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Aqueous-phase tandem catalytic conversion of xylose to furfuryl 
alcohol over [Al]-SBA-15 molecular sieves 

Rafael F. Perez,a,b Elise M. Albuquerque,b Luiz E. P. Borges,a Christopher Hardacrec and Marco A. 
Fraga*a,b 

Catalytic active sites were controllably assembled into SBA-15 framework by direct hydrothermal synthesis. Incorporation 

of Al as a heteroatom at different Si/Al ratios was used to tune their surface properties and the catalysts were 

characterized by SAXRD, ICP-OES, FE-SEM, TEM, FTIR, 29Si and 27Al CP-NMR, pyridine adsorption and titration in water. 

Reactivity towards direct conversion of xylose to furfuryl alcohol was systematically investigated. Brønsted acid sites, 

generated by introducing Al into the siliceous SBA-15 framework, were found to be active for pentose dehydration 

reaction, whilst the Lewis acid sites promoted the transfer hydrogenation of adsorbed furfural intermediate to furfuryl 

alcohol. A remarkably high selectivity to furfuryl alcohol (90 – 95%) was observed using the mesoporous catalysts and it 

was dependent of the Al concentration in the siliceous framework. The vicinity of Brønsted and Lewis acid sites is 

suggested to be of major concern since the adsorbed furfural species is proposed to be reduced to furfuryl alcohol without 

being desorbed. The [Al]-SBA-15 molecular sieves were shown to be chemically and structurally stable demonstrating good 

recyclability in the aqueous-phase upgrading of xylose. 

Introduction 

Lignocellulosic biomass has been increasingly explored as a 

renewable feedstock for sustainable reactions because of its 

ton-scale availability and the pursuit of the chemical sector to 

decrease the use of conventional fossil-based sources. Such an 

interest can indeed play a fundamental role in the 

establishment of the bio-economy allowing the alternative 

production of green chemicals and specialties in current 

operating agroindustrial sites. 

Another strategic advantage of lignocellulosic biomass is its 

chemical composition, since it is essentially made of three 

major carbon sources – lignin, cellulose and hemicellulose. The 

latter two fractions are polysaccharides, which account for up 

to 80% of all biomass. These biopolymers can be hydrolysed to 

C6 and C5 monosaccharides and then upgraded to industrially 

target chemicals. 

Furthermore, xylose, released from hemicellulose, has long 

been used to produce furfural,1-3 which is an aromatic 

aldehyde that has been recognized as a platform molecule 

since it can lead to the production of a wide variety of other 

chemicals.2,3 In addition, furfuryl alcohol, tetrahydrofuran, 

methylfuran and -valerolactone have been identified as high 

value-added chemicals which can be derived from furfural. In 

each case the biomass conversion relies on a multi-step, multi-

catalyst process within which xylose is the primary feedstock. 

Cascade reactions involving initial xylose dehydration and 

furfural selective hydrogenation or hydrogenolysis are the 

established routes in this case. 

In the case of xylose dehydration, significant efforts have 

been made to increase the sustainable aspect of this reaction, 

particularly by replacing the conventionally used 

homogeneous stoichiometric mineral acids with 

heterogeneous catalysts.4-12 Moreover the hydrogenation of 

furfural to furfuryl alcohol in a second independent process is 

industrially carried out over CuCr-based catalyst which is 

unsustainable.13,14 To date, this catalytic system remains 

despite extensive studies aimed at replacing it for base or 

noble metals supported catalytic processes.3,15-19 

Recently, a number of different approaches for a novel 

integrated process have been reported in which the cascade 

reactions occur either in a double catalytic bed tubular 

reactor20 or using multifunctional catalysts which lead to the 

tandem reactions over acid and noble metal sites in a batch 

reactor.21-23 Although furfuryl alcohol yields of up to 90% were 

reported, these approaches used high hydrogen pressures (> 

30 bar) to reduce the furfural carbonyl bond on a metal-based 

catalyst. Alternatively, a one-pot chemo-enzymatic sequential 

dehydration and bioreduction process has also been proposed. 

In this hybrid process a biocompatible solid acid catalyst and 
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resting cells of E. coli CCZU-A13 led to 44% yield of furfuryl 

alcohol.24 Despite the positive result, the furfuryl alcohol 

productivity was not high enough to enable it to be practically 

applied. 

