cm-1 and overlap with the bands corresponding to silanols linked by hydrogen bonds, making 745 

them very difficult to detect. Based on this disturbance visualized in the silanol groups, it is also possible to 746 

substantiate the creation of the acid sites in these materials detected by the previous analyses. Supported in 747 

the Hensen et al.[101] work, the substitution of Al species in SBA-15 generates a disturbance of the 748 

chemical environment of the siliceous network, enhancing the formation of acid sites of different nature 749 

through the formation of hydroxyl bridging groups with isolated hydroxyl sites which are present in high 750 

abundance on the surface of SBA-15. In addition, it can be inferred that the coordination environment of 751 

the Al species intervened in the anchoring of the copper species in the material, by creating structural defects 752 



as suggested by the distortion of the silanol nests observed with the incorporation of Al in the material[102, 753 

103]. 754 

 755 

3.1.5. UV-Vis DRS 756 

The UV-Vis DRS were recorded in order to identify and characterize the coordination environment of Cu 757 

species in intra- and/or extra-network positions in the mesoporous catalysts. Figure 5 displays the UV-Vis 758 

DRS spectra of the calcined copper catalysts. According to the literature data[69, 87, 104], bands in the 759 

region between 200-400 nm (6.2-3.5 eV) can be related to mononuclear Cuδ+ cations in possible 760 

coordination with the oxygens of the mesoporous network of the SBA-15 material. Bands corresponding to 761 

the region 400-600 nm  (3.5-2.1 eV) are assigned to linear chains of linear oligonuclear nanoclusters [Cu–762 

O–Cu]n inserted inside the SBA-15 mesopore channels, while bulk-like segregated species of CuO in the 763 

siliceous structure are related to bands appearing between 600-800 nm (2.1-1.5 eV). The latter must 764 

correspond to d-d spin-allowed 2Eg → 2T2g transitions of Cu2+ ions in a distorted octahedral environment.  765 

 766 

Taking SBA-15 as a reference (Fig. S3 and Fig. 5(a)), the signal characteristic of pure mesoporous silica 767 

(~226 nm), according to literature studies[98, 105, 106], appears weaker in the Cu/SBA-15 sample. This 768 

might suggest that the incorporation of Cu2+ ions occurs. Moreover, the absence of any additional band in 769 

the region between 400-800 nm suggests that this catalyst is free of copper oxide oligomers or copper 770 

clustered species, so it is inferred that the Cu species were fully dispersed in the mesoporous silica. 771 

 772 

For samples Cu/SBA-15 SiAl 15 and Cu/SBA-15 SiAl 10 (Figure 5(a)), a more intense and broader 773 

absorption band with a shoulder is observed, whose maxima are at 219 and 337 nm, respectively. The band 774 

at 219 nm can be ascribed to surface Cu2+ species and charge transfer transitions between mononuclear Cu2+ 775 

and surface oxygen (Cu2+← O2-) with octahedral geometry, where the copper ions occupy isolated sites over 776 

the support[98, 107]. While the weak band located at 337 nm could be attributed to the presence of 777 

oligomeric species [Cu–O–Cu]n in a highly dispersed state, which is not detectable by XRD. These 778 

oligomeric species are possibly inserted within mesoporous channels. Considering that the spectrum of the 779 

Cu/SBA-15 SiAl 15 sample presents a more intense band, it is presumed that under this Al loading the 780 

isolated Cu species predominate. Next, the weak behavior of the peak intensity for Cu/SBA-15 SiAl 10  and 781 

Cu/SBA-15 SiAl 2 may be due to the adhesion of Cu species to the silica wall or the Al framework[105]. 782 

Additionally, these materials presented a very weak band around 613 nm, which is associated with d-d 783 

transitions of Cu2+ ions in a pseudo-octahedral environment (CuO particles) in the extra-framework 784 

position[87]. In contrast, the spectrum of the Cu/SBA-15 SiAl 2 sample has much broader and weaker bands 785 



in the region between 210-450 nm and has a larger contribution from the band at 613 nm. The presence of 786 

this contribution suggests that at high Al loadings, the formation of sintered heteroatom species is promoted. 787 

 788 

The Kubelka–Munk plots of the copper catalysts and the band gap energy Eb (eV) are shown in Figure 5(b)-789 

(e). The position of the absorption edge in the DRS spectra allows for estimating the particle size of the 790 

metal[108]. The shape and size of copper oxide particles influence the optical band gap. According to 791 

previous studies, the edge energy for CuO lies between 1.17-1.35 eV[107], suggesting that the Cu species 792 

are more dispersed on the supports SBA-15 and Al-SBA-15 due to their elevated edge energy values 793 

compared to bulk CuO. Besides, this provides evidence that the introduction of the copper particles in the 794 

framework SBA-15 improves the electrical properties and the semiconducting behavior of the materials, 795 

which may lead to an increase in electron donor density[93, 109]. 796 

 797 

As can be seen from the plots (Figure 5 (b)-(e)), the position of the absorption edges was shifted towards 798 

the visible region as the Si/Al molar ratio of the samples decreased. The progressive decrease in the edge 799 

energy of the aluminum-containing catalysts compared to its Cu/SBA-15 counterpart indicates an 800 

improvement in free electron density[93]. This shift towards low energies indicates that Cu–Cu interactions 801 

increase as the amount of Al in SBA-15 rises. This may be due to charge delocalization because of the 802 

interaction of Al species present on the support with Cu species. In other words, high Al loadings promote 803 

the segregation of Cu species and the lateral interactions between oligomers, resulting in a slight increase 804 

in the domain size of Cu species compared to the material Cu/SBA-15[107, 108]. 805 
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Figure 5. (a) UV-Vis diffuse-reflection spectra of copper catalysts. Kubelka-Munk plot of copper samples 836 

(b) Cu/SBA-15; (c) Cu/SBA-15 SiAl 15; (d) Cu/SBA-15 SiAl 10; (e) Cu/SBA-15 SiAl 2. 837 

 838 

This, together with the Py-FTIR and FTIR OH region results suggest that for the Cu/SBA-15 material, part 839 

of the copper species is deposited blocking the silanol groups (Si–OH) after condensation of the copper 840 

species, leading to the formation of mononuclear Cu+ ions via Si–O–Cu bonds, namely by the low intensity 841 

of the absorption band at 3736 cm-1; while another fraction is probably localized at terminal positions (Cu–842 

OH species). At the same time, there are Cu species in the SBA-15 lattice bound to four lattice oxygen 843 

atoms, due to the presence of the pyridine adsorption band (1610 cm-1) assigned to Lewis acid sites[96]. 844 

Similarly, it is possible to propose an evolution in the distribution of copper species as the Al content in 845 

SBA-15 increases, as shown in Scheme 1. The difference is that by increasing Al loadings, the formation of 846 

oligomeric Cu species and a distorted octahedral coordination environment is promoted, giving rise to nests 847 

of distorted silanols and aluminols (band broadening at 3581-3661 cm-1) and acid sites of different nature 848 

(Py adsorption bands associated to Lewis and Bronsted acid sites).  849 
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The interaction between Al framework and Cu2+ via oxygen bridging allows the Cu species to localize on 851 

the network oxygen leading to the formation of [Si–O–Cu–O–Al] groups[99]. Depending on the Al content, 852 

copper ions are either embedded in the SBA-15 lattice as linear oligomeric species [Cu–O–Cu]n in a highly 853 

dispersed state as well as agglomerate to form fractions of occluded or segregated Cu species (nearest CuO 854 

neighbors) with octahedral or pseudoctahedral symmetry due to the Al species with an octahedral 855 

environment present on the surface. 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

Scheme 1. Schematic representation of the SBA-15 surface, evolution of species with decreasing Si/Al 870 

ratio: silanol groups, isolated Cu species, bridging hydroxyl groups, aluminols, oligomeric copper species. 871 

 872 

 873 

3.1.6. XPS and 27Al-MAS-NMR characterization 874 

 875 

In order to study the surface composition of the materials, XPS spectra were performed on the calcined 876 

samples. The wide and core level XPS for all the elements were calibrated for surface charging by 877 

referencing C 1s binding energy (BE) peak at 285.0 eV. Figure S4 shows the survey spectra of the copper 878 

catalysts depicting the presence of Si, O, Al, and Cu.  879 

 880 

The XPS spectra of the Si 2p, O 1s, Al 2p, and Cu 2p levels for the catalyst series are shown in Figure 6. 881 

All binding energies are summarized in Table 4. In general, for the calcined samples, the XPS spectra of the 882 

