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ABSTRACT 

Aiming at the valorisation of furfural (Fur) via sustainable routes based on process 

intensification and heterogeneous catalysis, the one-pot conversion of this renewable 

platform chemical to useful bio-products, namely furfuryl alkyl ethers (FEs), levulinate esters 

(LEs), levulinic acid (LA), angelica lactones (AnLs) and -valerolactone (GVL), was 

investigated using a single heterogeneous catalyst, in 2-butanol, at 120 ºC. Various chemical 
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reactions are involved in this process, which requires catalysts with active sites for acid and 

reduction chemistry. For this purpose, it was explored for the first time the catalytic 

potentialities of modified versions of zeolite beta containing Al and Sn sites prepared from 

commercially available nanocrystaline zeolite beta via post-synthesis partial dealumination 

followed by solid-state ion-exchange. The post-synthesis conditions influenced considerably 

the catalytic performances of these types of materials. The best-performing catalyst was 

(Sn)SSIE-beta1 with Si/(Al+Sn)=19 (Sn/Al=27.6), which led to total yield of bio-products of 

83% at 86% Fur conversion, and exhibited steady catalytic performance for six consecutive 

runs. A systematic catalytic study using the prepared catalysts with different bio-products as 

substrates, together with the molecular level and microstructural characterisation of the 

materials, helped understand the effects of different material properties on the specific 

reaction pathways in the overall system. These studies led to mechanistic insights into the 

reaction network of Fur to the bio-products in alcohol media, upon which a kinetic model was 

developed for the first time. The superior performance of (Sn)SSIE-beta1 in various steps was 

related to the dealumination degree, dispersion and amount of Sn-sites, and acid properties.  

 

Keywords: furfural; bio-products; zeolite beta; dealumination; solid state ion-exchange; acid 

catalysis; catalytic reduction 

 

1. Introduction 

Furfural (Fur) is a renewable platform chemical and industrially produced from 

hemicelluloses [1]. It can be converted to the bio-products furfuryl alcohol (FA), furfuryl 

alkyl ethers (FEs), levulinate esters (LEs), levulinic acid (LA), angelica lactone isomers 

(AnLs) and -valerolactone (GVL) [2-4] (Scheme 1), useful in different sectors of the 

chemical industry. FA, industrially produced via hydrogenation of Fur, is used in the foundry 
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industry [5], and FEs are used as blending components of gasoline [6, 7] and as flavour 

compounds [8, 9]. LEs are used as oxygenate fuel additives [10-12], solvents, and to produce 

plasticizers and flavouring agents [13-14]. LA is used in the production of fuel additives [15-

21], agrochemicals (e.g. synthesis of -aminolevulinic acid, a biodegradable pesticide) [20, 

22], and polymers (e.g. synthesis of diphenolic acid, an alternative to bisphenol A) [20, 23]. 

-Angelica lactone (AnL) is used for food flavouring and as aromas in the tobacco industry 

[24], pheromones [25] and fuel additives [14, 26], while GVL is used as solvent for biomass-

related reactions [27, 28], chemical intermediates [16-18, 29-33] and fuels [16, 17, 34, 35]. 

The conversion of Fur to the bio-products is complex because it involves acid and reduction 

chemistry. Hence, one-pot conversion of Fur to give desired bio-products in high yields using 

a heterogeneous catalyst is particularly challenging. 

Zeolites (crystalline microporous aluminosilicates) are versatile materials with various 

commercial applications, particularly as heterogeneous catalysts which led to important 

breakthroughs in refinery technologies. The potential application of zeolites can be extended 

to catalyst technology of future bio-refineries to convert biomass to fuels and chemicals, 

alleviating society’s dependence on (non-renewable) fossil fuels [3, 36, 37]. Among the most 

investigated zeolites, beta with BEA framework topology possesses a 3-D large-pore channel 

system and 12-membered ring channels. Zeolite beta and its modified versions are known to 

be effective catalysts for several reactions concerning the valorisation of biomass, e.g. corn 

fiber to Fur [38]; levuglucosan (an intermediate of (hemi)cellulose pyrolysis) to glucose [39] 

or Fur [40]; saccharides to Fur [41, 42], 5-(hydroxymethyl)furfural (HMF) [42-47], or LEs 

[48, 49]; cellulose and hemicelluloses to diesel [50]; hemicelluloses to polyols [51]; C-3 

sugar to methyl lactate and lactic acid [52]; FA to 2-(ethoxymethyl)furfural (EMF) and ethyl 

levulinate (EL) [53]; biodegradable surfactants via acetalisation [54] or etherification of HMF 

[55]; Fur to GVL [4]; pyrolysis of biomass or derived compounds to aromatic/aliphatic 
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hydrocarbons [56-66]; sugarcane bagasse to bio-oil and upgrading to fuel [67]; co-conversion 

of biogenic waste and vegetable oil [68]; and pyrolysis of organosolv lignin to phenolic 

compounds [69, 70]. The introduction of different elements into zeolite beta widens its 

catalytic potential. In particular, tin-containing zeolite beta (Sn-beta) can promote 

chemoselective reduction of carbonyl groups to alcohol groups under relatively mild 

conditions via the Meerwein-Ponndorf-Verley (MPV) mechanism [71], avoiding the use of 

high pressure H2. Quantum chemical calculations indicated that Sn-beta stands on a similar 

footing to the classical compound Al(III)-isopropoxide used for MPV systems [72].  

The method of preparing heterogeneous catalysts is an important factor from the practical 

point of view. The introduction of large Lewis acid centres such as Sn
IV

 into zeolite beta 

typically involves tedious hydrothermal synthesis procedures, with several limitations: long 

synthesis times (due to slow nucleation), reduced number of isolated metal sites introduced 

and formation of relatively large crystals which can lead to internal diffusion limitations 

during the catalytic reaction [73]. An interesting strategy to overcome these limitations is 

using an up-scalable simple post-synthesis protocol involving dealumination and subsequent 

solid-state ion-exchange (SSIE). This protocol is advantageous in comparison to conventional 

liquid-phase routes in that it generates less toxic waste and avoids solvation of the metal 

species and hydrolysis of metal precursors which can impede the incorporation of the Lewis 

acid centres [74]. The modification of zeolite beta via SSIE was reported in 1993 by 

Barthomeuf et al. [75] to introduce lanthanum, and this procedure was more efficient than 

classical ion-exchange in solution, without destroying the zeolitic framework. Since then, 

different elements have been introduced into zeolite beta by SSIE leading to catalytic 

performances that are superior to those reached with the corresponding materials prepared 

using conventional liquid-phase routes [73, 76, 77]. Successful incorporation of tin into the 

BEA framework by SSIE was demonstrated by Hermans et al. [73, 75]. Zeolite beta was 
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partially dealuminated by acid treatment, generating vacant tetrahedral sites which were 

subsequently occupied by tin species introduced by SSIE.   

In the present work, modified versions of zeolite beta containing aluminium and tin sites 

were prepared from nanocrystalline NH4-beta via post-synthesis routes similar to those 

described by Hermans et al. [73]. Different materials were prepared by varying the acid 

concentration used for the partial dealumination, the amount of tin precursor used in the SSIE 

process, or by carrying out (Sn,Al)-competitive SSIE. The prepared (Sn,Al)-containing 

materials were explored as catalysts for the one-pot multistep conversion of Fur to the bio-

products, using 2-butanol (2BuOH) as reacting solvent, at 120 ºC. In order to help understand 

the effects of different material properties on the specific reaction pathways in the overall 

reaction system, the modified beta materials were also tested as catalysts for the reactions 

starting from FA, FEs, LEs, AnL and LA. These studies led to mechanistic insights into the 

complex reaction system, upon which a kinetic model was developed.  