To overcome these limitations within an industrial process, 

a hydrogen-free process relying on transfer hydrogenation 

using alcohols as H-donors has been proposed. This has the 

advantages that, it is a highly selective reaction towards 

carbonyl reduction,25 preserving thus the carbon double bonds 

in the furanic ring. In addition, this reaction can be promoted 

by several heterogeneous recyclable catalysts, opening the 

opportunity to be more economically feasible.26  

Despite the efforts in exploiting transfer hydrogenation for 

biomass conversion, the studies, to date, have largely been 

focused on saccharides derivatives such as furfural,27-36 

hydroxymethylfurfural37-39 or levulinic acid and alkyl 

levulinates.40-43 One-pot tandem catalytic conversion of xylose, 

on the other hand, has not been studied extensively.29,44-47 In 

all cases, despite dealing with different target end products, 

these studies focused on the use of MFI,45,47 BEA,29,44,45 or 

FAU45,46 topology zeolites. 

Furthermore, the direct synthesis of furfuryl alcohol from 

xylose via tandem dehydration-transfer hydrogenation 

reactions based on the Meerwein-Ponndorf-Verley (MPV) 

reduction has only very recently investigated.45 In this case, 2-

propanol was used as sacrificing alcohol allowing the 

intramolecular hydride transfer on Lewis acid sites while the 

Brønsted sites were responsible for the xylose dehydration. 

Nevertheless, it was shown that some zeolite structures limit 

the xylose accessibility to the intraporous surface centres due 

to the narrow microporous zeolites with a MFI framework 

topology.45 Therefore, the use of a larger accessible 

mesostructure may be an alternative. However, the low acidity 

of such non-zeolitic structures, the low- or non-crystallinity of 

mesoporous molecular sieves and the low structural stability 

of some of these mesoporous families impose critical obstacles 

in their effective use for biomass-derived saccharide aqueous-

phase processing. In addition, siliceous M41S or SBA-n 

mesoporous materials exhibit limited catalytic activity which 

also limits their applicability in catalytic transfer hydrogenation 

for biomass upgrading.27,40,48 

In this contribution, catalytic active sites were controllably 

assembled within a SBA-15 framework by direct hydrothermal 

synthesis. Incorporation of Al as a heteroatom at different 

Si/Al ratios as a way to tune surface properties and reactivity 

to the direct conversion of xylose to furfuryl alcohol was also 

systematically investigated. This direct use of a 

monosaccharide has advantages in that it may eradicate 

multiple separations of chemical intermediates and reaction 

stages leading to an overall process cost reduction. Therefore, 

special attention was given to these metal-free molecular sieve 

catalysts reusability and structural stability in the molecular 

hydrogen-free aqueous-phase process. 

Experimental 

Synthesis of SBA-15 and isomorphically substituted SBA-15  

Siliceous SBA-15 was synthesized through a procedure adapted 

from Zhao et al.49 In a typical synthesis, 8 g of Pluronic P123 

(molecular weight = 5,800 g mol-1 – EO20PO70EO20, Sigma-

Aldrich) was dissolved in 200 mL of HCl 2 mol L-1 solution, 

followed by the direct dropwise addition of 18.4 mL of 

tetraethylorthosilicate (TEOS, Sigma-Aldrich). The solution was 

magnetically stirred for 20 h at 35 °C. The mixture was then 

hydrothermally treated at 100 °C for 24 h in a 300 mL Teflon-

lined stainless steel autoclave. The white powder formed was 

filtered and washed with 2 L of deionized water and dried 

overnight at 60 °C, and finally calcined at 500 °C for 5 h at a 

heating rate of 1 °C min-1 and under synthetic air flow of 50 mL 

min-1. 

To prepare the [Al]-SBA-15 samples, 8 g of Pluronic 123 

(Sigma-Aldrich) were dissolved in 200 mL of HCl 2 mol L -1 

solution along with aluminium isopropoxide (Al(iPrO)3, Sigma-

Aldrich). The amount of the aluminium precursor was adjusted 

so as to obtain the desired Si/Al ratio. After 10 min. TEOS (18.4 

mL) was added dropwise, followed by stirring for 20 h at 35 °C. 

Thereafter, the same procedure used to synthesise the 

siliceous SBA-15 sample was used. The samples were named as 

[Al]-SBA-15 (Si/Al = X), where X is the experimental Si/Al ratio. 