Cu 2p level (Figure 6(a)) exhibited non-deconvoluted Cu 2p3/2 and Cu 2p1/2 peaks at ca. ~933.3 and ~953.0 883 
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eV with spin-orbit coupling energy of about 20.0 eV. There is no evidence of any peak at BE values below 884 

933.0 eV characteristic of Cu+ or Cu0 species[80, 99]. This is because the samples were not exposed to a 885 

reducing atmosphere. Moreover, although weak in intensity, the presence of the associated shakeup satellite 886 

peaks could confirm the presence of Cu2+[110, 111]. The absence of a peak located at 932.4 eV confirms 887 

the absence of bulk copper oxide nanoparticles, in line with XRD and TEM observations[80]. Here, the BE 888 

values of the non-deconvoluted peak of Cu 2p3/2 orbital are slightly lower than that of pure CuO (~933.8 889 

eV) reported in the literature but higher than those reported in the literature for Cu2O (933.0 eV)[111, 112]. 890 

Thus, it is possible that the valence state of Cu is between +1 and +2. For a better analysis of the spectra, 891 

the broad Cu 2p3/2 peak has been deconvoluted into two components. 892 

 893 

Figure 6(b) shows the deconvolution of the broad Cu 2p3/2 signal in two components, revealing the presence 894 

of different copper environments. The BE values of each contribution are listed in Table 4. For all samples, 895 

the first component is located around 933.3-933.9 eV. This contribution is indicative of the presence of Cu2+ 896 

species. Meanwhile, the position of the second component is around 935.5-935.9 eV, which suggests a 897 

charge transfer from metal ions toward the support, i.e. Cu2+ species in strong interaction with the 898 

support[113]. The peak observed at 935.8 eV in the Cu/SBA-15 catalyst is ascribed to Cu species in a high 899 

degree of dispersion by the formation of Cu–O–Si–O– linkages[20]. Next, with the presence and increasing 900 

Al loading in SBA-15 (for the samples Si/Al = 15 and Si/Al = 10), there is a lower contribution of the first 901 

component, and the contribution of the second component was increased (935.9-935.5 eV). After, at Si/Al 902 

= 2 the intensity of the first component (933.3 eV) increases again at the expense of the decrease of the 903 

second component. In turn, the largest shift in the position of both components towards high BEs was 904 

observed with the Si/Al = 15 ratio (Figure 6(b)).  905 

 906 

These observations may suggest that with the Si/Al = 15 and Si/Al =10 ratios a higher formation of Cu 907 

species in a higher oxidation state, in strong interaction with Al species and the support, is promoted[113, 908 

114]. The subsequent decrease in the binding energy values of both components and increase of the 909 

contribution of the first component observed with the Si/Al = 2 ratio, might be indicative of charge transfer 910 

from the support matrix to the copper species since there are more Al octahedral species to compensate for 911 

the charge disturbance generated by the copper species, possibly through Al(Oh) –O–Cu–O–Si–O bonds[20, 912 

113]. As indicated in our previous work[82], the XPS results revealed that the Al species would be giving 913 

up their electron density to the Si and O atoms that constitute the SBA-15 matrix. Then, the Al species in 914 

this configuration could transfer electron density to the Cu species. 915 

 916 



Complementarily, the Cu LMM parameter can be used to differentiate the oxidation state of copper species. 917 

In this regard, the analysis of the modified Auger parameter (𝛼𝛼) was reported by other authors[115] to 918 

evaluate this difference in status[116]. The values of the modified Auger parameters, 𝛼𝛼𝐶𝐶𝐶𝐶, of 1849.9 and 919 

1849.7 eV obtained for the spectra of the catalysts Cu/SBA-15 SiAl 15 and Cu/SBA-15 SiAl 10 respectively 920 

(Table 4), corresponding approximately to the value of 1849.2 ± 0.3 eV which is attributed to the Cu2O 921 

species[117]. This confirms the existence of interaction between the Cu species and the Al species whose 922 

differences between the binding energies of the catalysts become more prominent at Si/Al molar ratio values 923 

of 15 and 10. So, it is possible that Cu atoms are surrounded by Al species in the aluminum-containing 924 

samples, most likely in the structure of Cu–O–Al–O–Si upon the incorporation of copper ions into the 925 

framework of SBA-15. Possibly an interaction between Cu and especially with intra-lattice Al species 926 

induces a transfer of the electron density from Al to Cu, leading to a decrease in the Cu 2p binding energy. 927 

 928 

On the other hand, the position of the O 1s and Si 2p peaks shifts slightly toward the low binding energy 929 

region with decreasing Si/Al molar ratio, but the XPS profile and the energy value of Al 2p does change 930 

substantially. 931 

 932 

The deconvolution of the O 1s peak presented three contributions (Figure 6(c)). The positions and intensities 933 

of these contributions varied with the presence of Al. The first band with the lowest binding energy value 934 

is assigned to oxygen in copper oxide[111]. The second band can be attributed to oxygen in silanol groups. 935 

While the third band, which presents the highest binding energy value, can be attributed to oxygen in the 936 

silica structure[111].  937 

 938 

Considering the binding energies observed for the Si 2p orbital peak shown in Figure 6(d), it is observed 939 

that the Cu/SBA-15 catalyst shows a binding energy of 103.9 eV (Table 4), which is attributed to silicon 940 

oxide in a tetrahedral structure, very similar to the values reported in the literature[118]. Compared to 941 

Cu/SBA-15, the Si 2p binding energies of the Al-containing catalysts shift to a lower value and decrease in 942 

intensity, except for the Cu/SBA-15 SiAl 15 catalyst which recorded a slightly higher value. The latter 943 

increase can be associated with the charge imbalance associated with the interaction between the Cu and Al 944 

species[119]. The catalysts with Si/Al molar ratios 10 and 2 presented binding energy values of 103.1 and 945 

103.0 eV respectively (Table 4). The shift can be attributed to the growth of a new silicon environment, due 946 

to the presence of Al(Oh) atoms which electronically perturb the silicon atoms by induced dipoles mediated 947 

via the bridging oxygen[46, 120]. 948 

 949 



For the XPS spectra of the Al 2p level (Figure 6(e)), a remarkable signal evolution was observed. The XPS 950 

Al 2p spectrum of the Cu/SBA-15 SiAl 15 catalyst shows a non-deconvoluted signal centered at 78.3 eV. 951 

On the other hand, the Cu/SBA-15 SiAl 10 spectrum presents two signals, a main peak positioned at 74.2 952 

eV and its shoulder at 77.7 eV. While in the Cu/SBA-15 SiAl 2 sample, the main signal is centered at 75.0 953 

eV with a shoulder at 76.6 eV. 954 

 955 

The gradual shift of the binding energy of the Al 2p peak can be attributed to the following: Aluminium 956 

present in SBA-15 at Si/Al molar ratios 15 and 10 was found prevailingly in a tetrahedral coordination 957 

environment (Figure S5). These species have an asymmetric electron density distribution around the 958 

aluminum nucleus (higher chemical shift value in 27Al-MAS-NMR)[121]. Thus, when Cu species are 959 

introduced, the chemical state of some Al3+ species increases to a higher oxidation state Al3+δ in order to 960 

compensate for the local charge imbalance produced by the Cu species (electrical field gradient generated 961 

by neighboring Cu species)[39, 119, 122]. Meanwhile, at Si/Al < 10 molar ratios, Al species exist on the 962 

SBA-15 surface in an octahedral environment, so the local charge compensation effect is diminished as 963 

there is a symmetric electron density distribution around the aluminum core and hence they have a lower 964 

binding energy. The high binding energy value observed at Si/Al = 15 molar ratio can also be attributed to 965 

a better interaction with the copper species, leading to a decrease in the electron density of the aluminum 966 

ions. 967 

 968 

In summary, the XPS results suggest that the incorporation of progressive amounts of Al leads to the creation 969 

of a new chemical environment in the SBA-15 matrix which electronically perturbs the Cu atoms[120]. The 970 

remarkable change in BE of copper species in the presence of Al in the Cu/SBA-15 SiAl 15 catalyst suggests 971 

a more significant interaction effect between copper and aluminum species. 972 

 973 

Table 5 summarizes the binding energy values for Al, Si, O, and Cu, and the estimated surface Si/Al, Cu/Si, 974 

Cu/Al, and Cu/(Si+Al) atomic ratio compositions from XPS for the samples. The Si/Al surface ratio detected 975 

by XPS decreased by increasing the aluminum loading. The Cu/(Si+Al) surface atomic ratio values (Table 976 