 

2. Experimental 

2.1. Preparation of modified versions of zeolite beta 

Modified versions of beta catalysts were prepared from commercial nanocrystalline NH4-beta 

(Zeolyst, CP814E; based on the supplier´s technical information Si/Al=12.5, ca. 20-30 nm 

crystallite sizes [41]). First, NH4-beta was calcined at 550 ºC for 10 h under static air, giving 

H-beta. Subsequently, H-beta was modified with Sn in a similar fashion to that described by 

Hermans et al. [73], giving (Sn)SSIE-beta materials. Specifically, H-beta was partially 

dealuminated by acid treatment at 100 ºC for 20 h (HNO3 (70%, Sigma-Aldrich) was used to 

prepare acid solutions with the desired concentrations). The dealuminated materials denoted 

as deAl-beta1, deAl-beta2 and deAl-beta3 were obtained using decreasing acid concentration 

(Table 1). Subsequently, these materials were subjected to SSIE with tin. Solid mixtures of 
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tin(II) acetate (Sigma-Aldrich) and deAl-betan (n=1,2, or 3) were ground and mixed for 20 

min at room temperature. After calcination at 550 ºC for 4 h, under air flow (20 mL min
-1

), 

(Sn)SSIE-betan (n=1,2, or 3) were obtained from the respective parent dealuminated materials, 

deAl-betan. A material denoted (SnAl)SSIE-beta1 was prepared from deAl-beta1 in a similar 

fashion to that for (Sn)SSIE-beta1, but using an equimolar mixture of tin(II) acetate and 

aluminium acetylacetonate (99%, Sigma-Aldrich) in the SSIE step prior to the calcination 

treatment. Bulk SnO2 was synthesised by treating tin(II) acetate under the same conditions to 

that used to prepare (Sn)SSIE-betan. 

Table 1. Modification conditions and textural properties of nanocrystalline H-beta and 

derived materials.
a
 

Sample 

Post-synthesis conditions 
 

Textural properties 

Dealumination
a
 

[HNO3] (M)  

SSIE 
b
 

(mmol Sn(II)+Al(III)/gdeAl-beta) 

 
SBET 

(m
2
g

-1
) 

Sext 

(m
2
g

-1
) 

Vmicro 

(cm
3
g

-1
) 

H-beta - -  650 204 0.18 

deAl-beta1 13 -  583 190 0.16 

deAl-beta2 7.2 -  554 176 0.15 

deAl-beta3 4.3 -  543 179 0.14 

(Sn)SSIE-beta1 13.0 0.846  559 170 0.16 

(Sn)SSIE-beta2 7.2 0.421  569 181 0.16 

(Sn)SSIE-beta3 4.3 0.210  573 180 0.16 

(SnAl)SSIE-beta1 13.0 0.422(Sn)+0.422(Al)  566 181 0.15 

a
 In the dealumination step (deAl) the volume of the acid solution per mass of H-beta was 

always 20 mL/gH-beta. 
b
 Amount of Al and/or Sn precursor used per gram of deAl-betan 

(n=1,2,3) used in the solid-state ion-exchange (SSIE) step. 
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2.2. Characterisation of the catalysts 

The wide-angle XRD patterns (10º < 2θ < 70º) were collected at room temperature on a D8 

Advance Series 2 Theta/Theta powder diffraction system (Bruker) with Cu-Kα radiation and 

step size of 0.02º. Scanning electron microscopy (SEM) images, energy dispersive X-ray 

spectroscopy (EDS) analysis and elemental (Sn, Al, Si) mappings were obtained on a Hitachi 

SU-70 SEM microscope with a Bruker Quantax 400 detector operating at 20 kV.  

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses of all 

prepared samples were requested to the Central Analysis Laboratory (University of Aveiro); 

the measurements were carried out on a ICP-OES spectrometer Horiba Jobin Yvon modelo 

Activa M (detection limit of ca. 20 g.dm
-3

; experimental range of error of ca. 5%). Prior to 

the ICP-AES, the solids (10 mg) were digested by microwave with 1 mL of HF and 1 mL of 

HNO3, in a closed vessel at 180 ºC, followed by a second digestion with HCl.  

Nitrogen and argon adsorption-desorption isotherms were measured at -196 ºC and -186 ºC, 

respectively, on an Autosorb-iQ (Quantochrome Instruments). Prior to measurements, the 

solids were out-gassed at 300 °C for 12 h under vacuum. From the N2 adsorption isotherms 

the textural properties of the materials were calculated: the specific surface area (SBET) using 

the Brunauer-Emmett-Teller (BET) equation, (interparticle) mesopore size (Dmeso) 

distribution using the BJH method, external surface area (Sext) and micropore volume (Vmicro) 

using the t-plot method. The micropore size distribution was calculated from the Ar 

adsorption isotherm using non-local DFT method (cylindrical pore model) of the ASiQwin 

software (version 3.01).  

The 
27

Al MAS NMR spectra of H-beta and (SnAl)SSIE-beta1 were recorded at 104.26 MHz 

using a Bruker Avance 400 (9.4 T) spectrometer with a contact time of 3 ms, a recycle delay 

of 1 s, and a spinning rate of 13 kHz. For the remaining materials (deAl-beta2, (Sn)SSIE-beta2, 
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deAl-beta1 and (Sn)SSIE-beta1, the 
27

Al MAS NMR spectra were recorded at 182.432 MHz 

using a Bruker Avance III HD 700 (16.4 T) spectrometer with a unique pulse, a recycle delay 

of 1 s, and a spinning rate of 14 kHz.  Chemical shifts are quoted in ppm from Al(NO3)3.  

Fourier transform infrared (FT-IR) spectra were recorded in transmission mode as KBr 

pellets using a Unican Mattson Mod 7000 spectrophotometer equipped with a DTGS CsI 

detector (400-4000 cm
-1

, 256 scans, 4 cm
-1

 resolution). Diffuse reflectance UV-vis spectra 

were recorded using a Jasco V-560 spectrophotometer and BaSO4 as reference. Raman 

measurements were carried out on a JobinYvon HR 800 UV-Raman spectrometer with the 

325 nm He-Cd laser line. The thermogravimetric analyses (TGA) and differential scanning 

calorimetry (DSC) analyses were carried out under air with a heating rate of 10 ºC min
-1

, 

using Shimadzu TGA-50 and DSC-50 instruments, respectively. 

X-ray photoelectron spectroscopy (XPS) analysis was performed on a K-Alpha system from 

Thermo Scientific, equipped with a monochromatic Al K a source (1486.6 eV), and operating 

in constant analyser energy (CAE) mode, with a pass energy of 200 and 50 eV for survey and 

high resolution spectra, respectively. A spot size diameter of ca. 400 μm was adopted. Thus 

the measurements were carried out over large number of randomly oriented beta type 

crystallites, and the results represent fairly well the average chemical environment of the 

samples. 

The acid properties of the modified beta materials were measured using a NexusThermo 

Nicolet apparatus (64 scans and resolution of 4 cm
-1

) equipped with a specially designed cell, 

using self-supported discs (5–10 mg cm
−2

) and pyridine as the basic probe. Pyridine was 

chosen since its critical dimension of ca. 6.5 Å [78] is somewhat comparable with the 

molecular diameters of furfural (ca. 5.7 Å along the longest axis [79]). After in situ 

outgassing at 450 ºC for 3 h (10
−6

 mbar), pyridine (99.99%) was contacted with the sample at 

150 ºC for 10 min and subsequently evacuated for 30 min under vacuum (10
-6

 mbar). The IR 
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bands at ca. 1540 and 1455 cm
−1

 are related to pyridine adsorbed on Brønsted (B) and Lewis 

(L) acid sites, respectively [80]. The acid properties of H-beta were considered the same as 

those reported by our group in ref. [41] for an identical sample, obtained from same NH4-beta 

recipient acquired.   

