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Abstract: Mesoporous aluminosilicate nanofibers (mASNF) were 

prepared using hard and soft dual templates approach. The 

mesoporous material was fully characterized and its acidic nature was 

confirmed by FTIR spectroscopy of pyridine adsorption and 27Al/29Si 

solid state NMR. Thanks to the incorporated aluminum atoms, the 

acidic material showed high hydrothermal stability which is an 

essential property for biomass conversion applications. The catalytic 

performance of Pd supported on mASNF for hydrodeoxygenation 

(HDO) of lignin model compound was also investigated. A complete 

conversion and a high selectivity towards cyclohexane (up to 95%) 

starting from phenol were achieved with this bifunctional catalyst. In 

comparison, no cyclohexane has been produced with a non-acidic 

material which underlines the importance of acidic sites in HDO 

process selectivity control. Moreover, the catalyst can be recycled 

without losing its initial structure. 

Introduction 

The current shift from non-renewable first generation fossil fuels 

(coal, petroleum and natural gas) to sustainable alternatives has 

attracted global attention. Second generation fuels involving 

edible feedstocks such as corn lead unfortunately to fuel/food 

industries competition which is not acceptable. Third generation 

fuels based on non-edible biomass renewable sources 

(lignocellulosic biomass, vegetable oils…) represent therefore an 

attractive option[1–3]. Before its use as biofuel, biomass is firstly 

converted into bio-oil via biochemical (fermentation, anaerobic 

digestion…) and thermochemical (gasification, liquefaction, 

pyrolysis…) processes[4,5]. These bio-oils are usually presented 

as dark brown organic liquids containing a high amount of 

oxygenated compounds. Although bio-oils could be considered as 

an alternative to petroleum-based sources, unfavorable 

characteristics such as high viscosity, thermal instability, and 

easiness of repolymerization make their use as fuel very 

constraining. Upgrading of bio-oils is therefore an unavoidable 

step in the biofuel production[6]. Two main catalytic routes are 

well-known to remove partially or totally oxygen atoms in bio-oils: 

catalytic cracking and catalytic hydrotreating. Catalytic cracking is 

a thermal conversion method (>350 °C). This process is a cost-

effective upgrading method because it proceeds at atmospheric 

pressure without any additional reactive gas. Nevertheless, some 

drawbacks like poor hydrocarbons yield, coking and high content 

of phenolic compounds in the obtained biofuel make this 

approach non optimal. Catalytic hydrotreating is a modified 

catalytic cracking method using hydrogen high pressure to 

remove sulfur, oxygen and nitrogen[7]. In the past, this catalytic 

route received little attention as petroleum contains only 1.8 wt% 

sulfur and 0.1 wt% oxygen. Since bio-oils obtained from 

biomass contain up to 35 wt% oxygen, hydrodeoxygenation 

process (HDO) and the development of novel catalysts gained 

considerable importance in the last few years.  

 

The traditional industrial catalysts used for petroleum 

hydrodesulfurization and hydrodenitrogenation are sulfided 

CoMo- and NiMo-based catalysts[8,9]. These catalysts have 

been naturally applied in HDO of bio-oils. However, they are 

unstable in HDO conditions and suffer from desulfurization with 

time leading to sulfur enrichment of the product and catalyst 

deactivation[10]. To overcome this drawback, HDO catalysis has 

been recently oriented towards noble metal catalysts[11–26] which 

are very effective to activate and cleave hydrogen molecules[12]. 

It is well known that the support materials have also a significant 
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impact on the catalyst activity in HDO reactions[27–29]. This is due 

to the fact that HDO requires acid sites as well as active 

hydrogenation sites. The appropriate support acidity is essential 

to ensure good performance in hydrodeoxygenation of high 

oxygen content compounds. Among all heterogeneous catalysis 

supports, zeolites seem to be good candidate for hydroprocessing 

reactions due to their large surface area, high 

thermal/hydrothermal robustness and strong acidity (Lewis and 

Brönsted acid sites). However, their microporous framework is a 

characteristic limiting their use in reactions implying molecules 

larger than the zeolite’s pore size. For instance, Zeng et al. have 

shown that the micropore size of zeolites do not allow full access 

to Brönsted strong acid sites resulting in low activity for 

deoxygenation reactions[30]. Mesoporous molecular materials 

(M41S) have been widely applied in many research areas thanks 

to their large specific surface area and their narrow pore size 

distribution in the mesoporous range. Unfortunately, ordered 

mesoporous materials present poor hydrothermal stability[31]. 

Hydrothermal conditions are frequently applied during biomass 

conversion making M41S materials unsuitable for this kind of 

application. A particular attention has thus been devoted to the 

production of mesoporous materials with high specific surface 

area, well-defined pore structure, high hydrothermal stability and 

strong acidity. It is well known that tetrahedrally coordinated 

trivalent aluminum atoms confer Brönsted and Lewis acidity and 

improve the hydrothermal stability of mesoporous silica 

materials[32]. Various routes have therefore been developed to 

incorporate aluminum atoms in M41S frameworks such as direct 

synthesis with two precursors (Si and Al)[33–36] or post-synthesis 

grafting[37,38]. Nevertheless, the hydrolysis and condensation rates 

of silica and aluminum precursors being quite different, the 

synthesis of mesoporous aluminosilicate with low Si/Al ratio is still 

challenging. 