 

Physicochemical characterization of synthesized catalysts  

The porosity of the catalysts was characterized by nitrogen 

adsorption-desorption isotherms collected at -196 °C using a 

Micromeritics ASAP 2020 equipment. Prior to analyses, the 

samples were degassed at 350 °C. Specific surface areas were 

determined according to the Brunauer-Emmet-Teller (BET) 

isothermal equation while pore size distribution and the 

average pore size were calculated by Barrett-Joyner-Halenda 

(BJH) method with KJS correction. The desorption branch was 

used.  

Structural long-range order was evaluated through small-

angle X-ray powder diffraction (SAXRD) performed in a Bruker 

D8 Advance diffractometer equipped with a Lynx-eye position 

sensitive detector and using CuKα radiation. Analyses 

parameters were set with an angular range of 0.5-5° 2θ 

scanned at 0.6° min-1. 

The short-range order of silica framework was assessed by 

Fourier transformed infrared spectroscopy (FTIR). The spectra 

were collected from 4000 to 400 cm-1 on a Nicolet 6700 

Thermo Scientific spectrometer in KBr wafers with a resolution 

of 4 cm-1 and accumulated over 32 scans. 

The Si and Al chemical environments were examined by 
29Si and 27Al solid state crossed polarization nuclear magnetic 

resonance (CP-NMR). 29Si CP-NMR spectra were collected in a 

Bruker 400 Avance II+ spectrometer at a frequency of 79.4 

MHz, pulse length of 6 μs and repetition time of 60 s. As for 
27Al CP-NMR, spectra were recorded at 104.3 MHz, pulse 

length of 1 ms and repetition time of 0.5 s. 

Chemical composition was assessed by determining Al and 

Si content in synthesized catalysts using inductively coupled 

plasma - optical emission spectrometry (ICP-OES). Samples 

were firstly calcined at 900 °C for 6 h at a heating rate of 10 °C 

min-1. After, they were dissolved in HNO3 and HF with the aid 

Page 2 of 11Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
6 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

on
 8

/3
0/

20
19

 4
:5

4:
30

 P
M

. 

View Article Online
DOI: 10.1039/C9CY01235D

https://doi.org/10.1039/c9cy01235d


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name .,  2013, 00 , 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

of an Ethos 1 (Milestone S.r.l.) digestor. The resulting solution 

was diluted prior to the measurements in the spectrometer. A 

Varian Vista MXP spectrometer was used for these 

measurements. All solutions were analysed in triplicate and 

presented a standard deviation <5%. 

The morphology of the samples was examined by field 

emission scanning electron microscopy (FE-SEM) in a Quanta 

FEG 450 FEI microscope operating with an accelerating voltage 

of 20 kV. Metal stubs covered with carbon film were used to 

deposit the samples, which were subsequently sputter coated 

with platinum. 

All samples were also examined by transmission electron 

microscopy (TEM) using a Jeol JEM-2100F microscope, with an 

acceleration voltage of 200 kV. The powders were firstly 

suspended in 2-propanol and then deposited over a carbon-

coated copper grid (5 nm). 

Acid surface sites were determined by pyridine adsorption 

Fourier transformed infrared transmittance spectroscopy (Py-

FTIR).50 The catalysts were analysed as self-supported wafers 

of 12 mm diameter held in a glass cell bearing CaF2 windows. 

Prior to the analyses, the samples were submitted to a thermal 

pre-treatment at 500 °C for 1 h under high vacuum. 

Thereafter, the samples were cooled down to room 

temperature and a background spectrum was collected. 

Wafers were then exposed to 10 Torr of pyridine at 25 °C for 

30 min., degassed and the first spectrum was taken. 

Subsequent spectra were measured along as function of 

temperature up to 350 °C following the pyridine thermal 

desorption. It should be noted, however, that all spectra were 

collected at room temperature since the samples were cooled 

down after each thermal desorption step. A Nicolet iS50 

spectrometer was used and the spectra were measured 

between 4000 - 400 cm-1 at a resolution of 4 cm-1.  

The total acidity was determined by titration of the 

catalysts as a suspension in water.51 10 mg of the catalysts 

were sonicated in 15 mL of NaOH 0.01 mol L-1 solution for 10 

min. Then, the samples were titrated against HCl 0.01 mol L -1 

solution until a pH 7.0 was reached. The measurements were 

made in triplicate using a pHmeter Inolab WTW level1 with a 

combined glass electrode. 