5) suggest a greater amount of copper species on the catalyst surface. The Cu/(Si+Al) ratio becomes larger 977 

the greater the aluminum load. This indicates the enrichment of copper species on the surface of the 978 

catalysts[123]. An implicit reasoning when examining the greater amount of surface copper can be 979 

supported by the degree of agglomeration of the copper species inside the pores of the mesoporous matrix 980 

of SBA-15. The analysis of the programmed thermal reduction of H2 of the catalysts passivated with N2O 981 



(Figure 3(b)) makes explicit the effect of aluminum species loading on the dispersion of copper species. In 982 

this context, the Cu/SBA-15 SiAl 2 catalyst has the lowest dispersion with a value of 26.2% (Table 5). 983 
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Figure 6. (a) Cu 2p core level photoelectron profile and high-resolution XPS spectra of the orbitals (b) Cu 1011 

2p3/2, (c) O 1s, (d) Si 2p, and (e) Al 2p for the catalyst series.  1012 
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Table 4. Binding energies values of the Al 2p, Si 2p, O 1s, and Cu 2p3/2 orbitals. 1015 

Sample 

Binding energy (eV)  

Non-deconvoluted peak 
Deconvoluted 

peak 
  

Al 2p Si 2p O 1s Cu 2p3/2 Cu 2p3/2 Cu LMM 
𝛼𝛼𝐶𝐶𝐶𝐶a 

(Auger) 

Cu/SBA-15 n.d. 103.8 533.0 935.6 935.8 933.3 916.2 1851.8 

Cu/SBA-15 SiAl 15 78.3 103.9 532.9 933.4 935.9 933.5 916.3 1849.7 

Cu/SBA-15 SiAl 10 74.2 103.1 532.5 933.0 935.5 933.0 916.9 1849.9 

Cu/SBA-15 SiAl 2 75.0 103.0 532.2 933.4 935.7 933.3 916.7 1850.0 
a Auger parameter 𝛼𝛼 = binding energy of Cu2p3/2 + kinetic energy of Cu LMM. 1016 

 1017 

 1018 

 1019 

 1020 

Table 5. Surface atomic ratio of different elements and copper dispersion in the copper catalysts. 1021 

Sample 
Surface atomic ratio  N2O /H2-TPR 

Si/Al Cu/Si Cu/Al Cu/(Si+Al)  DCu(%) 

Cu/SBA-15 n.a. 0.666 n.a. n.a.  84.4 

Cu/SBA-15 SiAl 15 64.6 0.022 1.40 0.021  48.7 

Cu/SBA-15 SiAl 10 10.1 0.030 0.30 0.027  51.0 

Cu/SBA-15 SiAl 2 3.2 0.047 0.15 0.036  26.2 

n.a.: not applicable. 1022 
 1023 

 1024 



3.2. Catalytic Performance 1025 

 1026 

3.2.1. Effect of Si/Al molar ratio on glycerol dehydration  1027 

The glycerol conversion profiles as a function of reaction time for this series of catalysts are presented in 1028 

Figure 7(a). A change in the catalytic performance of the catalysts was noted with the variation of the Si/Al 1029 

molar ratio. An initial increase in glycerol conversion was observed after the addition of Al to the support. 1030 

A maximum conversion of 40% was reached with the Cu/SBA-15 SiAl 15 catalyst after 5 h of reaction, 1031 

~10% higher compared to the Cu/SBA-15 catalyst. Subsequently, higher Al loadings in the support led to a 1032 

decrease in the conversion, obtaining the lowest activity of 12% with the sample with the highest Al content 1033 

(Cu/SBA-15 SiAl 2) at 5 h of reaction. 1034 

 1035 

Additionally, the specific initial reaction rate (𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0 ) was determined to rationalize these results using the 1036 

glycerol conversion data during the first 120 minutes of the reaction. Table 6 summarizes the catalytic 1037 

activity of the catalysts in terms of the specific initial reaction rate of glycerol consumption (𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0 ) expressed 1038 

in mols of glycerol converted per mass of catalyst per unit of time. Indeed, the Cu/SBA-15 SiAl 15 catalyst 1039 

presented the higher specific initial rate, with a value of 6.3 × 10−3 molglycerol·gcat
-1·min-1. Then, a decay in 1040 

the 𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0  is noted with the decrease in the Si/Al molar ratio. The Cu/SBA-15 SiAl 2 catalyst showed a 𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0  1041 

value of 1.7 × 10−3 molglycerol·gcat
-1·min-1 because of the high aluminum loading. This means that this 1042 

kinetic parameter increases with a low aluminum load in the sample. 1043 

 1044 

The highest specific initial rate of Cu/SBA-15 SiAl 15 catalyst could be explained by at least two 1045 

complementary effects. The first effect would be related to the acidity of the material, in which the amount 1046 

of acid sites increased as a result of the interaction of the Cu species with the adjacent Al3+ sites. The second 1047 

effect would be related to the nature of the Cu phase which in turn encompasses three aspects: (i) the first 1048 

aspect is the interaction between the Cu species with the intra-network Al species incorporated in the 1049 

support, which was as seen reflected in the decrease in the reducibility of the Cu phase with the increase in 1050 

the Al loading observed both in the H2-TPR tests and in the passivation by N2O-TPR. (ii) The second aspect 1051 

refers to the availability of active copper surface, which decreases with increasing Al loading, as determined 1052 

by the N2O-TPR passivation method. (iii) The third aspect refers to the presence of mononuclear Cuδ+ 1053 

species, which is related to the geometry and coordination of the copper species observed by UV-Vis DRS. 1054 

 1055 

The product distribution profiles and the yield towards HA and 1,2-PDO were compared as a function of 1056 

the reaction time of the series of catalysts (Figure 7(b)–(e)). In general terms, HA was the main product of 1057 



the reaction for all catalysts, with selectivity values greater than 80% during the first minutes of the reaction. 1058 

Likewise, the compounds that were identified in high proportions were 1,2-PDO and pyruvaldehyde, while 1059 

another set of products such as acetone, propionaldehyde, ethylene glycol, 1,4-dioxane, as well as groups 1060 

of alcohols (methanol, 1-propanol, 2-propanol) and acids (propionic acid and acrylic acid) were detected in 1061 

lower proportions. Finally, a series of compounds grouped into ¨Others¨ were observed in the reaction 1062 

mixture but not identified and whose selectivity increases at high reaction times. 1063 

 1064 

The Cu/SBA-15 SiAl 2 catalyst presents marked differences in the products selectivity. At short reaction 1065 

times (< 90 minutes) a noticeable selectivity towards pyruvaldehyde was observed. Subsequently, as the 1066 

reaction time proceeds, longer reaction times (> 90 minutes) result in greater selectivity towards HA and 1067 

1,2-PDO.  1068 

 1069 

Here it is relevant to emphasize the reaction mechanisms proposed in the literature. Two mechanisms have 1070 

been proposed in the transformation of glycerol to 1,2-PDO (Scheme 2)[12, 124]. The first involves a 1071 

dehydration-hydrogenation mechanism, where glycerol is dehydrated to HA and subsequently hydrogenated 1072 

to 1,2-PDO. It is accepted that dehydration proceeds in the acidic sites of the support, while the metal 1073 

promotes the hydrogenation step. In the second mechanism (dehydrogenation-dehydration-hydrogenation) 1074 

glycerol dehydrogenate to glyceraldehyde which is then dehydrated to 2-hydroxyacrolein and its isomer 1075 

pyruvaldehyde. Then 1,2-PDO is formed by the hydrogenation of the pyruvaldehyde. On the other hand, 1076 

direct hydrogenolysis of glycerol is also possible, which leads to the formation of ethylene glycol through 1077 

the cleavage of a C–C bond in a hydrogenation step. However, this route is usually not favored in Cu-based 1078 

catalysts due to its intrinsic ability to selectively break C–O bonds without breaking C–C bonds[125]. 1079 

 1080 

That said, the selectivity profile indicates that the presence of high amounts of Al (Si/Al = 2) favors the 1081 

glycerol dehydrogenation pathway during the first minutes of the reaction and longer times favor the 1082 

dehydration-hydrogenation pathway. This behavior can be explained by two factors present in this catalyst: 1083 

(1) the presence of larger copper domains on the surface facilitates access for glycerol molecules (ensemble 1084 

size), favoring the formation of hydrogen in-situ and glyceraldehyde by dehydrogenation of glycerol in the 1085 

first minutes of the reaction, due to the inert condition of N2 atmosphere. (2) Due to the presence of more 1086 

acid sites, glycerol molecules have a high chance to adsorb on the acid centers and follow a dehydrogenation 1087 

pathway generating HA as an intermediate species[126]. Additionally, a slight increase in selectivity to 1088 

ethylene glycol and alcohols was observed. Thus, the hydrogenolysis route also occurs. 1089 