 

2.3. Catalytic tests 

The batch catalytic experiments were performed in tubular glass reactors with pear-shaped 

bottoms and equipped with an appropriate PTFE-coated magnetic stirring bar and a valve. In 

a typical procedure, 0.45 M of furfural (Fur, Aldrich, 99%) and powdered catalyst (loading of 

26.7 gcat L
-1

) in 0.75 mL of aliphatic alcohol (2-butanol (Sigma-Aldrich, 99%) or 2-propanol 

(Sigma-Aldrich, ≥99.5%)) were added to the reactor and heated at 120 
o
C. These reaction 

conditions are similar to those used by Román-Leshkov et al. [4]. Additionally, furfuryl 

alcohol (FA, Aldrich, 99%), 1-butyl levulinate (1BL, Aldrich, 98%), ethyl levulinate (EL, 

Aldrich, 99%), levulinic acid (LA, Aldrich, 98%), -angelica lactone (AnL, Alfa Aesar, 

98%), furfuryl 1-butyl ether (1BMF, Manchester Organics, 95%) and furfuryl ethyl ether 

(EMF, Manchester Organics, 97%) were tested as substrates. 

The reaction mixtures were heated with a thermostatically controlled oil bath, under 

continuous magnetic stirring at 1000 rpm. Reaction time was calculated from the instant 

when the reactor was immersed in the oil bath. The catalytic performances of the different 

prepared materials were compared on the basis of similar mass of catalyst (important for 

practical applications).  

In order to examine the recyclability of the catalyst (here only (Sn)SSIE-beta1 was tested), 

after a batch run using Fur as substrate, the solid catalyst was separated from the reaction 

mixture by centrifugation, thoroughly washed with 2-butanol, dried at 85 ºC overnight, and 

calcined at 550 ºC for 3 h with a heating rate of 1 ºC min
-1

 to give the regenerated catalyst. 
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The catalyst was used in six consecutive batch runs under similar reaction conditions. In 

order to check for leaching and the presence of soluble active species, contact tests were 

performed as follows: the catalyst was treated for 24 h at 120 ºC under similar conditions to 

those used for typical batch runs, but without substrate. Subsequently, the mixture was cooled 

to room temperature, the solid catalyst was separated by centrifugation, and the liquid phase 

was passed through a filter containing a 0.2 m PTFE membrane. The substrate was added to 

the obtained liquid solution to give an initial substrate concentration of 0.45 M, and this 

solution was stirred at 120 ºC for 24 h. 

The evolution of the catalytic reactions was monitored by GC (for quantification of the bio-

products) and HPLC (for quantification of Fur). Prior to sampling, the reactors were cooled to 

ambient temperature before opening and work-up procedures. The analyses were always 

carried out for freshly prepared samples. The GC analyses were carried out using a Varian 

3800 equipped with a capillary column (Chrompack, CP-SIL 5CB, 50 m × 0.32 mm × 0.5 

μm) and a flame ionisation detector, using H2 as carrier gas. The HPLC analyses were carried 

out using a KnauerSmartline HPLC Pump 100 and a Shodex SH1011 H
+
 300 mm × 8 mm 

(i.d.) ion exchange column (Showa Denko America, Inc., New York), coupled to a 

KnauerSmartline UV detector 2520 (254 nm) where the mobile phase was 0.005 M aq. 

H2SO4 at a flow rate of 0.8 mL min
−1

 and the column temperature was 50 
o
C. Calibration 

curves were measured for quantification. Individual experiments were performed for a given 

reaction time and the presented results are the mean values of at least two replicas. The 

substrate (Sub) conversion (%) at reaction time t was calculated using the formula: 

100×[(initial concentration of Sub)-(concentration of Sub at time t)]/(initial concentration of 

Sub). The yield of product (Pro) (%) at reaction time t was calculated using the formula: 

100×[(concentration of Pro at time t)/(initial concentration of Sub)]. The identification of the 

bio-products was checked by GC-MS using a Trace GC 2000 Series (Thermo Quest CE 
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Instruments)–DSQ II (Thermo Scientific), equipped with a capillary column (DB-5 MS, 30 m 

× 0.25 mm × 0.25 μm) using He as carrier gas. The bio-products (whenever formed) were 

furfuryl alcohol (FA), furfuryl alkyl ethers (2BMF=furfuryl 2-butyl ether, 2PMF=furfuryl 2-

propyl ether), levulinate esters (2BL=2-butyl levulinate, 1BL=1-butyl levulinate, EL=ethyl 

levulinate, 2PL=2-propyl levulinate), angelica lactones (AnL=-angelic lactone, AnL=-

angelic lactone), levulinic acid (LA), and -valerolactone (GVL). 

 

2.4. Kinetic modelling 

The micro reactors were modelled as perfectly stirred batch reactors, and the mass balance 

equations are given by: 

i
i r

dt

dC

W

V
           Eq. (1) 

where V is the reaction mixture volume (L), W is the mass of catalyst (g), iC  is the molar 

concentration of the reactive species i  (M), t  is time (h),  and  ir  is the overall reaction rate 

of species i  expressed per unit of mass catalyst (mol·gcat
-1

·h
-1

). The ratio W/V was 

maintained constant in all experiments.  

 Based on the mechanism proposed in section 3.2.3, a pseudo-homogeneous kinetic 

model was developed, considering first-order reactions for all steps involved: 

  FUR91
FUR Ckk 

dt

dC

W

V
        Eq. (2) 

  FA1032FUR1
FA CkkkCk

dt

dC

W

V
      Eq. (3) 

  2BMF1154FA2
2BMF CkkkCk
dt

dC

W

V
       Eq. (4) 

  AnLs1262BMF4FA3
AnLs CkkCkCk

dt

dC

W

V
      Eq. (5) 
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  LA137AnLs6
LA CkkCk

dt

dC

W

V
        Eq. (6) 

  2BL148LA72BMF5
2BL CkkCkCk

dt

dC

W

V
     Eq. (7) 

2BL8
GVL Ck

dt

dC

W

V
         Eq. (8) 

Fur9

DFur Ck
dt

dC

W

V
         Eq. (9) 

FA10

DFA Ck
dt

dC

W

V
         Eq. (10) 

2BMF11

D2BMF Ck
dt

dC

W

V
         Eq. (11) 

AnLs12

DAnLs Ck
dt

dC

W

V
         Eq. (12) 

LA13

DLA Ck
dt

dC

W

V
         Eq. (13) 

2BL14

D2BL Ck
dt

dC

W

V
         Eq. (14) 

where jk are the apparent reaction kinetic constants (L·gcat
-1

·h
-1

) of step j at constant 

temperature.  

The problem was solved by numerical integration with simultaneous optimization, 

using appropriate initial conditions (at t=0). MEIGO (MEtaheuristics for systems biology and 

bIoinformatics Global Optimization) [81], an open-source toolbox for global optimization, 

and Matlab (version 7.8) were used to obtain the kinetic constants by fitting the model 

proposed to the experimental data (up to 7h) in order to minimize the following objective 

function: 

  









m

n

n

nmnm CCF
p

1

2

exp,calc,obj       Eq. (14) 
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where 
calc,nmC  and 

exp,nmC  are the concentrations predicted by the model and the 

experimental ones, respectively, at each instant of time n, m is Fur, 2BMF, AnLs, LA, 2BL or 

GVL. 

  

3. Results and Discussion 

3.1. Characterisation of the modified zeolite beta materials 

Powder X-ray diffraction (XRD) patterns of the dealuminated materials (deAl-betan) are 

similar to that of H-beta (Figure 1), displaying reflections characteristic of the crystalline 

structure with BEA topology [41, 82-84]. The crystalline structure was preserved during the 

acid treatments, which is in agreement with the literature for HNO3-treated beta materials 

[83, 85-89]. The SSIE process did not lead to measurable changes in the crystalline structure 

of the materials deAl-betan.  
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Figure 1. Powder XRD patterns of H-beta and its modified versions, and SnO2 for 

comparison. 