 

Catalytic activity  

The catalytic performance was evaluated in a semi-batch Parr 

reactor. In each run, 80 mL of a 83 mmol L-1 xylose solution in 

monophasic water:2-propanol (1:1) was poured into the 

reactor with 0.25 g of the catalyst. In all cases, the 

temperature was kept at 130 °C and the pressure was set to 30 

bar with N2 with a stirrer speed of 600 rpm following the 

conditions established in our previous work.21-23 These 

conditions were shown to avoid diffusional limitations and 

contribution from xylose thermoconversion. Samples were 

taken periodically up to 6 h and analysed by high performance 

liquid chromatography (HPLC) to evaluate the sugar 

conversion (Xpentose) and products distribution. The selectivity 

(S) is presented on a molar basis taking into account the 

consumption of pentoses.  

 

Xpentose (%) = ([pentose]i-[pentose]f)/[pentose]i x 100 

 

S (%) = [product]/([pentose]i-[pentose]f) x 100 

 

where: 

[pentose]i = [xylose]i 

[pentose]f = [xylose]f + [xylulose]f 

 

HPLC analyses were performed using a Waters Alliance 

e2695 liquid chromatograph coupled to a photodiode array 

detector 2998 (PDA) and a refractive index detector 2414 (RID) 

set at 50 °C. An aqueous solution of H2SO4 at 5 mmol L-1 was 

used as mobile phase (0.7 mL min-1) in isocratic mode in a 

Biorad Aminex HPX-87H ion exchange column set at 65 °C.21-23 

After the reaction the catalysts were recovered by 

filtration, washed with water, dried at 100 °C overnight and 

then used again in another catalytic run carried out under the 

exact same conditions. Three consecutive runs were 

performed to investigate catalyst deactivation. 

 

Post-reaction analyses  

The spent catalysts were also examined by SAXRD, TEM, 
27Al CP-NMR and ICP-OES in order to evaluate the structural 

and chemical stability. These analyses followed the same 

experimental procedures described previously for the fresh 

samples. 

Results and discussion 

The structure of synthesized catalysts was monitored by 

SAXRD. The diffraction patterns (Fig. S1) presented three well-

resolved peaks, corresponding to the (100), (110) and (200) 

indexed planes at 2θ 0.7˚, 1.3˚ and 1.5˚, which revealed that 

the ordered two-dimensional hexagonal (P6mm) structure of 

SBA-15 was successfully obtained for all catalysts, irrespective 

of their chemical composition. ICP-OES analyses allowed 

determining the exact Al content in each sample as collected in 

Table 1. 

Their porosity was analysed by collecting N2 

adsorption/desorption isotherms (Fig. S2). It was seen that the 

isotherms are type IVa holding H1-type hysteresis,52 which is 

consistent with one-dimensional cylindrical large-pore 

channels expected for SBA-15 type solids. Surface area (SBET), 

pore volume (Vp) and average pore diameter (p) data are 

summarized in Table 1 are in line with previous reports for 

similar materials.53-56 As expected, the average pore diameter 

increased systematically with addition of Al in the framework, 

which is related to the larger ionic radius of Al compared to 

that of Si.53-56 
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Table 1. Surface area (SBET), pore volume (Vp), average pore diameter (φp), Al content (%Al), concentration of Lewis (LAS) and Brønsted 
(BAS) acid sites, and total acidity (H+) of all synthesized SBA-15 catalysts and their areal initial reaction rate (r0) on aqueous-phase xylose 
conversion. Reaction conditions: 130 °C, 30 bar (N2), water:2-propanol 1:1, xylose solution at 83 mmol L-1. 