 

In this context, we propose a methodology based on the coverage 

of carbon nanofibers (CNF), used as ‘hard’ templates, by a 

mesoporous aluminosilicate layer using a single source Al/Si 

molecular precursor, namely bis(sec-

butoxy)aluminoxytriethoxysilane [(sec-BuO)2AlOSi(OEt)3][39]. This 

methodology allows producing mesoporous aluminosilicate 

nanofibers (mASNF) with a low Si/Al ratio and with a high specific 

surface area. The mesoporosity is conferred by ‘soft’ templating 

approached and the carbon core is calcined to liberate the inner 

cavity and increased accessibility to all acidic sites in the 

nanostructured material. After palladium nanoparticles deposition 

and detailed characterization, the bifunctional catalyst obtained 

(Pd/mASNF) will be tested for the HDO of phenol, a model-

compound representative of lignin-derived chemicals. Indeed, the 

valorization of lignin by converting it into fuels[2,11,40,41] (via HDO of 

phenolic monomers) and/or chemicals is an economic priority 

within a sustainable processes framework[42,43]. The present study 

is focused on the selective conversion of phenol into a less 

corrosive and higher heating value product: cyclohexane. 

Moreover, the hydrothermal stability of our material will also be 

investigated because it is a crucial property for catalysts applied 

to biomass conversions in aqueous media. 

 

 

 

Results and Discussion 

In this work, mesoporous aluminosilicate nanofibers have been 

prepared by hard and soft dual template approach (Scheme 1). In 

the first step of acidic material preparation, the hard template 

(carbonaceous nanofibers CNF) was covered by an 

aluminosilicate layer. Ionic surfactant CTAB (in blue) was used as 

soft template to create the mesoporosity in the layer. After a 

calcination step to remove both the carbon core and the soft 

surfactant, mesoporous aluminoslicate nanofibers were obtained, 

that present an empty core. These have been fully characterized 

as described in the following sections.  

 
 
Scheme 1. mASNF preparation by hard (black) and soft (blue) dual template 
approach. 

 
The XPS atomic percentages of C1s, O1s, N1s, Si2p, and Al2p 

after each synthesis step are given in Table 1. As expected, the 

starting CNF support exhibits a high level of oxygen which 

increases after anchoring of APTES moiety. Similarly, the atomic 

percentages of silicon and nitrogen increase in CNF-APTES, 

corroborating the amide bond formation at the CNF surface during 

the first step. The coverage of CNF by the mesoporous 

aluminosilicate layer (CNF@mAS) is confirmed by the drop in 

carbon atomic percentage which is inversely proportional to the 

raise of oxygen atomic percentage. Moreover we have observed 

the emergence of silicon and aluminum peaks with a high Si/Al 

atomic ratio of 1.2. This is attributed to the use of a single 

molecular precursor (sec-BuO)2AlOSi(OEt)3 (BATEOS) 

presenting both Al and Si in close contact. Very few 

aluminosilicate materials synthesized from this mixed precursor 

have been reported in literature. More importantly, no material 

with tubular mesoporous morphology has ever been synthesized 

from it. Li et al. synthetized mesoporous aluminosilicate materials 

with Si/Al ratios from 1.0 to 10 by using the single molecular 

precursor BATEOS[39]. In their paper, aluminum elemental 

analysis showed that the content of aluminum in the final 

materials is almost the same as in the initial gel mixture. Shortly 

after, Su et al. prepared mesoporous aluminosilicates with the 

same precursor [44]. Low Si/Al ratios of 1.2 and 1.9 were obtained 

which is close to the desired value of 1. These results prove that 

aluminum can be stoichiometrically incorporated into a 

mesoporous silica matrix by using the BATEOS precursor. To the 

best of our knowledge, very few studies have successfully 

prepared stable mesoporous materials with a low Si/Al ratio from 

distinguished silica and alumina sources. One well-known 

example is the work of Amoros et al.[45]. In this case, aluminum-

rich mesoporous materials of the MCM-41 type have been 

synthesized using Al(OBu)3 and TEOS precursors in the presence 

of triethanolamine. However, the obtained materials present a 

small pore size which makes interchannel transportation of guest 

molecules ineffective. In our case, the Si/Al ratio is slightly higher 
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than the expected value of 1 due to the presence of silicon in 

APTES moiety. After calcination of carbonaceous support in the 

core under air at 800 °C we noticed the persistence of N1s and 

C1s peaks. Nevertheless, the carbon/nitrogen atomic percentage 

has strongly diminished (Table 1) meaning that both the hard and 

soft templates have been removed and the mesoporous 

aluminosilicate nanofibers (mASNF) produced are quite pure. 

This result has been confirmed by elemental analysis by ICP. As 

shown in Table 2 the weight percentage of nitrogen and carbon in 

mASNF sample are below 0.1 %. The ca. 7 % carbon detected by 

XPS on the surface (but not in such high amount in the bulk by 

ICP) are the unavoidable contamination by adventitious carbon. 

Moreover, the Si/Al ratio is unchanged after the calcination step 

(visible by XPS in Table 1 and elemental analysis in Table 2) 

reflecting the high thermal stability of our material. As expected, 

we also observed lower O/Si and O/Al ratios after calcination due 

to the removal of oxygen from hard CNF template. Another 

calcination temperature (600 °C) and longer duration time (48 h) 

have been tested. The XPS results obtained are very similar to 

those for the materials after the 800 °C treatment (Table S1). 