Treatment of tin(II) acetate by calcination under identical conditions to those used to prepare 

the (Sn)SSIE-betan materials after SSIE, led to the cassiterite phase of SnO2 (member of the 

rutile group, JCPDS No. 41-1445): 2 = 26.6, 33.9, 38, 52.7 and 54.7º, corresponding to the 

reflections (100), (101), (200), (211) and (220), respectively), which consists of [SnO6]
8-

 

octahedra [90, 91]. The bulk tin oxide sample (hereafter denoted SnO2 for the sake of 

simplicity) seems to be mixed with relatively small amounts of other tin oxide phases; a peak 

at 27º may be due to Sn2O3 (JCPDS No. 25-1259), and a peak at 31.7º may be due to triclinic 

Sn3O4 (JCPDS No. 16-757). No crystalline phases of tin oxide could be distinguished in the 

XRD pattern of (Sn)SSIE-beta1. For the remaining Sn-containing beta materials (especially 
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(SnAl)SSIE-beta1) a weak peak at ca. 52º not related to the BEA framework structure, was 

observed, which may be due to crystalline SnO2 and heterogeneous dispersion of Sn in these 

materials.  

Zeolite H-beta and the corresponding modified materials exhibited reversible N2 adsorption-

desorption isotherms with features of Type I. The significant increase in N2 uptake at low 

relative pressures (p/p0< 0.1) can be attributed to the filling of micropores (Figure S1). The 

N2 uptake increases again significantly as p/p0 approaches unity, which is likely due to 

multilayer adsorption on the external surface of the crystallites. The specific surface area and 

pore volume of H-beta decreased slightly after the acid treatments (Table 1). Comparison of 

the micropore size distribution of deAl-beta1 and the corresponding (Sn)SSIE-beta1 material 

showed no considerable changes in pore sizes after the SSIE (the maxima at ca. 5.8 and 6.1 Å 

for deAl-beta1 and (Sn)SSIE-beta1, respectively, Figure S2). In general, the texture parameters 

of the modified materials are comparable (SBET of 543-583 m
2
g

-1
, Sext of 170-190 m

2
g

-1
,Vmicro 

of 0.14-0.16 cm
3
g

-1
, Table 1). The SBET values are in the range of values reported in the 

literature for Sn-beta materials prepared using different synthetic approaches [73, 82, 92, 93]. 

The materials possess considerable Sext and ratios Sext/Vmicro, which is consistent with the fact 

they were prepared from nano-sized crystallites of zeolite beta (ca. 20-30 nm [41]). On the 

other hand, the post-synthesis treatments did not cause significant structural collapse or pore 

blockage.  

All modified beta materials consist of irregular shaped aggregates of crystallites, with 

homogeneous dispersions of Al and Si as observed by SEM and elemental mapping (Figures 

2 and 3). The Sn mapping showed fairly homogeneous dispersion of surface species in the 

case of (Sn)SSIE-beta1, whereas for the remaining Sn-containing beta materials, regions with 

higher concentrations of Sn were found, showing heterogeneous dispersion of Sn. These 

results are consistent with the powder XRD data of the Sn-containing solids.  
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Figure 2. SEM and elemental mapping of Si and Al for deAl-beta1 (a), deAl-beta2 (b) and 

deAl-beta3 (c). 

The compositions of the modified beta materials were determined by ICP-AES analyses 

(Table 2). The dealumination of H-beta using increasingly concentrated HNO3 led increasing 

molar ratios Si/Al of the materials deAl-betan, and thus the dealumination degree increased in 

the order, deAl-beta3<deAl-beta2<deAl-beta1. The Si/Al ratios of the dealuminated materials 

remained comparable after SSIE for Sn. The simultaneous increasing degree of 

dealumination and decreasing amount of Sn introduced by the SSIE, led to materials (Sn)SSIE-

betan with increasing Sn/Al and decreasing Si/Sn ratios; (Sn)SSIE-beta1 possessed far more 
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Sn-sites than (Sn)SSIE-beta2 and (Sn)SSIE-beta3. The SSIE for Sn+Al in deAl-beta1 led to 

(SnAl)SSIE-beta1 with much lower ratio Si/Al and Sn/Al than (Sn)SSIE-beta1.  

 

Figure 3. SEM and elemental mapping of Si, Al and Sn for (Sn)SSIE-beta1 (a), (Sn)SSIE-beta2 

(b), (Sn)SSIE-beta3 (c) and (SnAl)SSIE-beta1 (d). 

The
 27

Al MAS NMR spectrum of H-beta exhibits a strong resonance at 53 ppm assigned to 

framework aluminium species in tetrahedral coordination (Altetra) and a weak signal at 0 ppm 

to hexacoordinated Al species (Alocta) (Figure 4). These results suggest that H-beta possesses 

essentially Brönsted acidity. The dealumination of H-beta to give deAl-beta1 leads to a 

considerable reduction of the amount of Al species as evidenced by the less resolved 

spectrum of the latter. For less concentrated acid treatment, the peak assigned to Altetra is 

well-resolved (exemplified in Figure 4 for deAl-beta2), suggesting that the dealumination 

was less extensive than for deAl-beta1, and is consistent with the above discussion of ICP-
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AES results (Table 2). The acid-treatment seems to favour the removal of Al species without 

formation of Alocta since the resonance at 0 ppm was always very weak or not observed. The 

spectral features of deAl-betan and the corresponding materials (Sn)SSIE-betan are similar, 

suggesting that the Altetra species remaining after dealumination are fairly stable during the 

SSIE process. In the case of (SnAl)SSIE-beta1, the spectrum resembles more closely that of H-

beta than its dealuminated precursor deAl-beta1. These results suggest that reinsertion of 

Altetra species into the framework of deAl-beta1 occurred during the SSIE process. On the 

other hand, the competitive SSIE for tin and aluminium seems to lead to preferential 

incorporation of Al into the framework. 

Table 2. Elemental analyses and acid properties of the modified beta materials.
a
 

Sample 

Elemental analyses
 a
  Acid properties

 b
  

Si/Al  Si/(Sn+Al) Sn/Al Si/Sn 

 B 

(mol.g
-1

) 

L 

(mol.g
-1

) 

L+B 

(mol.g
-1

) 

L/B 

H-beta 12.4 - -   152
 c
 199

 c
 351 

c
 1.3

c
 

deAl-beta1 591 - -   14 2 16 0.1 

deAl-beta2 423 - -   24 3 27 0.1 

deAl-beta3 222 - -   38 5 43 0.1 

(Sn)SSIE-beta1 553 19 27.6 20  7 111 118 15.9 

(Sn)SSIE-beta2 407 154 1.6 247  18 12 30 0.7 

(Sn)SSIE-beta3 227 190 0.2 1151  34 7 41 0.2 

(SnAl)SSIE-beta1 30 22 0.4 81  113 133 246 1.2 

a
 Molar ratios determined by ICP-AES. 

b
 Determined by FT-IR of adsorbed pyridine, at 150 

ºC; B=Brönsted acid sites, L=Lewis acid sites, B+L=total amount of acid sites.
 c
 Results 

reported in ref. 41. 
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Figure 4.
27

Al MAS NMR spectra of H-beta and its modified versions. 

The FT-IR spectra of the beta materials exhibited characteristic vibrational modes associated 

with the zeolite structure [94-97]. A comparison of the FT-IR spectra of deAl-betan and the 

corresponding Sn-containing materials shows decreased relative intensity of the band at ca. 

950 cm
-1

 after SSIE (Figure 5). This band can be assigned to Si–O stretching vibrations of 

Si–OH groups present at connectivity defects [98]. Accordingly, the SSIE process resulted in 

the grafting of Sn and/or Al at defect sites of the dealuminated solids. In general, after SSIE a 

band at ca. 575 cm
-1

 appeared with enhanced relative intensity, which may be related to 

enhanced framework vibrations after the SSIE process [97, 98]. Bulk SnO2 exhibits a very 
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broad band below 750 cm
-1

 (roughly centred at ca. 620 cm
-1

). In this spectral region, all 

modified beta materials (Sn-free and Sn-containing) exhibit weak bands, making it difficult 

to make unambiguous assignments.  