 1090 



In contrast, the highly dispersed copper with smaller domain sizes located inside the SBA-15 matrix (Si/Al 1091 

> 2 molar ratios) does not seem to be able to facilitate the dehydrogenation of glycerol and the hydrogenation 1092 

of HA to promote the formation of glyceraldehyde and 1,2-PDO, respectively. 1093 

These results suggest that the interaction between the active copper phase and the aluminum-modified 1094 

supports affects the stability of the copper species leading to differences in glycerol transformation 1095 

pathways. 1096 

 1097 

Figure 7(f) shows the distribution of products and the yield towards HA and 1,2-PDO for the Cu/SBA-15 1098 

and Cu/SBA-15 SiAl catalysts at 90 minutes of reaction. A very slight decrease in the selectivity towards 1099 

HA was evidenced with the progressive increase in the Al content, remaining around ~80% for the ratios 1100 

Si/Al = ∞, 15 and 10 (84, 84, and 81% respectively). Nevertheless, this decrease becomes much more 1101 

evident in the material with the highest Al load (~50% selectivity). At the same time, an increase in 1102 

selectivity towards 1,2-PDO was witnessed, indicating that the addition of high amounts of Al promotes the 1103 

breaking of C–O bonds.  1104 

 1105 

Given that at Si/Al ≥ 10 molar ratios the selectivity towards HA remains practically constant, it can be 1106 

inferred that in these catalysts, the dehydration of glycerol is initially preferred over the other parallel and 1107 

consecutive reactions that may involve the catalytic process. While at a Si/Al = 2 molar ratio, other reaction 1108 

routes are favored that lead to the formation of other products. Selectivity towards 1,2-PDO and 1109 

pyruvaldehyde is favored with this Si/Al ratio. This suggests that the Cu/SBA-15 Si/Al 2 catalyst favors a 1110 

pathway involving a glycerol C–O bond cleavage step followed by a hydrogenation step. 1111 

 1112 

In Figures 7(g) and Figure 7(h), the curves expressing the quantity of formation of HA and 1,2-PDO for the 1113 

series of catalysts are presented. The values of the specific initial reaction rate of the formation of HA and 1114 

1,2-PDO are presented in Table 6. 1115 
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Figure 7. (a) Glycerol conversion curves as a function of time. Specific rate calculations with conversion 1166 

data up to 120 min of reaction. Product selectivity and yield towards HA and 1,2-PDO as a function of 1167 

reaction time for catalysts: (b) Cu/SBA-15, (c) Cu/SBA-15 SiAl 15, (d) Cu/SBA-15 SiAl 10, (e) Cu/SBA-1168 

15 SiAl 2. (f) Product distribution and yield to hydroxyacetone obtained at 90 min of reaction for the catalyst 1169 

series. Profiles of quantity of formation of (g) Hydroxyacetone and (h) 1,2-PDO. 1170 

 1171 

 1172 

Table 6. Specific initial reaction rate of glycerol consumption (𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0 ) after 120 minutes of reaction. 1173 

Initial reaction rate of formation of HA (𝑟𝑟𝐻𝐻𝐻𝐻0 ) and 1,2-PDO (𝑟𝑟1,2−𝑃𝑃𝑃𝑃𝑃𝑃
0 ). 1174 

Sample 𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0 × 10−3  
(molglycerol gcat

-1·min-1) 
𝑟𝑟𝐻𝐻𝐻𝐻0 × 10−4 

(molHA gcat
-1·min-1) 

𝑟𝑟1,2−𝑃𝑃𝑃𝑃𝑃𝑃
0 × 10−5 

(mol1,2-PDO·gcat
-1 min-1) 

Cu/SBA-15 3.7 3.88 1.21 
Cu/SBA-15 SiAl 

 
6.3 5.35 1.99 

Cu/SBA-15 SiAl 
 

3.1 3.36 4.68 
Cu/SBA-15 SiAl 2 1.7 0.19 0.39 

 1175 

Considering the reaction pathways described before, it is then inferred that copper can serve as an active 1176 

site for the dehydrogenation/hydrogenation steps as shown in Scheme 2. This gives rise to active hydrogen 1177 

atoms that can participate during the catalytic process given that the reaction conditions are carried out in 1178 

an N2 environment without external H2 supply. This could explain the origin of the formation of 1179 

pyruvaldehyde and 1,2-propanediol. To this point, it is important to report that Yfanti et al.[124] attributed 1180 

the formation of H2 in-situ by reforming in aqueous phase of methanol to the hydrodeoxygenation (HDO) 1181 

of glycerol. They observed that when a 9% v/v aqueous solution of glycerol is used as feed in the absence 1182 

of methanol, the glycerol was converted by almost 88% and 1,2-PDO was identified with a selectivity of 1183 

30.4%. Recently, Gallego et al.[127] have investigated the formation of H2 in-situ in the hydrogenolysis of 1184 
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glycerol with Nb-doped nickel-based catalysts. They indicate that the rate of H2 formation in-situ can match 1185 

the hydrogen demand required for optimal 1,2-PDO production, being more advantageous, rather than 1186 

external H2 feeding, which leads to the formation of over-hydrogenation products. These results imply that 1187 

when glycerol and water are used as feed, a part of the glycerol is consumed, forming hydrogen, and another 1188 

part remains available for HDO reactions. From this, it is concluded that a proper balance between the 1189 

hydrogenation-dehydrogenation and dehydration centers are crucial to achieve better selectivity towards 1190 

1,2-PDO.  1191 

 1192 

Although the degradation of the texture and structure of the materials also has an influence on the catalytic 1193 

performance of these systems, other factors may also have relevance to explain the differences in the 1194 

observed catalytic activity behavior, such as the material acidity and the availability of Cu active sites on 1195 

the surface. 1196 

 1197 

 1198 

 1199 

 1200 

 1201 

 1202 

 1203 

 1204 

 1205 

 1206 

 1207 

 1208 

Scheme 2. Possible reaction pathways of glycerol[125]. 1209 

 1210 

It was found that the sample with molar ratio Si/Al = 15 achieved the highest glycerol conversion and that 1211 

the decrease in the Si/Al ratio resulted in a drop in conversion and selectivity. Thus, acid sites can promote 1212 

the formation of secondary products. This is mirrored in an increase in the distribution of products, as well 1213 

as a greater acidity can lead to the formation of carbon deposits on the catalytic surface, disabling the active 1214 

sites on the surface during the first-time intervals of the reaction, which consequently implies a decrease in 1215 

the conversion (See section 3.3). However, acidity alone is not enough parameter to explain the catalytic 1216 

behavior of these materials in the reaction. The role of the copper phase in the catalytic performance must 1217 
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also be considered. Changes in catalytic behavior must also be covered from the point of view of the role 1218 

played by copper species in the transformation of glycerol. Copper species are relevant due to their 1219 

dehydrating and hydrogenating/dehydrogenating capacity in the conversion of glycerol[124]. From the 1220 

results of TPR of the catalysts previously passivated by N2O (Figure 3(b)), it can be inferred that the 1221 

introduction of Al in SBA-15 can stabilize the Cu particles through a metal-support interaction. In addition, 1222 

the incorporation of Al into the framework of mesoporous silica induces the creation of structural defects, 1223 

which can act as anchoring sites to immobilize the copper particles that are deposited in these domains[85]. 1224 

 1225 

Tentatively, it is possible to state that the introduction of a molar ratio (Si/Al = 15) could favor an optimal 1226 

interaction because the incorporation of Al species in the mesoporous silica network could generate 1227 

structural defects. The FTIR spectra in the OH region after thermal treatment at 150 °C in Ar flow (Figure 1228 

4(b)) indicated a distortion of nests of silanol groups of SBA-15 with the introduction of Al species, which 1229 

would generate structural defects. These defects would act as anchoring sites for copper species through 1230 

generated vacancies, which would allow not only the stability of the copper particles and prevention of their 1231 

sintering but also the promotion of a better electronic transfer between the active copper species and support. 1232 

In this context, it is important to highlight that the Cu/SBA-15 SiAl 15 catalyst presented a majority fraction 1233 

of copper species distributed in a dispersed manner along with the appearance of a minority fraction of 1234 

oligomeric species, as evidenced by the UV-Vis DRS technique (Figure 5). This would indicate stability 1235 

promoted by the strong anchoring of the copper species with the support, particularly for the copper species 1236 

with interaction in adjacent domains with the intra-lattice aluminum species. Likewise, 27Al-MAS-NMR 1237 