Therefore, the chosen optimal protocol is the calcination step at 

800 °C for 24 h. 

  

Table 1. XPS analyses of mASNF material and bifunctional catalysts (in 

atomic percentage) after each synthesis step. 

 CNF CNF-

APTES 

CNF@mA

S 

mASNF 

800 °C 

24h 

Pd/mASN

F (2 wt.%) 

C1s 94.61 88.45 35.04 7.05 7.30 

O1s 5.28 7.83 46.76 60.64 63.38 

N1s 0.07 1.31 1.25 0.44 0.20 

Cl2p 0.04 0.34 / / 0.07 

Si2p / 2.07 9.17 17.52 15.81 

Al2p / / 7.77 14.35 13.16 

Pd3d / / / / 0.08 

Si/Al / / 1.2 1.2 1.2 

    

Table 2. Elemental analysis by ICP of mASNF and bifunctional catalyst 

(wt.%). 

 C H N Si Al Pd Si/Al 

(mola

r 

ratio) 

mASNF <0.1

0 

<0.10 <0.1

0 

22.20 18.71 / 1.1 

Pd/mASN

F 

0.12 0.82 <0.1

0 

22.06 18.50 2.0

2 

1.2 

 
Transmission electron microscopy (TEM) images of CNF (a), 

CNF@mAS (b) and mASNF (c) are reported in Figure 1. As can 

be seen, an aluminosilicate layer has been uniformly deposited 

around the carbon nanofibers support (Figure 1b). Despite the 

layer thickness is quite constant all along the wall of one carbon 

nanofiber, it varies from one nanofiber to another. This can be 

explained by the fact that the starting CNFs have different 

diameters and surface structures which could affect the 

aluminosilicate deposition (Figure S1 in Electronic Supplementary 

Information, ESI).  

 

It is also well known that the hydrolysis/condensation reaction 

rates are very different for alumina and silica precursors leading 

potentially to domains richer in silicon or aluminum during the 

aluminosilicate production. In order to confirm that the 

aluminosilicate layer composition is homogeneous for each 

covered carbon nanofiber, EDX-SEM analyses have been 

performed on CNF@mAS sample at seven different positions on 

different fibers (Figure S2). As shown in the ESI the atomic 

percentages of C, O, Al and Si are quite different from spot to spot, 

due to the difference in layer thickness. Nevertheless the Si/Al 

ratios obtained at each position are very similar with a mean value 

of 1.12 ± 0.05, meaning that the aluminosilicate composition is the 

same for the entire sample. This result clearly proves that the use 

of BATEOS as single molecular precursor allows the deposition 

of a homogeneous aluminosilicate layer.  After the calcination 

step at 800 °C under air we noticed that the mASNF material 

(Figure 1c) maintained the carbon nanofibers tubular morphology 

and displayed a high degree of porosity (see also N2 physisorption 

analyses below). Moreover, we also observe the total elimination 

of CNF template after the calcination step, which agrees closely 

with the XPS results. 

 

 

 

 

 

 

 

 

 

 
Figure 1. TEM micrographs of (a) starting CNF (b) CNF@mAS and (c) mASNF 

(calcined at 800 °C). 

 

Figure 2a displays the nitrogen adsorption-desorption isotherms 

and pore size distributions obtained by the BJH method for CNF 

(dashed line), CNF@mAS (dotted line) and mASNF (solid line). 

The isotherm obtained for CNF is characteristic of a non-porous 

material with a low specific surface area of 26 m²/g. The 

CNF@mAS and mASNF samples exhibit a type IV curve with H2 

hysteresis loop which is typical of wormhole-like structure of MSU-

type materials[39]. The specific surface areas developed by both 

materials are respectively 302 m²/g and 425 m²/g with uniform 

pore size distributions focused at 3.8 nm (Figure 2b). The Si-O 

and Al-O bond lengths being different, a multimodal pore size 

distribution should be observed in the case of a non-homogenous 

aluminosilicate layer. Therefore this pore size distribution 

confirms the homogeneity in composition deduced from EDX-

SEM analyses. After the combustion of carbon nanofibers 

template, the increase in specific surface area is due to a 

combination of factors: surfactant removal, gain of nanofiber 

internal surface, release of pores connected to the nanofiber 
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center and nanofibers opening. As we can also observe there is 

no substantial change in the curves shape and in the pore size 

distribution after calcination at 800 °C (Figure 2a). This means 

that the mesoporous aluminosilicate nanofibers have retained the 

same structure as before the calcination. These results are 

therefore consistent with the TEM micrographs. 
 

 
Figure 2. (a) nitrogen adsorption-desorption isotherms at 77 K and (b) pore size 

distribution obtained by the Barrett-Joyner-Halenda method for (---) CNF, (...) 
CNF@mAS and (─) calcined material mASNF. 

 

To evaluate the type of acidic sites in mASNF, FTIR spectroscopy 

of pyridine adsorption was carried out on the as-obtained material. 