 

Figure 5. FT-IR ATR spectra of H-beta and its modified versions, and SnO2 for comparison. 

The diffuse reflectance UV-vis spectra of the beta materials and, for comparison, that of SnO2 

are given in Figure 6. The material (Sn)SSIE-beta1 exhibits a prominent broad band centred at 

256 nm, which can be attributed to charge transfer transitions from O
2-

 to Sn
4+

 of isolated 

tetrahedral Sn
4+

 species [99]. This band was hardly detected for the Sn-free samples, namely, 

deAl-beta1 and H-beta. The materials (Sn)SSIE-beta2, (Sn)SSIE-beta3 and (SnAl)SSIE-beta1 

exhibited bands characteristic of bulk SnO2 which are poorly detected in the spectrum of 

(Sn)SSIE-beta1.  
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Figure 6. Diffuse reflectance UV-vis spectra of H-beta and its modified versions, and SnO2 

for comparison. 

Figure 7 shows the UV-Raman spectra of the beta materials and bulk SnO2. The bands 

characteristic of the BEA framework structure at 316-330 cm
-1

, 340-345 cm
-1

, 402-405 cm
-1

, 

426-436 cm
-1

, 470-475 cm
-1

 and 818-826 cm
-1

 [100, 101] remain present after the 

dealumination and SSIE. These results are consistent with the powder XRD data in that the 

BEA framework structure was preserved during the modification treatments. The spectrum of 

bulk SnO2 displays two strong bands at 470 and 622 cm
-1

. According to the literature, 

nanocrystalline cassiterite SnO2 (particle sizes of 10-15 nm) exhibits a band in the range 634-

641 cm
-1

 which blue-shifts due to decreasing particle sizes [102]. The Sn-free beta samples 

exhibit a band at ca. 470 cm
-1

, and no band appears in the range 600-650 cm
-1

. Thus, the latter 

spectral range can be used to trace crystalline SnO2 in the SSIE beta samples. On the other 

hand, framework Sn-sites can give rise to a Raman band at ca. 705 cm
-1 

[82], which appears 

for all Sn-containing beta samples; however, unambiguous assignment of this band is 
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difficult since a band at similar wavenumbers appears in the spectrum of deAl-beta1. In 

contrast to (Sn)SSIE-beta1, the materials (Sn)SSIE-beta2 and (Sn)SSIE-beta3 exhibited a more 

prominent band at ca. 640 cm
-1

, likely due to the formation of SnO2 nanoparticles. The 

spectrum of (SnAl)SSIE-beta1 shows very broad bands in the range 600-780 cm
-1

 (centred at 

ca. 635 cm
-1

 and 749 cm
-1

), which may be due to tin-containing particles [82, 102]. The UV-

Raman data are consistent with the results obtained by powder XRD, EDS mapping and UV-

Vis optical response: the dispersion of Sn seems more homogeneous for (Sn)SSIE-beta1 than 

the remaining Sn-containing materials. 

 

Figure 7. UV-Raman spectra of H-beta and its modified versions, and SnO2 for comparison. 

For insights into the chemical environment of the Sn-sites of the modified beta materials, 

XPS measurements were carried out also on bulk SnO2 for comparison.  
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The XPS chemical analyses of the Sn-containing beta materials indicated increasing Si/Sn 

surface atomic ratio in the order (Sn)SSIE-beta1 (23)  < (SnAl)SSIE-beta1 (57) < (Sn)SSIE-beta2 

(178) < (Sn)SSIE-beta3 (358). This trend is the same as that for Si/Sn determined by ICP-AES. 

The values of the ratio Si/Sn determined by ICP-AES and XPS were similar for (Sn)SSIE-

beta1, indicating homogeneous dispersion of Sn in this material. Conversely, for (Sn)SSIE-

beta2, (Sn)SSIE-beta3 and (SnAl)SSIE-beta1, XPS indicated lower Si/Sn than ICP-AES, and 

thus the dispersion of Sn in these materials was heterogeneous. These differences of Sn 

dispersion are consistent with the above powder XRD, EDS mapping, UV-Vis and UV-

Raman studies of the prepared materials. 

 

Figure 8. Sn 3d XPS core level (a) and valence (b) spectra for bulk SnO2 and Sn-containing 

beta materials. The legend applies for (a) and (b). 

The XPS core level spectra of the Sn-containing samples are shown in Figure 8 (a). The 

(Sn)SSIE-betan materials exhibited two signals referent to the Sn 3d5/2 and Sn 3d3/2 

photoelectrons, centered at higher binding energy values (ca. 487.5 eV and ca. 495.8 eV) than 

bulk SnO2, located at 486.5 eV and ca. 495 eV.  Based on literature data, these spectral 

features suggest the successful incorporation of tetrahedral Sn sites into the zeolitic 
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framework [103-105]. The FWHM of the Sn 3d 5/2 shifted band of the modified beta 

materials is significant (wider than 2.0 eV), which may be due to moderate 

chemical/configurational disorder of the Sn-sites. The material (SnAl)SSIE-beta1 exhibited a 

relatively broad bands centered at lower binding energies (at ca. 486.8 and 495.5 eV) in 

relation to the remaining materials. The XPS valence spectra of all the modified beta 

materials are similar to each other, but different from bulk SnO2 (Figure 8 (b)) [103]. 

Noteworthy, distinction between Sn(IV) and lower valency tin species is not possible by XPS 

[105]. Overall, the XPS results together with the above characterization studies indicate that 

different amounts of tin were incorporated into the frameworks of the dealuminated materials 

deAl-betan.  

The acid properties of the modified beta materials were measured by FT-IR of pyridine 

adsorbed at 150 ºC (Table 2). The dealumination of H-beta led to considerable reduction of 

total amount of (L+B) acid sites, which followed the order deAl-beta1 < deAl-beta2 < deAl-

beta3, which is similar to that of the inversed molar ratios Si/Al. The materials deAl-betan 

possessed low Brönsted acidity and negligible Lewis acidity, consistent with the 
27

Al MAS 

NMR data (Figure 4) which showed predominance of tetrahedral Al-sites (which possess 

Brönsted acid character).  

 The amounts of B acid sites of deAl-betan were similar before and after SSIE for Sn, 

suggesting that the B acid sites were fairly well preserved during the SSIE procedure. On the 

other hand, the amount of L acid sites increased drastically for (Sn)SSIE-beta1 (L/B=15.9), and 

thus this material was rich in Lewis acid Sn-sites. For each of the remaining (Sn)SSIE-betan 

materials, the total amount of (L+B) acid sites was roughly comparable to that of the 

corresponding deAl-betan, and possessed slightly higher ratio L/B. These results correlated 

with the ICP-AES data, which indicated low amounts of Al-and Sn-sites (high Si(Sn+Al) 

ratios) in (Sn)SSIE-beta2 and (Sn)SSIE-beta3.   
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The SSIE for (Sn+Al) gave (SnAl)SSIE-beta1 with much higher total amount of (L+B) acid 

sites than (Sn)SSIE-beta1, mainly due to enhanced Brönsted acidity (incorporated  Al-sites) 

(Table 2). On the other hand, the high amount of L acid sites and very low Sn/Al ratio of 

(SnAl)SSIE-beta1 (e.g. in comparison to (Sn)SSIE-beta1), suggests that the Lewis acidity of 

(SnAl)SSIE-beta1 was mainly due to Al-sites. The materials (SnAl)SSIE-beta1 (Si/Al=30) and 

H-beta (Si/Al=12.4) were more similar in terms of Si/Al and L/B ratios, and exhibited 

comparable 
27

Al MAS NMR spectra (Figure 4), supporting the predominance of acid Al-sites 

in (SnAl)SSIE-beta1.  