Catalyst SBET 
(m2/g) 

Vp 
(cm3/g) 

φp 
(Å) 

%Al LAS 
(µmol/g) 

BAS 
(µmol/g) 

H+ 
(µmol/g) 

r0 
(µmol/m2h) 

SBA-15 860 1.141 53 - - - 34 28 
[Al]-SBA-15 (Si/Al = 114) 764 0.845 54 0.4 17 18 176 206 
[Al]-SBA-15 (Si/Al = 73) 769 0.866 55 0.7 58 67 330 491 
[Al]-SBA-15 (Si/Al = 23) 894 1.307 63 2.1 93 74 390 730 

 

The siliceous SBA-15 mesoporous sample showed short 

rod-like aggregates when examined by FE-SEM (Fig. S3a). The 

addition of Al into the SBA-15 resulted in a change in the 

particle’s morphology, which became rounder as the content 

of Al increases (Fig. S3b-c), leading to platelet particles for [Al]-

SBA-15 (Si/Al = 23) sample (Fig. S3d). 

The formation of honeycomb-like hexagonal arrangement 

of cylindrical pores is shown in the TEM images (Fig. S4), in 

agreement with previous results, revealing an effective 

synthesis of the mesoporous molecular sieves catalysts at all Al 

contents. 

Structural short-range order of the T-O-T framework was 

evaluated by FTIR (Fig. S5). Asymmetrical stretching vibrations 

of TO and TO4 units (T = Si, Al) were observed at around 1094 

and 1222 cm-1, respectively, whilst the corresponding 

symmetrical stretching modes are seen at 800 cm-1.9,57 It was 

clear that the increase in the amount of Al in the structure 

shifts the absorption band at 1094 cm-1 to 1079 cm-1. Such a 

trend is associated with the changes in the T-O-T bonds, 

particularly the relaxation on the vibration of such bonds due 

to the substitution of Al into the structure of the silica 

framework. Tetrahedral bending modes of Si-O-Si and Si-O-Al 

were also seen at around 464 cm-1 and consequently a minor 

relaxation is also observed. In addition, surface silanol groups 

(Si-OH) were also shown by the band at 935 cm-1.9 

Si local organization was assessed by 29Si-NMR and the 

spectra exhibited the presence of different silicon atom 

environments (Fig. S6a). Narrow and well resolved Q2 

(Si(OSi)2(OH)2) and Q3 (Si(OSi)2(OAl)(OH)) siloxane species were 

observed at -90 and -100 ppm while broad and poorly resolved 

Q4 sites which is associated with non-substituted siloxanes 

(Si(OSi)4) were also observed at -110 ppm. 

For the samples generated by isomorphic substitution of Si 

by Al in the framework, 27Al-NMR spectra were also collected 

(Fig. 1). Tetrahedral sites in AlO4 structure unit and a minor 

presence of octahedral Al species (six-coordinate Al) were 

observed in all spectra at 54 and 0 ppm, respectively.58,59 

These findings confirm that Al is found as a heteroatom in the 

framework associated with the amorphous cell walls of the 

mesoporous SBA-15 molecular sieves catalysts. 

 

 

 

 

 

 

 

 

Since acidity is expected to be generated by isomorphic 

substitution of Al, pyridine was taken as a probe molecule and 

its adsorption on the catalysts was monitored by infrared 

spectroscopy. The spectra displayed in Fig. 2 show absorption 

bands at 1454 cm-1, 1489 cm-1, 1594 cm-1 and 1621 cm-1 

assigned to pyridine coordinated to Lewis acid sites while 

those at 1489 cm-1, 1542 cm-1 and 1637 cm-1 are related to the 

pyridinium ion bonded to the Brønsted sites. This pattern 

indicates that both Lewis and Brønsted acidity were generated 

on the modified [Al]-SBA-15 since no acid site-related bands 

were seen on the bare unmodified SBA-15 spectra with only 

those related to pyridine H-bonded to very weakly acidic 

hydroxyls observed (Fig. S7). The genesis of the Brønsted acid 

sites is well known to be related to Al occupying tetrahedral 

position into silica framework as observed by the NMR 

analyses (Fig. 1). Indeed, the higher the amount of Al in the 

framework the higher the concentration of both Lewis and 

Brønsted acid sites (Table 1). 

Fig. 1. 27Al (B) CP-NMR spectra of the synthesized mesoporous 
catalysts: (a) [Al]-SBA-15 (Si/Al = 23), (b) [Al]-SBA-15 (Si/Al = 73), (c) 
[Al]-SBA-15 (Si/Al = 114), (d) SBA-15. 
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Following the vibrations characterizing the 19b mode of 

coordinated (1454 cm-1) and protonated (1542 cm-1) pyridine 

along with the desorption temperature, the acid strength 

could be assessed. Those bands were still clearly seen in the 

spectra at all temperatures up to 350 °C with only a small 

progressive decrease in intensity with temperature. This 

finding indicates the occurrence of significant concentrations 

of moderate to strong Lewis and Brønsted acid centres, which 

is consistent with the introduction of aluminum into 

mesoporous silica network. 