The characteristic bands of pyridine appear in the FT-IR spectrum 

in the range of 1400-1700 cm-1. Figure S3 in ESI shows the 

spectrum of pyridine adsorbed on mASNF treated at 150 °C. As 

expected the sample gives bands attributed to pyridine adsorbed 

on Brönsted acid sites (1547 and 1639 cm-1), on Lewis acid sites 

(1456 and 1622 cm-1) and a band at 1491 cm-1 corresponding to 

both Lewis and Brönsted acid sites. The concentration of Lewis 

and Brönsted acid sites and the ratio L/B have been calculated 

(Table S2) as reported in literature[46]. As expected the 

incorporation of aluminium atoms in the silica framework confers 

acidity to the material: 0.73 mmol/g total acidity, for 0.47 mmol/g 

Brönsted acid sites and 0.26 mmol/g Lewis acid sites. The acid 

sites concentration is comparable to that reported in the study 

using the same precursor[39]. Nevertheless, the ratio of Lewis acid 

sites versus Brönsted acid sites (L/B ratio) is quite different with a 

much higher Brönsted acidity in our case. Incorporation of 

Aluminum also has a notable impact on the mesoscopic ordering 

of mesoporous silica materials[39,46]. As shown in the X-ray 

diffractograms (Figure S4) mASNF exhibits a broader diffraction 

peak at low 2θ value in comparison with mesoporous silica 

nanofibers (mSNF). This result clearly indicates that a high 

aluminum content decreases the structural order of the material.   

 
29Si and 27Al solid-state NMR spectra of CNF@mAS material are 

consistent with typical spectra for zeolites and aluminosilicates 

with high Al/Si ratio (Figure 3). The 27Al MAS NMR spectra show 

two resonances attributable to Al(IV) (58.2 ppm) and Al(VI) (4.8 

ppm). High population of Al(VI) sites is consistent with the 

presence of relatively large amount of extra-framework Al[47] while 

tetrahedrally coordinated aluminum atoms bring acidity to the 

material. The 29Si NMR spectrum shows two broad lines 

attributable to 4Q Si sites with different number of Al(IV) in the 

coordination sphere (i.e. Si(OSi)4-n(OAl)n, n= 1, 2 based on the 

values of 29Si)[48].  One could also assume the presence of some 
3Q sites population (i.e. Si(OSi)3-n(OAl)n(OH), n <2). These are 

transformed into 4Q sites upon thermal treatment, when 

comparing with the spectra for mASNF. Indeed, the 29Si MAS 

NMR spectrum of calcined mASNF material shows a very broad 

line centred at ca. -101 ppm with apparent reduced population of 

the sites at ca. -92 ppm. The thermal treatment resulting in the 

formation of mASNF had a dramatic effect on the 27Al MAS NMR 

spectrum which now displays three sites, consistent with Al(IV) 

(59.3 ppm), Al(V) (31.7 ppm) and Al(VI) (3.7 ppm) sites. The 

assignment of the peak at 31.7 ppm to pentahedral Al is in line 

with the literature reporting on the thermal treatment of zeolites 

and aluminosilicates[46,47]. 

 

 

 

 

 

 

 

Hydrothermal stability is one of the most important properties 

required for porous aluminosilicate. Many applications, in 

particular in the field of biomass conversion, are carried out in 

aqueous media or in the presence of water[49]. Moreover, the high 

content of water (above 50 wt.%) in raw bio-oil and its formation 

during HDO process are two additional factors to take into 

account[50]. It is well known that pure mesoporous silica such as 

MCM-41 and MCM-48 are weakly resistant to harsh hydrothermal 

conditions[31,51]. To increase their hydrothermal stability, surface 

modifications with hydrophobic moieties[52–54] or aluminium 

species are often undertaken[32,37,55,56]. Therefore our mASNF 

material has been treated under refluxing water for 6 h to evaluate 

this property. Table 3 exhibits the atomic percentages from XPS 

analysis on mASNF before and after hydrothermal treatment. The 

Si/Al ratio decreases slightly after hot water treatment due to the 

removal of Si atom (from 17.52 at.% to 16.51 at.%). Consequently 

the amount of oxygen decreases and carbon increases. This 

slight loss of silica does not appear to be sufficient to affect the 

mASNF structure as shown in the TEM pictures (Figure S5 in ESI). 

Even if we noticed some shortened nanofibers, the tubular 

morphology is globally maintained. The weak hydrothermal 

alteration of mASNF structure is also reflected in the nitrogen 

sorption curves shown in Figure 4a. The specific surface area 

decreased slightly from 425 m²/g to 375 m²/g but without any 

change in the pore size distribution (Figure 4b). Comparatively, a 

sample covered by a pure silica layer (before removal of the 

carbon core), prepared as described in our previous work [30], 

was treated under similar conditions. After the hot water treatment, 

the silica layer has been totally destroyed leaving only the bare 

carbon core. All these results highlight the structural stability of 

the produced mASNF material in hydrothermal conditions, which 

is a significant advantage for green chemistry applications. 
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Figure 3. : (a) 27Al MAS NMR of CNF@mAS (top), mASNF (middle) and 
Pd/mASNF, (b) 29Si MAS NMR of CNF@mAS (top), mASNF (middle) and 
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Table 3. XPS analyses of mASNF material after 

hydrothermal treatment. 

 mASNF mASNF 6h H2O 

C1s 7.05 9.94 

O1s 60.64 58.54 

N1s 0.44 0.36 

Cl2p / / 

Si2p 17.52 16.51 

Al2p 14.35 14.65 

Si/Al 1.22 1.13 

 

 

 

 

 