(Figure S5) demonstrated the exclusive presence of Al-tetrahedral species incorporated in the support of the 1238 

Cu/SBA-15 SiAl 15 catalyst. It is also conceivable that the XRD analysis (Figure 8(d)) of this post-reaction 1239 

material revealed weak diffractions of copper phases, indicating stability against sintering. The deposition 1240 

of carbonaceous species in the post-reaction material was also dependent on the Al loading. These results 1241 

demonstrate that the variation of Si/Al molar ratio has a remarkable effect on the performance of the Cu/Al-1242 

SBA-15 catalysts. 1243 

 1244 

 1245 



3.3. Characterization of post-reaction catalysts 1246 

 1247 

After the catalytic tests, the solids were recovered by centrifugation from the reaction mixture, washed with 1248 

deionized water, dried, and characterized to obtain more information on their properties and to correlate the 1249 

changes in their properties with the catalytic performance.  1250 

 1251 

The copper chemical composition of the materials recovered after the first test (post-reaction) measured by 1252 

ICP-MS is summarized in Table S1. The results of these analyses revealed a loss of copper species in the 1253 

post-reaction materials suggesting that copper leaching is one of the factors participating in the deactivation 1254 

of the catalysts. For aluminosilicate materials in acidic medium, it is common for a hydrolysis of the Si-O-1255 

Al bonds to occur. These generate extra-network Al species which give rise to octahedral Al species that 1256 

end up suffering leaching more easily than intra-network Al species[128]. 1257 

 1258 

The N2 physisorption isotherms and pore size distribution curves of the post-reaction samples are presented 1259 

respectively in Figure 8(a) and (b). As can be seen, the analyses do not reveal a marked difference in the 1260 

shape of the isotherms compared to the isotherms of the fresh samples, compared with Figure 1(a), showing 1261 

conservation of the hysteresis loops which seems to suggest that the mesostructured character of the SBA-1262 

15 is preserved. 1263 

 1264 

 1265 

 1266 

 1267 

 1268 

 1269 
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 1271 

 1272 

 1273 
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 1278 
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 1294 

 1295 

Figure 8. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of the used catalysts. XRD 1296 

profiles in the range of (c) low-angles and (d) high-angles of post-reaction samples. 1297 

 1298 

 1299 

Figure 8(c) and Figure8(d) show the low-angle and high-angle diffraction patterns, respectively, of the post-1300 

reaction catalysts for comparison purposes. The diffraction patterns in the low-angle region indicate that the 1301 

mesostructured character of SBA-15 is preserved, revealing the characteristic peaks associated with the 1302 

reflections of the crystallographic planes of the hexagonal symmetry of the support. No considerable 1303 

changes in the profiles are evident in relation to the fresh catalysts, except for a slight decrease in the 1304 

intensity of these reflections.  1305 

 1306 

Diffraction patterns at high-angles detected the presence of diffraction peaks. The diffraction peaks with 1307 

angles 2θ at 29.6°, 36.4°, 42.2°, 61.4°, and 73.6° correspond to crystalline phase of cuprite (Cu2O, PDF 05-1308 

0667) while the diffraction signals with angles 2θ at 43.4° and 50.5° correspond to metallic copper (Cu0, 1309 

PDF 04-0836). The diffraction lines of the XRD profiles of the Cu/SBA-15 and Cu/SBA-15 SiAl 2 catalysts 1310 

are associated with the Cu2O cuprite species. This indicates that during the catalytic reaction, copper species 1311 
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agglomerate and undergo oxidation, decreasing the catalytic performance, especially for the Cu/SBA-15 1312 

and Cu/SBA-15 SiAl 2 catalysts. On the other hand, the XRD profiles of the Cu/SBA-15 Si/Al 15 and 1313 

Cu/SBA-15 Si/Al 10 catalysts exhibit weak diffractions characteristic of Cu0. The possible presence of 1314 

metallic Cu and the absence of high intensity peaks in these samples suggest that under these Si/Al molar 1315 

ratios the phase of copper is more stabilized, reaching a lower energy configuration, and maintaining 1316 

dispersion. It should also be noted that the diffraction peaks attributed to Al2O3 were not identified.  1317 

 1318 

It is important to emphasize that through XRD analysis of the post-reaction catalysts (Figure 8(c) and 1319 

Figure8(d)), no notable peak accounting for carbonaceous species was observed, which indicates its 1320 

amorphous nature. In addition, aluminum species can stabilize the Cu particles deposited on the support. 1321 

This stabilization is attributed to the structural defects induced by the incorporation of Al in the SBA-15 1322 

structure. Nevertheless, the formation of Al species segregated to the outside of the SBA-15 structure can 1323 

result in the segregation of Cu species[85]. The copper sintering is more inhibited in the Cu/SBA-15 SiAl 1324 

15 and Cu/SBA-15 SiAl 10 samples.  1325 

 1326 

The data provided in Table S2 demonstrate a change in the textural parameters of the post-reaction samples. 1327 

A decrease in the specific surface area was noted compared with the fresh samples (Table 2), which can be 1328 

attributed to the presence of carbonaceous deposits on the surface once the samples were washed, dried, but 1329 

not calcined. This decrease seems to be less pronounced in the Cu/SBA-15 material compared to the rest of 1330 

the samples containing aluminum. Taking into consideration that the insertion of Al in SBA-15 contributes 1331 

to the modification of the acidic properties of the system, it is reasonable to expect that an increase in the 1332 

concentration of surface acid sites can promote deactivation processes due to the formation of carbonaceous 1333 

deposits on the catalytic surface. This was mirrored in a pronounced decrease in the specific surface area of 1334 

the materials containing aluminum. The same reasoning can explain the decrease in the average pore 1335 

volume, where carbonaceous deposits can block part of the mesoporous network of the material. On the 1336 

other hand, the average pore diameter presented an increase in its values which were more considerable in 1337 

the samples containing aluminum (7.3 - 8.5 nm (Table 2) to 8.6 - 12.6 nm (Table S2) for the fresh and used 1338 

samples, respectively) compared to the sample containing only Si (11.4 (Table 2) to 11.6 nm (Table S2) for 1339 

the fresh and used sample respectively). This can be tentatively attributed to pore melting because of a 1340 

partial collapse of the porous mesostructure of the material. 1341 

 1342 

Temperature-programmed oxidation (TPO) analyses have indicated the presence of carbonaceous species 1343 

accumulated on the surface during the reaction. The formation of carbon deposits reduces the number of 1344 



active sites available on the surface, compromising the catalytic performance. Through the TPO analysis 1345 

(Figure S6), the Cu/SBA-15 SiAl 15 catalyst presented a lower content of deposited carbonaceous species, 1346 

in relation to the other catalysts containing Al. In addition, the Cu/(Si+Al) surface atomic ratio (Table 5) 1347 

suggested a higher fraction of copper atoms exposed on the surface of this catalyst compared to other 1348 

aluminum-containing materials. These factors suggest an optimal interaction between the copper and 1349 

aluminum species for the Cu/SBA-15 SiAl 15 catalyst. However, an excessive load of aluminum species 1350 

could result in a stronger interaction with the Cu species, compromising the reducibility of copper, affecting 1351 

the metal component, and inducing a decrease in the active copper surface. 1352 

 1353 

Figure S6 shows the TPO profiles and Table 7 summarizes the quantification of the total amount of NH3 1354 

desorbed from the fresh catalysts along with the O2 consumption by TPO of the post-reaction catalysts in 1355 

the temperature range between 45-850 °C. A desorption signal is observed in all catalysts within this 1356 

temperature range, revealing the formation of carbonaceous deposits during the reaction. The signal slightly 1357 

increases in intensity and becomes broader as the Al loading in the samples increases, revealing the 1358 

formation of carbonaceous deposits during the reaction (Figure S6). The carbon content must be related to 1359 

the amount of acid sites available on the surface. This trend is consistent with differences in catalytic 1360 

activity, where the increase in the proportion and strength of acid sites favors the dehydration of glycerol as 1361 

well as the generation of secondary products particularly for the Cu/SBA-15 SiAl 2 catalyst. The acidity of 1362 

the catalyst plays an important role not only in its activity and selectivity in the dehydration of glycerol, but 1363 

also in its stability or resistance to deactivation. To substantiate the greatest deposition of carbonaceous 1364 

species on the Cu/SBA-15 SiAl 2 catalyst is important to emphasize that this material presented the greatest 1365 

amount of Brönsted (20 µmol·g-1) and Lewis (121 µmol·g-1) acid centers, as expressed by the FTIR 1366 

spectroscopy data of pyridine adsorption in Table 3. Very strong acid sites, mainly Brönsted acid sites, 1367 

would promote the formation of carbonaceous species inducing the deactivation of the catalyst by pore 1368 

blocking[129]. 1369 

 1370 

 1371 

 1372 

 1373 

 1374 

 1375 

 1376 

 1377 



Table 7. Quantification of NH3 of the fresh material and TPO of the used material. 1378 