As the intended catalytic application of such mesoporous 

catalysts is for aqueous-phase processing of monosaccharides, 

the total acidity was also determined by titration and results 

are summarised in Table 1. A substantial difference is observed 

comparing the pure SBA-15 with the modified [Al]-SBA-15 

samples, which is in agreement with the pyridine adsorption 

experiments. The titration data also indicated that the acidity 

increases as the Si/Al ratio decreases over the studied range, 

as expected. 

All samples were tested for xylose aqueous-phase 

upgrading under mass-transfer free conditions. Reaction 

temperature was kept at 130 °C to avoid any thermal 

homogeneous conversion of xylose, which was found to occur 

from 150 °C. Table 1 also summarizes the catalytic 

performance data of all the mesoporous catalysts while the 

time-resolved pentose conversion curves are presented in Fig. 

3. 

No activity was seen for the unmodified SBA-15 with the 

conversion of pentoses only found to be ≈3% that is similar to 

the control experiment with no catalyst. This result is in 

agreement with the low acidity of the siliceous SBA-15 

framework. 

Modifying the original inactive silica network with Al, even 

with the lowest amount ([Al]-SBA-15 (Si/Al = 114)), promoted 

the reaction with significant pentose conversion found for all 

samples (Fig. 3). The initial reaction rate has been normalised 

with respect to the catalyst surface area. The activity was 

found to steadily increase with increasing the content of Al. 

For example, the area normalised initial reaction rate (r0) was 

more than three times faster when going from Si/Al = 114 to 

23 (Table 1). This behaviour can be related to the tuned acidity 

of the catalysts surface.28 

The modifications to the surface of the [Al]-SBA-15 also 

dictated the product distribution. As shown in Fig. 4, furfuryl 

alcohol was the main product as calculated on the pentose 

basis (xylose+xylulose), and only a minor formation of furfural 

was found regardless the Si/Al ratio. Nonetheless, when 

xylulose is considered as a product, i.e. selectivity is calculated 

on xylose basis only, the effect of Al introduction into the silica 

framework is more evident as depicted in Fig. S8. Indeed, 

xylulose, the keto isomer form of xylose, was rapidly formed 

during all catalytic runs and the time-dependent profiles (Fig. 

S8) indicated that this is an intermediate in the reaction of 

xylose to furanic compounds. This isomerisation reaction is 

reported to be the first reaction step, which readily takes place 

on the catalyst Lewis acid sites.22,23,60 

  

Fig. 2. FTIR spectra of adsorbed pyridine on [Al]-SBA-15 (Si/Al = 23) 
at (a) 150 °C, (b) 250 °C, (c) 350 °C. 

Fig. 3. Time-resolved pentoses conversion curves on synthesized 
mesoporous catalysts: () SBA-15, () [Al]-SBA-15 (Si/Al = 114), 
() [Al]-SBA-15 (Si/Al = 73), () [Al]-SBA-15 (Si/Al = 23). Reaction 
conditions: 130 °C, 30 bar (N2), water:2-propanol 1:1, xylose 
solution at 83 mmol L-1. 
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All the modified [Al]-SBA-15 catalysts were highly selective 

to furfuryl alcohol reaching selectivities of between 90 – 95% 

within the whole range of pentose (xylose+xylulose) 

conversion as depicted in Fig. 4. This selectivity level lays 

within 40 – 90% when xylulose is also taken as a reaction 

product and only xylose conversion is considered (Fig. S8). This 

significant result is comparable to that recently reported on 

BEA zeolitic catalyst (Si/Al = 11) under the same reaction 

conditions.45 It reveals that both Lewis and Brønsted acid sites 

on [Al]-SBA-15 catalysts identified by pyridine-adsorbed 

infrared spectra are active and playing a role in the pentose 

tandem transformation. The production of furfuryl alcohol 

may, therefore, be explained by the tandem reaction of 

xylose/xylulose dehydration to furfural, which depends 

predominantly on Brønsted acidity,12,60,61  while the next 

cascade step (furfural transfer hydrogenation) occurs on the 

Lewis acid sites.44,45,62,63 This is consistent with the formation 

of propanone which was observed throughout the 

experiments using all modified catalysts, as depicted in Fig. S9, 

which is formed by the oxidation of 2-propanol via a 

Meerwein-Ponndorf-Verley (MPV) reaction. The surface sites 

involved in each reaction step is pointed out in Scheme 1. 