As mentioned in the introduction, HDO process requires both acid 

and hydrogenation sites[57]. Therefore, palladium nanoparticles 

have been deposited on the mASNF as-obtained material 

(synthesis procedure described in the experimental section). The 

bifunctional catalyst has been characterized by XPS, elemental 

analysis, TEM, nitrogen physisorption and 27Al/29Si NMR. After the 

nanoparticles deposition, a Pd peak with a binding energy typical 

of metallic palladium[58] (335.1 eV for Pd3d5/2) appears in the XPS 

spectrum (Figure S6). The XPS results also reveal that the 

nanoparticles deposition has modified only slightly the surface 

atomic percentages (Table 1). More importantly, the Si/Al ratio 

does not change at all. Elemental analysis also confirmed the 

presence of palladium on mASNF with a loading value of 2 wt.%, 

as expected (Table 2). It may be noted that the nanoparticles 

deposition does not affect the weight percentage of aluminium 

and silicon which is in accordance with XPS results. Moreover, 

the specific surface area of the bifunctional catalyst has slightly 

decreased (398 m²/g) compared to the bare support, with a lower 

average mesopore size (3.3 nm). The incorporation of Pd has little 

effect on the 29Si and 27Al MAS NMR spectra (see Figure 3). Most 

importantly, the Pd/-mASNF still exhibits a considerable 

population of Al(IV) sites which are most likely responsible for its 

Brönsted acidity[46]. Finally, TEM micrographs (Figure S7) showed 

that palladium nanoparticles are uniformly deposited on mASNF, 

with a size of ca 5 nm. 

The catalytic performance of the synthetized catalyst was 

evaluated in the HDO of phenol into cyclohexane. The HDO 

reaction can occur through different pathways (Scheme 2) 

depending on several different parameters and therefore a large 

range of products could be obtained. The conversion and the 

selectivity toward the predominant products are given in Table 4. 

To determine the activity of mASNF material and the influence of 

supported metallic nanoparticles, the catalytic tests were first 

carried out without catalyst (blank, entry 1). This test shows no 

conversion (0%) meaning that the HDO process cannot occur in 

the absence of catalyst under the selected conditions. When the 

mASNF without Pd are added the conversion is unchanged (entry 

2). Both tests were carried out at 200 °C. This result is not 

surprising because it is well reported in the literature that HDO of 

phenolic species derived from lignin is quite difficult due to the 

strong Ar-O bond[59]. Therefore HDO of phenol often requires 

firstly hydrogenation of the aromatic ring to produce cyclohexanol 

before getting cyclohexane (Scheme 2)[60]. Under mild conditions 

(under 300 °C) partial hydrogenation takes place and 

cyclohexanone is also obtained which is rapidly hydrogenated 

into cyclohexanol. Then deoxygenation of cyclohexanol occurs 

either through dehydratation to cyclohexene or hydrogenolysis to 

cyclohexane.  

 

It was shown that hydrodeoxygenation of phenol is strongly 

affected by the temperature[20].  The influence of reaction 

temperature was consequently investigated with our bifunctional 

catalyst. A catalytic test was first carried out at 100 °C, which 

displayed a low conversion of phenol (38%) without any 

cyclohexane produced (entry 3). However, when the reaction is 

carried out at 200 °C (entry 4), the bifunctional catalyst reaches a 

conversion of 99% with a high selectivity towards cyclohexane (up 

to 95%) in 2 hours, corroborating results reported in literature[20]. 

These results also show that the acidic sites of mASNF are still 

accessible after the nanoparticles deposition (see discussion on 

NMR results above). No unsaturated products like benzene have 

been observed which is in accordance with Jones’ study[61]. 

Moreover, the large pore size of mASNF allows a full accessibility 

of phenol to these acidic sites. Zeng’s study demonstrated that a 

pore size around 3 nm is one of the key factors for the diffusion of 

phenol and ensures excellent performance in HDO[30]. In our case, 

the Pd/mASNF presents an average pore size of 3.3 nm which is 

largely sufficient for phenol transport in the mASNF porous 

network. In order to confirm that the selectivity towards 

cyclohexane is due to the acid sites of mASNF, palladium 

supported on pure mesoporous silica nanofibers (Pd/mSNF) was 

also tested in HDO of phenol. Indeed, De Souza et al. have 

recently shown, by NH3-TPD measurements and cyclohexanol 

dehydration tests, that palladium supported on silica support 

exhibits a very low density of acid sites[27]. In our case, mSNF 

does not disclose any peak in NH3-TPD compared to mASNF 

material that displays a broad peak between 150-250 °C (Figure 

S8). These results confirm that (i) our silica based nanofibers are 

non-acidic materials (ii) the incorporation of aluminium atoms 

brings acidity. As shown in Table 4 (entry 5), the Pd/mSNF 

catalyst displays a very good activity thanks to palladium 

nanoparticles but no cyclohexane (or cyclohexene) has been 

obtained. In fact, it was also shown that over non-acidic materials, 

cyclohexanol[62] could be rapidly produced. This result proves 

again the importance of strong acid sites to produce 

deoxygenated compounds in HDO process. Nevertheless, the 

amount of acid sites also plays a critical role. By introducing a 

lower amount of catalyst (entry 6), the selectivity towards 

 
Figure 4. Nitrogen adsorption-desorption isotherms at 77K for (─) mASNF 
and (...) mASNF after thermal treatment. 
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cyclohexane drops drastically (11%) indicating that a minimum of 

acidity is required to obtain high performance for deoxygenation 

reaction.  