Sample 
NH3-TPD 

(μmol·g
-1

) 
TPO 

(μmol·g
-1

) 

Cu/SBA-15 990 51 

Cu/SBA-15 SiAl 15 772 65 

Cu/SBA-15 SiAl 10 764 76 

Cu/SBA-15 SiAl 2 1629 113 
 1379 

Additionally, FTIR transmission spectra of the catalysts were used to evaluate changes in the structure of 1380 

the samples after the reaction (Figure S7). In general terms, the structural integrity of the samples was 1381 

maintained, indicating that it was not affected. It is well known that mesoporous materials of the SBA-15 1382 

type exhibit high hydrothermal stability, which is associated with the wall thickness[33]. Additionally, the 1383 

incorporation of metal heteroatoms also contributes to better stability of the material, which can be attributed 1384 

to the formation of a protective layer due to the deposition of these species on the surface of the mesoporous 1385 

channels[46]. It is worth noting that a weakening is seen in the intensity of the bands corresponding to the 1386 

vibrational modes of stretching the (ν) T–O bond (958 cm-1) and bending of the (δ) Si–O–T bond (T = Si o 1387 

Al) (806 cm-1), in the materials Cu/SBA-15 SiAl 10 and Cu/SBA-15 SiAl 2 in relation to the fresh ones. 1388 

This can possibly be attributed to a redistribution of the heteroatoms in the structure, maybe forming small 1389 

clusters as suggested by the XRD results, which could also explain the decrease in catalytic activity obtained 1390 

with these catalysts. 1391 

 1392 

From these characterization results of the post-reaction catalysts, it is possible to conclude that the structural 1393 

characteristics of SBA-15 in the materials are not strongly affected. However, the diffraction profiles in the 1394 

high-angle range reveal the sintering of copper species due to the appearance of copper oxide (I) and metallic 1395 

copper phases. Sintering of the copper particles during the catalytic test may be one of the factors 1396 

contributing to the deactivation and the observed catalytic activity trend. In fact, the detection of only the 1397 

metallic copper phase in the Cu/SBA-15 SiAl 15 and Cu/SBA-15 SiAl 10 catalysts indicates that the metallic 1398 

copper species remain more stabilized in these samples. On the other hand, for the Cu/SBA-15 and Cu/SBA-1399 

15 SiAl 2 catalysts it is noted that the copper species suffer sintering and partial oxidation, forming Cu2O 1400 

species that are even observed by XRD. A possible reason for the stability of the copper phase presented in 1401 

the Cu/SBA-15 SiAl 15 and Cu/SBA-15 SiAl 10 catalysts can be due to the interaction with the aluminum 1402 

species as suggested by the results of H2-TPR (Figure 3(a)). The structural defects (oxygen vacancy) of the 1403 

support induced by the introduction of Al in the appropriate amount can act as anchoring sites, then reducing 1404 



the mobility of the Cu particles, thus providing a greater number of active metal centers on the surface[85]. 1405 

Then, in the case of the Cu/SBA-15 SiAl 2 catalyst, the highest Al loading fails to inhibit the segregation of 1406 

the copper species, which reduces the number of sites of active Cu, decreasing their contribution to the 1407 

catalytic performance of the reaction. 1408 

 1409 

The TPO results indicated that the carbonaceous species amount accumulated on the catalytic surface is 1410 

directly related to the evolution in the acidity of the materials due to the variation of the Si/Al ratio. 1411 

Therefore, it could be concluded that the gradual decrease in glycerol conversion with Si/Al < 15 molar 1412 

ratios is caused by the loss of active sites due to the accumulation of carbon species in these positions. This 1413 

occurs especially to a greater extent with the sample with the highest Al load, where the greater availability 1414 

of acid centers favors other glycerol transformation pathways that lead to decomposed products. 1415 

 1416 

 1417 

 1418 

 1419 

 1420 



3.4 Recycling 1421 

 1422 

To study the recycle ability and the deactivation behavior of the most active catalyst Cu/SBA-15 SiAl 15 1423 

we carry out the recycle experiments. The procedure is detailed in the Supplementary Material. 1424 

Table 8 presents the results of the ICP-MS analyses of the catalyst recovered after the 3rd cycle. These results 1425 

reveal a notable loss of copper charge after consecutive catalytic tests. 1426 

 1427 

Table 8. Copper content (%wt.), textural and structural properties of the Cu/SBA-15 SiAl 15 fresh, post 1st 1428 

cycle, and post 3rd cycle. 1429 

Sample 
Cu  

(% wt.) 
 

SBET  
(m

2
·g-1) 

VP
a 

(cm
3
·g

-1
) 

𝑑𝑑𝑝𝑝b  
(nm) 

𝑑𝑑100c  
(nm) 

𝑎𝑎0d  
(nm) 

𝑤𝑤e  
(nm) 

Cu/SBA-15 SiAl 15 fresh 5.0 208 0.44 8.5 11.4 13.2 4.7 

Cu/SBA-15 SiAl 15 1st cycle n.d. 103 0.33 12.6 11.4 13.2 4.7 

Cu/SBA-15 SiAl 15 3rd cycle 0.3 2 0.00 2.2 n.d. n.d. n.d. 

Cu/SBA-15 SiAl 15 3rd 
catalytic cycle regenerated 

n.d. 182 0.38 8.4 11.1 12.8 4.4 

a Pore volume calculated at P/P0 = 0.95. b BJH desorption average pore diameter. c Interplanar distance of (100) 1430 

reflection. d Unit cell parameter: �𝑎𝑎0 = 2 × 𝑑𝑑100
√3
�. e Pore wall thickness: 𝑤𝑤 = 𝑎𝑎0 − 𝑑𝑑𝑝𝑝.  1431 

n.d.: not determined. 1432 

 1433 

Figure 9(a) shows the comparison of the results of glycerol conversion in the reusability study between the 1434 

first and the third catalytic test. Glycerol conversion decreased from 42% to 6.4%. Figure 9(b) presents the 1435 

product selectivity that was obtained in the third test. At the first 90 minutes of the reaction, it is observed 1436 

that the selectivity towards HA ranges between 53-65% and the selectivity towards pyruvaldehyde is around 1437 

12%. Then, at longer reaction times, the selectivity towards HA increases reaching values between 67-85% 1438 

while the selectivity towards pyruvaldehyde decreases between 7-0%. Regarding the yield towards HA and 1439 

1,2-PDO, after 180 minutes of reaction with values of 5.7 and 0.5% respectively. The product distribution 1440 

profiles and the yields towards HA and 1,2-PDO between the first and third cycles calculated after 90 1441 

minutes of reaction are shown in Figure 9(c). It can be observed that after the third test, the selectivity 1442 

towards pyruvaldehyde and other products increases while the selectivity towards HA decreases from 84% 1443 

to 61%. An increase in the formation of compounds that were not identified and denoted as “Others” is also 1444 

observed. Likewise, the selectivity of HA and 1,2-PDO decreased drastically in the third reuse. Considering 1445 

the ICP-MS results given in Table 8, this drop in the conversion and the increase in selectivity towards 1446 



pyruvaldehyde and other unidentified compounds indicates that there is a close relationship between the 1447 

catalytic performance with the availability of the copper phase in the catalytic system. The loss in the 1448 

number of copper sites by leaching compromises the catalytic performance. At this condition, glycerol reacts 1449 

via dehydration to form HA as an intermediate species and then this intermediate is dehydrogenated towards 1450 

pyruvaldehyde in the few available copper metal centers. 1451 

 1452 

 1453 

 1454 

 1455 

 1456 

 1457 

 1458 

 1459 

 1460 

 1461 

 1462 

 1463 

 1464 

 1465 

 1466 

Figure 9. Reusability of the Cu/SBA-15 SiAl 15 catalyst. (a) Comparison in the glycerol conversion 1467 

between the 1st and 3rd catalytic cycle. (b) Selectivity and performance profile towards HA and 1,2-PDO as 1468 

a function of the reaction time obtained in the 3rd catalytic cycle. (c) Comparison of the distribution of 1469 

products and yield towards HA and 1,2-PDO calculated after 90 minutes of reaction between the 1st and 3rd 1470 

cycle with the Cu/SBA-15 SiAl 15 catalyst.  1471 

 1472 

The spent material recovered at the end of the third cycle was characterized by physisorption, XRD and 1473 