The vital role played by 2-propanol as H-donor in the 

mechanism of furfuryl alcohol formation was also evidenced 

by running a control experiment in the absence of a sacrificial 

alcohol. Fig. 5 contrasts the performance of [Al]-SBA-15 (Si/Al 

= 23) in the aqueous-phase conversion of xylose with and 

without 2-propanol in the reaction medium. It is well 

demonstrated that reaction does not occur without a H-donor 

as the conversion curve is equivalent of those collected 

without any catalyst or when siliceous SBA-15 is used as 

catalyst. 

The vicinity of Brønsted and Lewis acid sites is suggested to 

be a major concern in these systems since the adsorbed 

furfural species can be reduced to furfuryl alcohol without 

being desorbed. This process may explain the low selectivity to 

furfural observed herein. To support this proposal, furfural was 

used as the substrate and the reaction was performed under 

the same conditions used in this study. No activity or furfuryl 

alcohol formation were observed over any of the studied 

catalysts. This indicates that the transfer hydrogenation of free 

furfural molecules to furfuryl alcohol on [Al]-SBA-15 catalysts 

would require much higher temperatures, as has been used for 

other catalytic systems.28,36,44, Moreover, a systematic study 

reported on furfural reduction via the MPV mechanism clearly 

demonstrated that the presence of water in the reaction 

medium hinders the catalytic activity.36 It should be recalled 

that, in contrast with other studies on the direct conversion of 

xylose to green chemicals,29,44,46 the experiments reported, 

herein, were conducted in an aqueous-phase (water:2-

propanol 1:1) since the one-pot tandem catalytic conversion of 

xylose was the desired reaction which was required to dissolve 

the monosaccharide. Therefore a lower activity should be 

expected when compared to other studies based on organic 

solvents.29,44,46 This damaging effect of water has been 

associated with the interaction between water molecules from 

the reaction medium and/or produced upon reaction with the 

surface acid sites.45,64-66 As a consequence, the water 

molecules may be kept attached to the acid centres decreasing 

its intrinsic activity. Such detrimental effect of water was 

previously evidenced by performing the reaction at different 

water:2-propanol mixture compositions.45 Large amounts of 

water was shown to significantly decrease the catalytic activity 

even for a more hydrophobic catalyst surface.45 

Fig. 4. Selectivities to furfuryl alcohol () and furfural () as a function of pentose conversion on synthesized 
mesoporous catalysts. Reaction conditions: 130 °C, 30 bar (N2), water:2-propanol 1:1, xylose solution at 83 mmol L-1. 

Scheme 1. Simplified scheme of xylose conversion into furfuryl 
alcohol. 
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A good carbon balance ranging from 92 to 105% was 

observed and this was maintained during the reactions. It is 

worth noting that neither retro-aldol condensation and 

etherification products nor acetals were formed in any 

experiment. It could be due to the inappropriate acidity 

strength, concentration of acid sites or the short reaction time 

and low reaction temperature, which were chosen to keep low 

conversion conditions. 

To evaluate the catalyst performance at different pentose 

(xylose+xylulose) conversions, additional runs were carried out 

at distinct reaction conditions using [Al]-SBA-15 (Si/Al = 23) 

and the results are collected in Table 2. Raising pentose 

conversion up to ~40% by increasing the amount of catalyst 

(Table 2, entry 2) or reaction time (Table 2, entry 4), selectivity 

to furfuryl alcohol dropped to 50 – 60% but it is still the major 

reaction product. Pushing pentose conversion to ~70% by 

increasing reaction temperature (Table 2, entry 3) led to a 

more severe drop in furfuryl alcohol selectivity. It should be 

noted that carbon balance also decreased significantly, 

reaching 54% under this condition (Table 2, entry 3). These 

data indicate that working at higher temperature leads to the 

formation of heavy compounds mostly likely derived from 

polymerization and condensation reactions. Data referring to 

xylose conversion only, i.e. when xylulose is also taken as a 

reaction product, are summarized in Table S1. 