 

The recyclability of Pd/mASNF catalyst was investigated. It is well 

known that HDO reactions produce coke, due to ring 

condensation at the catalyst surface, which is responsible for it 

deactivation[29,50]. Coking is typically favored over acidic catalysts, 

by low pressure and high temperature, but also in the presence 

of metal sites. S. Echeandia et al. claimed that the coke formation 

is strongly dependent on surface concentrations of acid sites: the 

higher the concentration, the larger coke formation[62]. It is also 

well known that the regeneration by coke combustion is 

influenced by temperature and oxygen concentration of the 

applied post-treatment[63]. The Pd/mASNF was therefore 

regenerated after the catalytic test by treatment at 400 °C/600 °C 

under air for different durations. When the catalyst is reused 

without regeneration the complete conversion is maintained, but 

the selectivity has been drastically modified (Table 4, entry 7), 

demonstrating that the acid sites are almost completely 

deactivated. Interestingly, the catalyst still exhibits high specific 

surface area (386 m²/g) and identical pore size distribution as the 

fresh catalyst (Figure S9). To make sure that this loss of selectivity 

is due to coke deposition during the reaction, a catalytic test was 

performed for a longer time with a more concentrated phenol 

solution (entry 8). The phenol is still totally converted, but the 

selectivity towards cyclohexane is too low in comparison with the 

value that we should obtain (calculated from the first run (entry 4), 

as a function of phenol concentration and catalyst mass engaged). 

This result is very important because it confirms that the acid sites 

are deactivated during the test and not during the washing step. 

On the other hand, after regeneration (entry 9-11) the selectivity 

towards cyclohexane increases gradually with 

temperature/duration of treatment, meaning that the coke can be 

removed and therefore acid sites are accessible again. When the 

strongest regeneration procedure was performed (entry 11), a 

slight decrease of specific area was observed (349 m²/g) with no 

change in the pore size distribution (Figure S9). This small loss 

could be explained by the formation of larger palladium 

nanoparticles during the regeneration step that probably block 

some internal channels of the aluminosilicate framework. A recent 

study has reported the pathways for catalyst deactivation by coke 

during the hydrodeoxygenation of raw bio-oil[50]. Nevertheless, the 

conditions that favor coke formation are numerous and depend 

on a lot of parameters, that have not been fully elucidated so far, 

which makes challenging the design of recyclable catalysts in 

HDO processes. 

 

 

 

 

 

 

 

 

 

 

 

  

Table 4. Conversion and selectivity for the HDO of phenol after 2 h reaction at 

200 °C. 

 Catalyst Run Conversion 

(%) 

Cyclohexanol 

selectivity (%) 

Cyclohexane 

selectivity (%) 

1 Blank / 0 0 0 

2 mASNF 1 0 0 0 

3 Pd/mASNF 1[a] 38 14 0 

4 Pd/mASNF 1 >99 5 95 

5 Pd/mSNF 1 >99 24 0 

6 Pd/mASNF 1[b] >99 84 11 

7 Pd/mASNF 2 >99 82 10 

8 Pd/mASNF 1[c] >99 74 20 

9 Pd/mASNF 2[d] >99 76 18 

10 Pd/mASNF 2[e] >99 67 28 

11 Pd/mASNF 2[f] >99 59 39 

[a] 100 °C instead of 200 °C. [b] 50 mg catalyst instead of 100 mg [c] Catalytic 

test conditions: 200 °C, 4 h, 650 rpm, 40 bars H2, 100 mg catalyst and 75 mL 

phenol (0.350 mol/L). Regeneration conditions: [d] 3h under air at 400 °C, 

followed by 2h under H2/N2 (5/95) at 300 °C. [e] 3h under air at 600 °C, followed 

by 2 h under H2/N2 (5/95) at 300 °C. [f] 16 h under air at 600 °C, followed by 2 

h under H2/N2 (5/95) at 300 °C. 

Conclusions 

The production of acidic mesoporous nanofiber material (mASNF) 

has been successfully achieved by using a dual-templating 

approach. Detailed characterizations have been undertaken to 

demonstrate the porous and acidic nature of the nanostructured 

material. It has also been shown that the incorporation of high 

aluminum content (Si/Al ratio of 1.2), thanks to aluminosilicate 

ester as single source precursor, enhances the hydrothermal 

stability by maintaining pore size distribution and relatively high 

specific surface area under hot water treatment. These results 

were confirmed by TEM, nitrogen physisorption and XPS 

measurements. Moreover, the tetrahedral aluminum sites are 

also very stable after calcination at high temperature which is very 

important for catalytic applications and catalysts regeneration. 

Palladium nanoparticles were supported on this acidic support 

and the bifunctional catalyst obtained was tested in the HDO 

process of phenol, a lignin model compound. A total conversion 

and a high selectivity (up to 95%) towards hydrodeoxygenated 

product, namely cyclohexane, have been obtained. These results 

have been attributed to the large pores and the high specific 

surface area of the material which allow a full accessibility to the 

acidic sites and the palladium nanoparticles. Furthermore the 

present work has underlined the importance of acid sites in HDO 

process under mild conditions (T<300 °C). Indeed, non-acidic 

material does not produce any cyclohexane. Moreover, it was 

shown that the material is reusable with partial recovery of initial 

selectivity. It is believed that this simple methodology can be 

Scheme 2. General pathway for the hydrodeoxygenation of 
phenol over bifunctional catalysts. 
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extended to produce various stable acidic mesostructures by 

changing the hard and soft templates nature. The tubular 

morphology of our material also offers inter alia the possibility to 

encapsulate magnetic nanoparticles to facilitate separation from 

the reaction mixture by simple magnetic filtration techniques. 