 

3.2. Catalytic studies 

3.2.1. General considerations 

The modified beta materials were tested as catalysts in the one-pot conversion of Fur to bio-

products under a consistent reaction condition (120 ºC, 0.45 M substrate in 2-butanol 

(2BuOH), 26.7 gcat L
-1

). The conversion of Fur in the alcohol media gives FA, FEs, LEs, LA, 

AnLs and GVL (Scheme 1). Of the prepared (Sn,Al)-containing beta materials, (Sn)SSIE-beta1 

was the best-performing catalyst in the one-pot conversion of Fur, leading to faster Fur 

conversion and high yields of bio-products (83% bio-products yield at 86% conversion, 

Figure 9). The main bio-product was 2BMF formed with up to 58% yield (5 h reaction); 

additionally, AnLs, 2BL, LA and GVL were formed with increasing yields (23, 11, 14 and 

2%, respectively, at 24 h). The isomerisation of AnL to AnL occurred with time, which is 

consistent with the greater stability of the latter due to conjugation of its C-C double bond 

with the C-O double bond [106].  
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Scheme 1. Conversion of hemicelluloses-derived furfural (Fur) in alcohol media to give 

useful bio-products via acid and reduction chemical routes. 

The bio-products spectrum obtained for (Sn)SSIE-beta1 as catalyst, is similar to that reported 

by Román-Leshkov et al. [4] for the same reaction (Fur/2-BuOH, at 120 ºC), using a mixture 

of different catalysts, namely (Al-free) Zr-beta (prepared via 40 day hydrothermal synthesis) 

and Al-MFI (the two materials were used in a mass ratio of 1:2). The Zr-beta material was 

important for the reduction steps via catalytic transfer hydrogenation (CTH) with the H-donor 

solvent, and, on the other hand, Al-MFI promoted acid-catalysed steps [4]. Although the 

spectrum of bio-products was the same for the two catalytic systems, significant differences 

in reaction kinetics and bio-products yields were observed. The mixed catalysts led mainly to 

LA formation in an initial stage, and after 5 h reaction the predominant bio-product was GVL 

(68% yield at 24 h) [4]. Conversely, (Sn)SSIE-beta1 led to very low GVL yields throughout 24 

h reaction, and the main bio-product was 2BMF. The (Sn)SSIE-beta1 catalyst was used in 

approximately a quarter of the total mass of mixed catalysts reported in ref. [4], which can 

impact on the overall kinetics. On the other hand, the catalytic materials’ properties are 

different, which can affect the bio-products distributions. For example, the catalysts 

possessed different transition metal (M) sites (M=Sn or Zr), and the intrinsic activities of Zr- 
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or Sn-sites for a specific step may be different; the Si/M atomic ratio was greater for Zr-beta 

(Si/Zr=127 [4]) than (Sn)SSIE-beta1 (Si/Sn=20); of the mixed catalysts, zeolite Al-MFI 

possessed much higher Si/Al atomic ratio (Si/Al=17 [4]) than (Sn)SSIE-beta1 (Si/Al = 553), 

and was used in more than double the mass amount of (Sn)SSIE-beta1 used in the present 

work, which can impact on the acid-catalysed pathways of the overall process. Moreover, 

reactions of the reagents/intermediates over a sole solid material, or two different materials in 

the reaction medium, may involve different competitive and/or cooperative effects. In order 

to help understand the influence of the catalytic properties on specific reaction pathways in 

the overall reaction system, a systematic catalytic study has been carried out for the prepared 

materials with different bio-products as substrates, and discussed in section 3.2.2. 

 

Figure 9. One-pot conversion of Fur in 2-butanol medium using (Sn)SSIE-beta1 as catalyst: 

(a) dependency of Fur conversion (◊) and total yield of bio-products (+) on reaction time; (b) 

dependency of the yield of FA (*), 2BMF (), AnL (o), AnL (◊), LA (+), 2BL (×) and 

GVL (-) on reaction time, with (c) showing an expanded plot for LA (+), 2BL (×) and GVL (-

). The markers are experimental data, and the calculated kinetic curves are given for Fur 

conversion (a), and bio-products yields ((b) and (c)). Reaction conditions: [S]0=0.45 M in 

2BuOH, catalyst load=27 gcat L
-1

, 120 ºC. 
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The catalytic stability is an important factor which can affect the overall reaction process. 

The stability of (Sn)SSIE-beta1 was investigated for the reaction of Fur in 2BuOH, at 120 ºC. 

From the kinetic profiles it is noticeable that the catalytic reaction slowed down after ca. 5 h 

(86% conversion), and the total yield of bio-products remained roughly constant (conversion 

was 86-95% between 5 and 24 h, and the total yield was 81-83%, Figure 9). These results 

may be partly due to partial catalyst deactivation by adsorbed carbonaceous matter (by-

products) since the originally white powdered catalyst turned brownish in colour during the 

catalytic reaction. Thermal analyses (DSC, TGA, Figure S3) of the used catalyst (24 h batch 

run) indicated exothermic processes occurring above ca. 350 ºC, which were not observed for 

the original catalyst, and may be attributed to the decomposition of organic matter. On the 

other hand, a mass loss of ca. 5 wt.% in the temperature range 350-650 ºC (determined by 

TGA) was observed for the used catalyst, whereas no mass loss was observed for the original 

catalyst in the same temperature interval. The observed mass loss was similar to the mass loss 

of Fur converted to by-products (at 24 h reaction), and thus reaction by-products were mostly 

deposited on the solid catalyst. A thermal treatment was applied to the used catalyst, which 

allowed effective catalyst regeneration, i.e., steady catalytic activity for six consecutive batch 

runs, without changes in the distribution of the bio-products (Figure 10). ICP-AES analyses 

showed that the original and used catalysts had similar Si/Al molar ratios (553 and 566 for 

(Sn)SSIE-beta1 and (Sn)SSIE-beta1(used), respectively), and no reduction of tin content. A 24 

h-contact test for (Sn)SSIE-beta1 (details given in the experimental section) revealed no 

catalytic contribution from the liquid phase, indicating that the catalytic reaction is truly 

heterogeneous. 
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Figure 10. Catalytic performance of (Sn)SSIE-beta1 in the one-pot conversion of Fur in 2-

butanol for six consecutive 5 h-batch runs. Reaction conditions: [S]0=0.45 M in 2BuOH, 

catalyst load=27 gcat L
-1

, 120 ºC. 

The type of solvent is an important parameter of the process. The formation of FA from Fur 

[107-109], and the conversion of LEs to GVL involve reduction chemistry (CTH) [72, 110], 

where the solvent can simultaneously act as H-donor reagent [111, 112]. 2BuOH and 2-

propanol (2PrOH) are considered favourable H-donor solvents, which may avoid side 

reactions [110, 111]. Hence, a comparative study was carried out for 2BuOH and 2PrOH as 

reacting solvents for the one-pot conversion of Fur in the presence of (Sn)SSIE-beta1 (Table 

S1). The catalytic reaction in 2BuOH was faster and led to higher total yield of bio-products 

than that in 2PrOH (36% yield at 79% Fur conversion, 24 h). A similar trend in terms of 

reaction rate was reported in the literature for the conversion of methyl levulinate to GVL, in 

the presence of Zr-beta, in 2PrOH or 2BuOH, at 120 ºC [4]. The solvent effect was also 

investigated for the reactions starting from FA and LEs, in the presence of (Sn)SSIE-beta1, at 

120 ºC. With FA as substrate and 2BuOH or 2PrOH as reacting solvent, the catalytic results 

were similar (Table S1). These results somewhat parallels the literature data for the one-pot 
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conversion of HMF in the presence of (Al-free) Sn-beta, in 2PrOH versus 2BuOH medium 

[113]. With LEs as substrates, (Sn)SSIE-beta1 led to faster reaction in 2PrOH than in 2BuOH, 

and similar GVL yields were reached at 24 h reaction (e.g. with 1BL as substrate, the GVL 

yields were in the range 55-59%). Based on the different trends, the influence of the reacting 

solvent on multistep conversion processes is not straightforward, and may be due to interplay 

of different factors, including the reactivities of reagents and intermediates under the reaction 

conditions, and catalytic material properties. Further catalytic studies of the prepared 

materials were carried out using 2BuOH as H-donor. 