FTIR. For comparative purposes, the properties of this material recovered after the 3rd cycle were compared 1474 

with the fresh original catalyst and with the spent catalyst recovered after the 1st cycle. The characterization 1475 

of this group of materials by the aforementioned techniques are presented in Figure 10. Table 8 also 1476 

summarizes the structural and textural properties of these samples. Figure 10(a) and (b) shows the N2 1477 

adsorption-desorption isotherms and pore size distribution of the fresh and spent Cu/SBA-15 SiAl 15 1478 

catalyst from the 1st cycle and 3rd cycle. The change of textural properties of Cu/SBA-15 SiAl 15 material 1479 
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was noticeable after the first catalytic test since a decrease in both, specific surface area and pore volume 1480 

(208 to 103 m
2
·g-1 and 0.44 to 0.33 cm

3
·g-1 respectively) and an increase in the pore diameter (8.5 to 12.6 1481 

nm). It could be consequence of the retention of the organic moieties on the surface of the catalyst. Whereas 1482 

the used material of the 3rd cycle was not able to adsorb N2. Once this last material is regenerated by a 1483 

calcination step, it seems to recover part of the original textural properties of the fresh material. These 1484 

differences observed between the spent materials and the material that was regenerated from the calcination 1485 

stage seems to suggest that there exists the formation of carbonaceous deposits on the surface that are 1486 

released during the calcination stage. This could be supported by the FTIR results shown below.  1487 

Structural compromise is observed in the organization of the SBA-15 after the third reaction cycle since the 1488 

characteristic reflections to the hexagonal symmetry planes of the SBA-15 system were hardly detected in 1489 

the region of the low-angle interval (Figure 10(c)). Meanwhile, in the high-angle range (Figure 10(d)), it 1490 

was observed that after the 1st cycle, the copper phase undergoes a slight agglomeration due to the presence 1491 

of a weak signal corresponding to Cu0. On the other hand, in the material recovered after the 3rd cycle, no 1492 

diffraction signals corresponding to copper or alumina phases were identified, only the presence of the broad 1493 

diffraction peak corresponding to amorphous silica was observed. This result, complemented by the ICP-1494 

MS results, suggests that Cu undergoes re-dispersion, possibly due to the calcination and reduction 1495 

activation processes that induce the mobility of the copper particles, losing the interaction with the support, 1496 

and being more susceptible to leaching. Figure 10(e) shows, for comparison purposes, the FTIR spectra in 1497 

the 360-4000 cm-1 region of the Cu/SBA-15 SiAl 15 catalyst recovered from the 1st and 3rd cycle, and 1498 

additionally of the material recovered from the 3rd cycle that was regenerated by calcination. In the spectrum 1499 

of the material recovered after the 3rd cycle, marked bands were observed at 2941 and 2882 cm-1 1500 

corresponding to the stretching vibration of C-H bonds of the carbon type sp3 hybridization. The band at 1501 

1639 cm-1 corresponds to the stretching vibration of a C=C bond, while the bands between 1410-1460 cm-1 1502 

correspond to the bending vibrations of C-H bonds associated with aromatic compounds. These bands 1503 

disappear after regenerating the material by a calcination step and show that the reaction follows a 1504 

polycondensation and/or cyclization pathway which can be formed by the presence of a greater fraction of 1505 

the active surface centers as acidic centers rather than metallic copper centers. The presence of a greater 1506 

proportion of copper metal centers would help to stabilize the evolution of the reaction due to its 1507 

dehydrogenating/hydrogenating capacity, ceasing condensation routes and preventing the formation of large 1508 

amounts of heavy compounds and carbon deposits on the catalyst. 1509 
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Figure 10. (a) N2 adsorption-desorption isotherms. (b) Pore size distribution. (c) XRD profiles in the range 1539 

of low-angles and (d) high-angles. (e) FTIR spectra of the material fresh and recovered from the 1st and 3rd 1540 

cycle and of the material regenerated by calcination after the 3rd cycle of the Cu/SBA-15 SiAl 15 catalyst. 1541 
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From these results, it can be deduced that the loss of catalytic activity observed in the catalytic tests can be 1545 

attributed to the combination of two effects. (i) On the one hand, the effect of the catalyst activation 1546 

treatment (ex-situ reduction) used after each recycling intervenes, which can weaken the interaction of the 1547 

copper species with the support, making the copper phase susceptible to undergo leaching after each 1548 

catalytic process. Furthermore, the reaction in the aqueous medium also affects the stability of the structure. 1549 

This is corroborated by the weakening of the reflections associated with the plane’s symmetry of SBA-15 1550 

observed by XRD patterns in the low-angle range. (ii) Catalytic deactivation as a consequence of the 1551 

formation of carbonaceous species during the catalytic reaction that was evidenced by the FTIR spectrum 1552 

of the post-3rd cycling material (Figure 10(e)).  1553 

 1554 

Therefore, due to the thermal treatments applied to regenerate the catalyst, a decrease in the mobility of the 1555 

copper species may occur, losing the established interaction with the support and a loss of the copper phase 1556 

through leaching may easily occur in each consecutive catalytic process. This decrease implies that there is 1557 

a greater proportion of acidic centers instead of metallic ones present on the surface after the reaction tests, 1558 

which may lead to the conversion of glycerol being carried out through polycondensation pathways that 1559 

generate secondary products and, in the end, a more severe deposition of carbonaceous species on the 1560 

surface. 1561 

 1562 

 1563 

 1564 

 1565 



4. Insights into catalytic performance 1566 

According to the set of characterization and catalytic activity results, the catalysts prepared by the pH- 1567 

adjusting method and the ammonia evaporation method present high-performance activity in the 1568 

dehydration of glycerol towards hydroxyacetone in the absence of a reducing atmosphere. The catalytic 1569 

activity exhibited by these catalysts is the result of the insertion of Al species (modification of the Si/Al 1570 

molar ratio) in the SBA-15 structure that regulates different parameters of the system. The variation of the 1571 

Si/Al molar ratio developed a strong influence on the regulation of acid sites, structure defects, 1572 

agglomeration of Cu and Al species, reducibility of catalysts, and formation of carbon deposits during 1573 

catalytic activity. 1574 

The proper quantity of Lewis acid sites corroborated the rationalization proposed with respect to the change 1575 

observed in the catalytic activity, distribution of products, and deposition of post-reaction carbonaceous 1576 

species. The conversion of glycerol and the selectivity towards the products were dependent on the acidity. 1577 

The role of the Lewis acid sites determined by Py-FTIR spectroscopy is very clearly seen when the data on 1578 

the specific initial rate of glycerol consumption (𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0 ) expressed in molglycerol·gcat
-1·min-1 are represented in 1579 

a graph as a function of the amount of Lewis acid sites expressed in terms of µmol·gcat
-1 as indicated in 1580 

Figure 11(a). There is a close correlation between 𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0  with the number of Lewis acid sites. A maximum in 1581 

𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0  was observed for the Cu/SBA-15 SiAl 15 catalyst. On the other hand, the effect of acidity on the 𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0  1582 

resulted in a significant inhibition, particularly for the Cu/SBA-15 SiAl 2 catalyst which presented a lower 1583 

𝑟𝑟𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔0  with the value of 1.7×10-3 molglycerol·gcat
-1·min-1 (Table 6). Furthermore, the Cu/SBA-15 SiAl 2 catalyst 1584 

presented the greatest amount of Lewis acid sites with the value of 121 µmol·gcat
-1 along with a greater 1585 

amount of Brönsted acid sites with the value of 20 µmol·gcat
-1 (Table 3) compared to the other catalysts. For 1586 

this catalyst, the cleavage of C–O bonds together with the hydrogenation step for the formation of 1587 

pyruvaldehyde and 1,2-PDO prevailed. Likewise, other unidentified products were observed in a greater 1588 

proportion. The higher availability of acidic sites led to the formation of side products in the glycerol 1589 

dehydration reaction. Thus, the Lewis and Brönsted acid sites have a regulatory role in the carbonaceous 1590 

species amount deposited in the catalyst which inhibits the initial rate of glycerol consumption (Figure 1591 

11(b)). Likewise, the high Al load produced a change in the textural and structural properties of the Cu/SBA-1592 