Furthermore, the material described in the present work could be 

evaluated in other HDO processes. 

Experimental Section 

Reagents and Materials  

Carbon nanofibers (CNF, type Pyrograf III PR-24-XT-LHT-OX) 

were supplied by Applied Sciences Inc. (USA). 

Hexadecyltrimethylammonium bromide (CTAB, 95%), (3-

aminopropyl) triethoxysilane (APTES, 99%), sodium 

tetrachloropalladate (II) (Na2PdCl4, 98%), and thionyl chloride 

(SOCl2, >99%) were purchased from Sigma Aldrich. Bis(sec-

butoxy)aluminoxytriethoxysilane [(sec-BuO)2AlOSi(OEt)3] 

(BATEOS) was purchased from Alfa Aesar. A commercial 

ultrasonic cleaner (VWR) was used for sonication.  

 

Synthesis of mesoporous aluminosilicate nanofibers 

(mASNF) 

The synthesis of mesoporous aluminosilicate nanofibers 

(mASNF) has been adapted from our previously-reported 

CNF@mSiO2 preparation[64]. Namely, 2 g of carbon nanofibers 

(CNF) were introduced in a 250 mL round-bottom flask containing 

100 mL of toluene. 6 mL of SOCl2 were added and the mixture 

was heated for 5 h under reflux (120 °C). Then, it was filtered out 

and extensively washed with toluene (500 mL). The resulting 

material (CNF-Cl) was dried overnight under vacuum at 100 °C. 1 

g of CNF-Cl was introduced in a 250 mL round-bottom flask 

containing 100 mL of dichloromethane. 1 mL of APTES was 

added and the mixture was stirred for 24 h at room temperature. 

The material (CNF-APTES) was filtered out, washed with 

dichloromethane (250 mL) and methanol (250 mL) and dried 

overnight under vacuum at 100 °C. Then, 1 mL of BATEOS was 

introduced in a 100 mL round bottom flask containing 1.73 g of 

CTAB dissolved in 40 mL of ethanol. 250 mg of CNF-APTES were 

added and the mixture was stirred 1 h at room temperature. To 

this suspension, 40 ml of water were added dropwise within 4 

hours. Then the solution was charged into a propylene bottle, 

which was closed tightly and heated at 100 °C for 3 days. The 

product was filtered out, washed with ethanol (250 mL) and dried 

at 100 °C overnight. The CTAB template was removed by 

refluxing in ethanol the solid material. Finally, CNF@m-

aluminosilicate sample was placed into porcelain combustion 

boats and heated during a selected time at 800 °C under air to 

produce the mASNF material without the carbon core. During 

calcination residual CTAB surfactant is also removed. 

 

Synthesis of mesoporous silica nanofibers (mSNF) 

Mesoporous pure-silica nanofibers (mSNF) were also 

synthesized as previously described[64], to be used as 100% SiO2 

reference. 

 

Synthesis of supported Pd catalysts (Pd/mASNF or 

Pd/mSNF) 

Pd nanoparticles were supported on mesoporous aluminosilicate 

or pure-silica nanofibers as follows: 300mg of mASNF/mSNF 

were suspended in 50 ml of ethanol. 17mg of Na2PdCl4 (2 wt.% 

Pd) were added and the solution was stirred for 30 min. Then, 

ethanol was removed in a rotary evaporator till dryness. Finally 

the samples were placed into porcelain combustion boat and 

heated during 2 h under a stream of N2/H2 (95:5) at 300°C.  

 

Instrumental 

The solid catalysts were characterized by X-ray photoelectron 

spectroscopy (XPS), transmission/scanning electron microscopy 

(TEM/SEM), FTIR spectroscopy of pyridine adsorption, 27Al and 
29Si MAS NMR, elemental analyses (ICP), N2 physisorption, X-ray 

powder diffraction (XRD) and Temperature-Programmed 

Desorption (TPD) of ammonia.  

 

XPS analyses were carried out at room temperature with a SSI-

X-probe (SSX 100/206) photoelectron spectrometer from Surface 

Science Instruments (USA), equipped with a monochromatized 

microfocus Al X-ray source. Samples were stuck onto small 

sample holders with double-face adhesive tape and then placed 

on an insulating ceramic carousel (Macor®, Switzerland). Charge 

effects were avoided by placing a nickel grid above the samples 

and using a flood gun set at 8 eV. The binding energies were 

calculated with respect to the C-(C, H) component of the C1s peak 

fixed at 284.8 eV. Data treatment was performed using the 

CasaXPS program (Casa Software Ltd., UK). The peaks were 

decomposed into a sum of Gaussian/Lorentzian (85/15) after 

subtraction of a Shirley-type baseline. 

 

TEM images were obtained on a LEO 922 Omega Energy Filter 

Transmission Electron Microscope operating at 120 kV. The 

samples were suspended in hexane under ultrasonic treatment. 