 

In order to test the recyclability, the [Al]-SBA-15 (Si/Al = 23) 

catalyst was recovered by filtration following reaction, dried 

and used in consecutive catalytic runs. Fig. 6 shows pentose 

(xylose+xylulose) conversion and product selectivities for three 

reaction cycles after 4 h of reaction. The pentose conversion 

was around 15 % in all runs indicating little loss in activity. The 

selectivity to furfuryl alcohol showed a minor decrease from 

90 to 80 %. In contrast, the formation of furfural gradually 

increased from 10 to 20 % over the three cycles. This trend 

might indicate that the Lewis acid sites associated with the 

MPV reduction become less active after each run, which would 

result in lower conversions of the adsorbed furfural 

intermediate allowing the aldehyde to desorb. 

Following the reactions, the structural stability of [Al]-SBA-

15 (Si/Al = 23) sample was analysed by SAXRD, TEM and 27Al-

NMR and the results are presented in Fig. 7. 

 

 

 

 

 

 

 

 
Table 2. Reaction temperature (T), catalyst amount (mcat), total reaction time (t), pentose conversion (Xpentose), selectivity to furfuryl alcohol 
(SFFA) and furfural (SFF), carbon balance and catalyst aluminium content (%Al) after reaction using [Al]-SBA-15 (Si/Al = 23). 

Entry T (°C) mcat (g) t (h) Xpentose (%) SFFA (%) SFF (%) CB (%) %Al 

1 130 0.25 6 19 53 6 92 2.3 

2 130 0.50 6 22 61 8 93 2.3 

3 150 0.25 6 67 20 12 54 2.3 

4 130 0.25 24 39 50 15 86 2.1 

 

Fig. 5. Time-resolved pentoses conversion curves on [Al]-SBA-15 
(Si/Al = 23) in water () and water:2-propanol 1:1 (). Reaction 
conditions: 130 °C, 30 bar (N2), xylose solution at 83 mmol L-1. 

Fig. 6. Pentose conversion (Xpentose) and selectivities to furfuryl 
alcohol and furfural for three consecutive reaction cycles 
performed with [Al]-SBA-15 (Si/Al = 23). Reaction conditions: 
130 °C, 30 bar (N2), water:2-propanol 1:1, xylose solution at 
83 mmolL-1. 
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SAXRD shows that the catalyst mesostructure is preserved 

intact when compared to the fresh sample (Fig. 7a). The 

structure was also found to be stable by the TEM showing no 

change in the honeycomb-like hexagonal arrangement of 

cylindrical pores as depicted in the two different magnification 

images of the spent catalyst in Fig. 7b (compare with those in 

Fig. S4). 27Al-NMR spectrum of the spent catalyst (Fig. 7c) also 

showed similar amounts of tetrahedral sites in the AlO4 

structure unit and octahedral Al species (six-coordinate Al) as 

found for the fresh sample. 

Regarding the chemical stability, ICP-OES analyses of both 

fresh (Table 1) and spent (Table 2) catalyst showed that they 

present the same content of Al, indicating that no leaching 

occurs during reaction under the conditions applied. 

Accordingly, no Al was detected in the aqueous reaction 

solution. 

Conclusions 

Pentose sugars were converted to furfuryl alcohol by 

tandem reactions over metal-free mesoporous catalysts with 

SBA-15 topology. Brønsted acid sites generated by introducing 

Al into the siliceous SBA-15 framework were found to be active 

for the pentose dehydration reaction, whilst Lewis acid sites 

promoted the transfer hydrogenation of adsorbed furfural 

intermediate to furfuryl alcohol. A high selectivity to furfuryl 

alcohol (90 – 95%) was observed on the mesoporous catalysts 

and it was dependent of the Al concentration in the siliceous 

framework. More importantly, these [Al]-SBA-15 molecular 

sieve catalysts were shown to be chemically and structurally 

stable. Therefore, these engineered [Al]-SBA-15 catalysts have 

been shown to be effective in an environment-friendly green 

process for the aqueous-phase processing of biomass-derived 

monossaccharides. In these systems neither molecular 

hydrogen nor noble metal sites are required for xylose 

upgrading. The use of mesoporous materials also offers the 

opportunity to expand the range of biomass-derived products 

that can be converted. 
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