 

3.2.2. Influence of material properties on the catalytic pathways 

In order to help understand the effects of different properties of the modified beta catalysts on 

specific reaction pathways in the overall reaction system, the prepared materials were tested 

as catalysts for the reactions starting from FA, FEs (EMF and 1BMF), LEs (1BL and EL), 

AnL and LA. For all substrates tested, the reactions without catalyst led to negligible or 

very low yields of bio-products at 24 h (Table 3). Similar poor catalytic results were observed 

for all substrates using (bulk) SnO2 as catalyst, suggesting that octahedral Sn-sites are not 

effective for the various reduction and acid steps involved in the overall process.  

Table 3. Catalytic performance of zeolite H-beta and related modified versions as well as 

SnO2 in the reaction of Fur and selected bio-products as substrates (S), at 120 ºC.
a
 

Sample S  
Conv.

b
 

(%) 

Bio-products yield (%) Total 

yield 

(%) 
c
 FA 2BMF 2BL LA AnLs GVL 

(Sn)SSIE-beta1 Fur (86)
d
 95 (<1)

d
 1 (58)

d
 29 (4)

d
 11 (3)

d
 14 (18)

d
 23 (<1)

d
 2 (83)

d
 80 

(Sn)SSIE-beta2 Fur 36 1 1 5 2 8 - 17 

(Sn)SSIE-beta3 Fur 32 1 - 2 - 7 - 10 

(SnAl)SSIE-beta1 Fur 26 1 - 4 2 9 - 16 

deAl-beta1 Fur 24 1 2 1 - 1 - 5 
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deAl-beta2 Fur 22 1 <1 1 - <1 - 2 

deAl-beta3 Fur 22 1 <1 1 - 1 - 3 

H-beta Fur 43 1 - 3 2 4 - 10 

SnO2 Fur 4 - - - - - - - 

none Fur 9 1 - - - - - 1 

(Sn)SSIE-beta1 FA (100)
e
 100 - (44)

e
 20 (2)

e
 6 (1)

e
 6 (16)

e
 17 (-)

e
 1 (63)

e
 50 

(Sn)SSIE-beta2 FA 100 - 19 8 2 16 - 45 

(Sn)SSIE-beta3 FA 100 - 14 9 3 16 - 42 

(SnAl)SSIE-beta1 FA 100 - 1 8 5 22 - 36 

deAl-beta1 FA 97 - 47 6 - 7 - 60 

deAl-beta2 FA 100 - 24 14 3 16 - 57 

deAl-beta3 FA 100 - 32 8 4 11 - 55 

H-beta FA 100 - - 13 14 15 - 42 

SnO2 FA 19 - 2 - - 1 - 3 

none FA 1 - - - - - - - 

(Sn)SSIE-beta1 1BMF (91)
f
 97 - (72)

f
 44 (3)

f
 5 (1)

f
 2 (10)

f
 15 (2)

f
 4 (88)

f
 70 

(Sn)SSIE-beta1 EMF 98 - 52 5 
f
 2 17 4 80 

deAl-beta1 EMF 91 - 72 9 1 7 - 89 

H-beta EMF 100 - - 15
 g
 16 15 1 47 

SnO2 EMF 17 - 1 <1 - 1 <1 2 

none EMF 13 - <1 <1 - 2 - 2 

(Sn)SSIE-beta AnL 99
 h
 - - 19

 h
 73

 h
 - 2

 h
 94

 h
 

deAl-beta1 AnL 42
 h
 - - 8

 h
 21

 h
 - - 29

 h
 

H-beta AnL 100
 h
 - - 15

 h
 51

 h
 - 2

 h
 68

 h
 

SnO2 AnL 9
 h
 - - 2

 h
 - - 1

 h
 3

 h
 

None AnL 13
 h
 - - 2

 h
 - - - 2

 h
 

(Sn)SSIE-beta1 LA 44 (68) 
i
 - - 10 (19)

i
 - 2 (1)

i
 6 (25)

i
 18 (45)

i
 

deAl-beta1 LA 37 - - 10 - 2 - 12 

H-beta LA 75 - - 52 - 2 4 58 

SnO2 LA 33 - - 11 - - - 11 

None LA 23 - - 9 - - - 9 

(Sn)SSIE-beta1 1BL 66 (89)
j
 - - - - - 55 (73)

j
 55 (73)

j
 

 1BL
 k
 36 

k
 - - - - - 19

 k
 19

 k
 

(Sn)SSIE-beta2 1BL 28 - - - - - 2 2 
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(Sn)SSIE-beta3 1BL 16 - - - - - 1 1 

(SnAl)SSIE-beta1 1BL 25 - - 1 3 - 1 5 

deAl-beta1 1BL 19 - - <1 - - - <1 

H-beta 1BL 22 - - 1 3 - 1 5 

SnO2 1BL 18 - - - - - - - 

none 1BL 18 - - - - - - - 

(Sn)SSIE-beta1 EL 65 (75)
j
 - - - - - 35 (48)

j
 35 (48)

j
 

(Sn)SSIE-beta2 EL 26 - - - - - 1 1 

(Sn)SSIE-beta3 EL 21 - - - - - <1 <1 

(SnAl)SSIE-beta1 EL 32 - - - - - <1 <1 

deAl-beta1 EL 14 - - - - - - - 

H-beta EL 32 - - 1 - - 2 3 

SnO2 EL 24 - - - - - - - 

none EL 27 - - - - - - - 

a
 Reaction conditions: [S]0=0.45 M in 2BuOH, catalyst load=27 gcat L

-1
, 120 ºC. 

b
 Substrate 

conversion at 24 h reaction, unless otherwise specified. 
c
 Total yield of bio-products at 24 h 

reaction, unless otherwise specified. 
d
 Catalytic results at 5 h reaction.

e
 Catalytic results at 1 h 

reaction.
 f 

EL was formed in 1%. 
g
 EL was formed in 4% 

h
 Catalytic results at 7 h reaction. 

i 

Catalytic results at 72 h reaction
 j
 Catalytic results at 48 h reaction. 

k
 Water was added in an 

initial molar ratio H2O:1BL=0.5. 

As referred above, of the (Sn,Al)-containing catalysts, (Sn)SSIE-beta1 was by far the best-

performing in the one-pot conversion of Fur (83% bio-products yield at 86% conversion, 5 h 

reaction, Table 3). The remaining (Sn,Al)-containing materials led to 10-17% bio-products 

total yield at 26-36% conversion, 24 h. Poor catalytic effects were also observed for the Sn-

free materials deAl-betan and the parent H-beta zeolite (2-10% yield at 22-43% conversion, 

24 h). Hence, Al-sites with Brönsted or Lewis behaviour (Table 2) were poorly effective for 

Fur conversion. 

For (Sn)SSIE-beta1 as catalyst, the predominant bio-product was 2BMF, which may be formed 

via consecutive CTH (Fur-to-FA) and acid-catalysed etherification (FA-to-2BMF) reactions 
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[4]. The predominance of the furfuryl alkyl ether bio-product somewhat parallels that 

reported in the literature for the conversion of HMF (a relative of Fur) in the presence of (Al-

free) Sn-beta, in alcohol media, at 120 ºC, which gave mainly 2,5-bis(alkoxymethyl)furan 

products [114]. The Fur and HMF reaction systems involved the reduction of the furanic 

aldehyde group of the substrate (via CTH), and subsequent acid-catalysed etherification 

(giving different products). The Sn-sites of the (Al-free) Sn-beta catalyst were effective in the 

two types of reactions of the HMF conversion [114]. In a parallel fashion, (Sn)SSIE-beta1 may 

possesses Sn-sites which are effective in promoting the consecutive CTH and etherification 

reactions Fur-FA-2BMF. According to the literature, CTH reactions can be promoted by Sn-

sites in tetrahedral coordination [71, 72, 114, 115] and, on the other hand, etherification 

reactions can be promoted by tetrahedral Sn- or Al-sites [4, 53, 113, 114, 116, 117]. Hence, 

tetrahedral Sn-sites are important for initialising the overall process, i.e. with Fur reduction. 