15 SiAl 2 material, which would generate the greatest accumulation of carbonaceous species, especially in 1593 

the domains occupied by Cu species interacting with extra-network Al species in the outermost layers of 1594 

the pores of the SBA-15. This would justify the unsaturated carbon functional groups identified by FTIR 1595 

shown above in Figure 10(e). 1596 

 1597 
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 1623 

Figure 11. Dependence of the initial rate of glycerol consumption on: (a) Total amount of Lewis acid sites. 1624 

(b) Total amount of carbonaceous species deposited on the post-reaction catalyst. (c) Edge energies 1625 

determined by UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) and (d) surface amount of copper 1626 

determined by X-ray photoelectron spectroscopy (XPS). (e) Correlation between the initial rate of glycerol 1627 

consumption with Al/Si surface ratio and (f) Cu/(Si+Al) surface ratio on the catalysts determined by XPS. 1628 
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All catalysts containing Al species (Cu/SBA-15 SiAl 15, Cu/SBA-15 SiAl 10, and Cu/SBA-15 SiAl 2) 1630 

presented a greater amount of carbonaceous species than that detected for the Cu/SBA-15 catalyst by TPO 1631 

analysis (Table 7). Deposits of carbonaceous species are formed mainly in the acidic sites of the catalyst 1632 

through secondary reactions. In the case of the glycerol dehydration reaction, it has been confirmed that the 1633 

carbonaceous compounds responsible for the deactivation of the catalyst are mainly formed by byproducts 1634 

of polycondensation and cyclization reactions of glycerol, forming polyglycols and/or polyaromatics, 1635 

depending on the conditions of reaction and the physicochemical properties of the catalyst[42]. It is inferred 1636 

that, together with the acidic centers, copper species also play an important regulatory role in both the 1637 

catalytic activity and the observed selectivity. 1638 

 1639 

A correlation between the initial reaction rate and the edge energies of the catalysts determined by UV-Vis 1640 

diffuse reflectance spectroscopy (UV-Vis DRS) is presented in Figure 11(c). This effect is particularly 1641 

notable for the Cu/SBA-15 SiAl 15 catalyst. As indicated above, for the Cu/SBA-15 SiAl 15 catalyst the Al 1642 

species were incorporated at intra-lattice localities in the SBA-15 structure, forming an anchoring and a 1643 

highly dispersed state of the copper species as a result of the structural vacancies generated by the 1644 

perturbation of the nests of silanol groups upon the introduction of Al species as evidenced by the FTIR-1645 

OH analysis (Figure 4(b)). Similarly, complementing the UV-Vis DRS results with the XPS results of the 1646 

Cu/SBA-15 SiAl 15, Cu/SBA-15 SiAl 10, and Cu/SBA-15 SiAl 2 catalysts, the surface composition of the 1647 

materials and the amount of surface copper species enhanced the initial rate of glycerol consumption as 1648 

shown in Figure 11(d). 1649 

 1650 

Consequently, and by reasoning similar to the above, the total amount of acid sites expressed in terms of 1651 

the Al/Si surface ratio in the catalysts (Figure 11(e)) and the Cu/(Al+Si) ratio (Figure 11(f)) in the Cu/SBA-1652 

15 SiAl 15, Cu/SBA-15 SiAl 10 and Cu/SBA-15 SiAl 2  catalysts demonstrate that both the surface acidity 1653 

and the surface amount of copper play a determining role in the performance observed for hydroxyacetone. 1654 

The highest performance towards HA observed for the Cu/SBA-15 SiAl 15 catalyst can be directly 1655 

correlated with the amount of Lewis acid sites along with a highly dispersed state of the copper species as 1656 

evidenced by the UV-Vis DRS analyses. Complementary to these aspects and in particular for the Cu/SBA-1657 

15 SiAl 15 catalyst, the possible stabilization of Cu+ species in the structural defects would be added. These 1658 

copper ions would act as an electron acceptor and provide Lewis acid centers. In this regard, a decrease in 1659 

the concentration of Brönsted acid sites was evidenced with the introduction of copper species (Table 3) 1660 

through the results of Py-FTIR spectroscopy. This could be due to the transformation of the Brönsted acid 1661 

sites to Lewis acid sites due to the interaction of the copper species with the surface of the mesoporous 1662 



silicon support, whether or not containing aluminum species. Therefore, it is tentatively possible to propose 1663 

that the dehydration of glycerol necessarily requires the presence of copper species and Lewis acid sites. 1664 

However, sites constituted by Cu2+ species could not be directly responsible for the observed dehydration 1665 

since the catalyst in its initial calcined condition did not present activity as confirmed by the experimental 1666 

results obtained in the present work. Other descriptors such as textural, structural, acidity, and surface 1667 

properties of the copper-based catalysts must also be considered as discussed above. 1668 

 1669 



5. Conclusions  1670 

Cu/Al-SBA-15 mesoporous catalysts have been found highly selective to the formation of HA for the 1671 

catalytic dehydration in the liquid phase of glycerol at high concentration and in an inert N2 atmosphere. 1672 

Al was incorporated during the synthesis of the SBA-15 support by the pH-adjustment method, while Cu 1673 

was introduced by the ammonia evaporation method. The results show that the Si/Al molar ratio of the 1674 

supports has a significant impact on the properties and catalytic performance of the catalysts. 1675 

 1676 

The incorporation of Al species in the structure of mesoporous silica SBA-15 generated changes in the 1677 

textural, structural, acidity, and surface properties of the copper-based catalysts. A change in the 1678 

morphology and deterioration in both uniformity and long-range structural organization of SBA-15 was 1679 

observed with increasing the amount of Al in the material. Furthermore, the acidic properties were modified 1680 

by the Al loading, affecting glycerol conversion and product distribution.  1681 

 1682 

Moreover, it was found that the coordination environment of the Al species intervened in the anchoring of 1683 

the copper species in the material, by creating structural defects as suggested by the distortion of the silanol 1684 

nests observed with the incorporation of Al in the material. The interaction of Cu species with Al species 1685 

produced a decrease in the reducibility of the copper phase according to the measurements by H2-TPR and 1686 

passivation by N2O coupled to TPR. In turn, the presence of mononuclear and oligonuclear Cuδ+ 1687 

conglomerates species, which is related to their coordination environment and their position in the 1688 

mesoporous network, was dependent on the variation of the Si/Al molar ratio. 1689 

  1690 

Catalytic tests showed that hydroxyacetone (HA) was the main product in the catalytic dehydration of 1691 

glycerol over Cu/SBA-15 and Cu/SBA-15 SiAl catalysts. Other products such as 1,2-PDO and 1692 

pyruvaldehyde were also obtained in high proportions. The higher catalytic activity and the higher yield 1693 

towards HA observed on the Cu/SBA-15 SiAl 15 catalyst were attributed to a braided interlinking of the 1694 

copper catalyst properties such as acidity, stability, and interaction effects between Cu species with intra-1695 

network Al species and the size domains of Cu species. These factors resulted in the prominent catalytic 1696 

performance which is explained as follows: i) that there is no excess in the concentration of acid sites that 1697 

end up driving the reaction through oligomerization/condensation pathways with the formation of carbon 1698 

deposits and ii) the structural defects generated by the intra-network Al species isomorphically introduced 1699 

into the SBA-15 matrix that promotes an electronic transfer effect from the metal to the support and greater 1700 

stability of the copper species, which are present in the form of small domains. 1701 



However, an excessive concentration of Al loading decreased the catalytic activity and the distribution of 1702 

products due to the formation of carbon deposits and the high availability of acid sites that promoted the 1703 

formation of byproducts through secondary reactions. The formation of oligonuclear copper conglomerates 1704 

was more favored due to the high aluminum loading induced a distortion of the SBA-15 silanol network 1705 

while preserving the mesoporous structure along with the introduction of acidity. In addition, the Cu/SBA-1706 

15 SiAl 2 catalyst led to improved selectivity toward 1,2-PDO. This distinctive behavior, which was 1707 

observed in the absence of externally added hydrogen, can be ascribed to the size of the copper species 1708 

domains available to dehydrogenate glycerol to form H2 in-situ in conjunction with the high amount of 1709 

surface acid sites that promote the dehydration of glycerol to HA. 1710 

 1711 

The stability of the Cu/SBA-15 SiAl 15 catalyst was evaluated in a series of 3 cycles. The characterization 1712 

results of the catalyst after the third test suggest that the loss of catalytic activity was a result of the 1713 

deposition of carbonaceous species, the structural changes of the material and leaching of the copper phase. 1714 

 1715 

 1716 

 1717 
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