A drop of the suspension was deposited on a holey carbon film 

supported on a copper grid (Holey Carbon Film 300 Mesh Cu, 

Electron Microscopy Sciences), which was dried overnight under 

vacuum at room temperature, before introduction in the 

microscope. 

 

Acidity measurements of the catalyst surface were done by 

pyridine adsorption and temperature programmed desorption as 

follows[65]. The catalysts were pressed to obtain a wafer. The 

wafer was weighted and then placed in a sample holder inside a 

Pyrexcell especially designed for the controlled heating of the 

sample under vacuum and equipped with an optical NaCl window. 

The sample holder was movable and it allowed the sample 

placement in the infrared beam for the recording of IR spectra or 

in the furnace for the thermal treatments. In a typical 

measurement, the sample was heated at 300 °C under vacuum 

for 3 h in order to desorb physisorbed molecules from the surface. 

After cooling under vacuum, 1000 Pa of pyridine was sent at room 

temperature in the cell and adsorption was allowed for 30 min. 

The sample was then outgassed at 150 °C and 10-5 Pa pressure. 

For the desorption step, once the value of 10-5 Pa was reached, 

the sample was kept under vacuum for 1 h. FT-IR spectra were 

taken in transmission mode before and after pyridine adsorption 

and after the desorption step using a spectrometer IFS55 Equinox 
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(Bruker) equipped with a DTGS detector. The spectra were 

recorded with 100 scans between 400 and 4000 cm-1. 

 
29Si solid-state spectra were acquired on a 300 MHz Bruker 

Avance solid-state spectrometer at 59.60 MHz. Recycle delay of 

120 s was used over 1 k scans with a pulse width of 4.2 μsec at 

4 KHz MAS rate. Line broadening of 100Hz has been applied. The 

spectra are referenced to 0 ppm with TMS. 27Al MAS NMR spectra 

were acquired on a Bruker 400 MHz Bruker Avance III solid state 

Spectrometer at 104.26 MHz. The spectra are referenced to 0 

ppm with AlNO3 0.1 M static sample. A recycle delay of 2 seconds 

was used over 2 k scans with a pulse width of 0.33 μs (π/12 pulse) 

at 10 KHz MAS rate.    

 

The elemental analyses (C, H, N, Si, Al, Ni, Au, Pd) were carried 

out by MEDAC Ltd., UK by microgravimetry for C, H, N, O (direct 

measure) and by ICP after acid digestion for Al, Si, Ni, Au and Pd. 

 

The pore texture of the covered catalysts was characterized by 

nitrogen adsorption–desorption isotherms. The measures were 

achieved by using a Micromeritics ASAP 2020 analyzer at 77 K. 

Before analysis, the samples (0.02–0.10 g) were degassed for 2 

h at 473 K with a heating rate of 10 K/min under 0.133 Pa pressure.   

The analysis of the isotherms provided specific surface areas 

calculated with the Brunauer–Emmett–Teller (BET) equation, 

SBET. The pore volume, Vp, of the samples and the pores average 

diameter were calculated using the Barrett-Joyner-Halenda (BJH) 

model.   

 

XRD experiments were carried out on a D8 Advanced 

diffractometer from Bruker. Each diffractogram was recorded 

using a linkeye XE-T detector (Bruker) in the 0.8-10° (2 Theta) 

range with an increment of 0.02° and an integration time of 0.4s. 

Eva software was used for data treatment. 

 

TPD-NH3 analyses were performed on Hiden Catlab reactor 

combined with a QGA Hiden quadrupole mass spectrometer. 

Samples were pretreated under Ar (30 ml/min, 5.0 AirLiquide) at 

200 °C during two hours. NH3 adsorption was performed at 70 °C 

during 1 hour by flowing a mixture of Argon (20 ml/min) and 5% 

NH3 in He (10 ml/min). The catalyst was flushed in Ar (30 ml/min) 

during 2 hours and then, the NH3 desorption measurement was 

performed under Ar (30 ml/min) from 70 to 600 °C (heating rate 

of 10 °C /min). 

 

 

HDO of phenol: catalytic experiments 

The catalytic experiments were performed in a 160 mL stainless 

steel PARR autoclave. Two laboratory lines, N2 and H2 lines were 

used with regulatory high-pressure valves. In a 160 mL autoclave, 

75 mL of phenol solution (0.150 mol/L), dissolved in decalin, was 

introduced. The catalyst (100 mg) was then added and the 

autoclave was sealed. Afterward the system was purged 10 min 

with a stream of nitrogen, and then heated up to the desired 

temperature (200 °C). Once the desired temperature had been 

reached, 40 bars of hydrogen were introduced and the mixture 

was stirred at 650 rpm for 2 h. The hydrogen pressure is 

readjusted continuously during the catalytic tests (to compensate 

the slow decrease of pressure as H2 is consumed). Once the test 

was finished, hydrogen was slowly vented off after cooling down 

the system to room temperature. The system was finally purged 

for 10 min with a stream of nitrogen. The solution was filtered out 

and the catalyst was washed with acetone. The filtrate was then 

analyzed by GC (Agilent Technologies 6890N, column: BPX70, 

detector: FID 270°C, column programming temperature: initial 

temperature = 60°C ; ramp 1 = 2 °C/min up to 70 °C; then 70 °C 

for 2 minutes ; ramp 2 = 20 °C/min up to 250 °C). 
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