For the best performing catalyst (Sn)SSIE-beta1, the characterisation studies indicated 

enhanced incorporation of (tetrahedrally coordinated) Sn-sites into the extensively 

dealuminated framework of deAl-beta1, and acidity essentially associated with (Lewis acid) 

Sn-sites. The poorer catalysts (Sn)SSIE-beta2 and (Sn)SSIE-beta3 possessed much lower 

amounts of Sn-sites than (Sn)SSIE-beta1. 

It has been reported in the literature for CTH reactions between alcohols and ketones, in the 

presence of Sn-containing zeolites, that not all tetrahedral Sn-sites may be involved in the 

catalytic process, since those which are effectively active likely possess a hydrolysed Sn-O-Si 

bond [72, 114]. Accordingly, turnover frequencies calculated on the basis of total 

concentration of Sn-sites may lead to erroneous conclusions. On the other hand, cooperative 

effects of different active sites may occur, which makes it difficult to isolate the catalytic 

contributions of different metal sites in multifunctional catalysts. Thus, the contributions of 

different types of active sites of the prepared materials are discussed considering reactivity 
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trends observed in the systematic catalytic studies, comparing the modified beta materials 

with or without Sn; since all modified beta materials were prepared from the same 

(nanocrystalline) H-beta sample, and possess comparable textural properties, the differences 

in catalytic performances may be considered to be essentially due to the surface chemical 

properties of the catalysts.  

With FA as substrate, (Sn)SSIE-betan and the corresponding parent materials deAl-betan led to 

roughly comparable total yields of bio-products at 24 h reaction (42-58%), Table 3. The bio-

products formed were 2BMF (predominant), 2BL, AnLs and LA; GVL was only formed in 

the presence of (Sn)SSIE-beta1. Comparison of these catalytic results to those for Fur as 

substrate, suggests that while Al-sites were ineffective in the initial CTH step of the Fur 

conversion, they played roles in the subsequent acid-catalysed steps of FA to the bio-products 

2BMF, 2BL, LA and AnLs. On the other hand, the reaction of FA was faster for (Sn)SSIE-

beta1 than deAl-beta1, suggesting that the Sn-sites (besides Al-sites) of (Sn)SSIE-beta1 

contributed to the FA conversion.  

To the best of our knowledge, this is the first report of the etherification of FA to FEs using 

dealuminated zeolite beta catalysts. Lange et al.[118] reported comparable FE yields for the 

reaction of FA with ethanol, in the presence of zeolite H-ZSM-5, at 125 ºC (50% maximum 

yield); AnLs, LA and the corresponding LE were formed with less than 10%. Dumesic et al. 

[21] reported the conversion of FA to LA, in the presence of zeolite ZSM-5, in water/sec-

butylphenol solvent systems, at 120 ºC, which gave 15% LA yield at 1 h. The reaction of FA 

in the presence of H-beta gave mainly to 2BL, LA (14% at 24 h reaction) and AnLs (Table 

3).  

For all modified catalysts, the reaction of Fur was slower than that of FA as substrate (Table 

3), and, on the other hand, FA was very reactive under catalytic conditions, as evidenced by 

the complete conversion of FA in the presence of (Sn)SSIE-beta1 within 1 h. Moreover, deAl-
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betan materials with very low total amounts of (L+B) acid sites (Table 2) promoted fairly 

well the reaction of FA. Hence, FA is much more reactive than Fur, which can explain the 

low concentrations of FA in the Fur reaction system (Table 3). The much higher reactivity of 

FA than Fur, together with the lower total yield of bio-products reached for FA as substrate, 

suggests that side reactions of FA are favoured for mixtures that are more concentrated in FA, 

which is in agreement with the literature [119-122].  

The reactions of the FE substrates EMF and 1BMF, in the presence of (Sn)SSIE-beta1, gave 

mainly 2BMF (e.g. 72% 2BMF yield at 91% 1BMF conversion), Table 3. These results 

indicate that (Sn)SSIE-beta1 possessed good catalytic activity for the transetherification of the 

FEs with 2BuOH, to give 2BMF. After 24 h reaction, the conversion of the FE substrates was 

ca. 98%, and the bio-products distribution consisted of 2BMF (44-52% yield), AnLs (15-

17%) and, to lower extents, 2BL, LA and GVL (each with ≤5% yield). The conversions of 

the FE substrates to the corresponding LEs were not favoured (i.e. EMF to ethyl levulinate 

(EL), and 1BMF to 1-butyl levulinate (1BL)).  

With EMF as substrate, the catalysts (Sn)SSIE-beta1 and deAl-beta1 led to similar bio-

products distributions, excluding GVL which was only formed in the former case (Table 3). 

On the other hand, the reaction of EMF was slightly faster for (Sn)SSIE-beta1 than deAl-beta1. 

These results are consistent with those for FA as substrate in that the Al- and Sn-sites of 

(Sn)SSIE-beta1 play roles in the acid-catalysed etherification reaction of FA. The reaction of 

EMF in the presence of zeolite H-beta gave mainly 2BL, LA and AnLs. In particular, LA and 

2BL were formed with higher yields (15 and 16%, respectively, at 24 h) in the presence of H-

beta than its modified versions. These results correlated with the higher total amount of 

(B+L) acid sites of H-beta (Table 2), suggesting that the ring-opening reactions of FEs to 

2BL and LA are favoured by enhanced acidity associated with Al-sites.  
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The reaction of AnL in the presence of (Sn)SSIE-beta1, gave mainly LA (73% yield, at 99% 

conversion, 7 h), together with 2BL and GVL (Table 3). Hence, LA was formed via the 

intermediate formation of AnLs. Similar bio-products spectrum was observed for deAl-beta1, 

excluding GVL which was not formed in the presence of this catalyst. These results indicate 

that Sn- and Al-sites are capable of promoting the acid-catalysed conversion of AnLs-to-(LA, 

2BL). The material (Sn)SSIE-beta1 was much more active than deAl-beta1, which correlates 

with the higher total amount of acid sites (mainly Sn-sites) of the former (Table 2).  

Manzer [117] claimed the acid-catalysed conversion of AnLs to LEs, in alcohol media, using 

different types of solid acid catalysts. One of the best examples reported in that invention was 

that of the reaction of AnL with 1BuOH, in the presence of commercial Amberlyst-15
TM

, a 

well-known Brönsted solid acid, which gave 96% 1BL yield at 99% AnL conversion, 1 h, 

100 ºC [117]. The reaction of AnL was faster in the presence of H-beta (100% conversion at 

7 h) than deAl-beta1 (42% conversion), with LA and 2BL as main bio-products.  

The reaction starting from LA in the presence of (Sn)SSIE-beta1 gave mainly 2BL and GVL, 

albeit slowly (19% 2BL and 6% GVL yield, at 44% conversion, 24 h), Table 3. The LA 

conversions for the Sn-free material deAl-beta1 and its Sn-containing version (Sn)SSIE-beta1 

were roughly comparable (37-44%), which correlates with their somewhat comparable molar 

ratios Si/Al (553-591) and amounts of Brönsted acid sites (Table 2), suggesting that the step 

LA-2BL was essentially promoted by the Brönsted acid Al-sites of (Sn)SSIE-beta1. The fact 

that deAl-beta1 and (Sn)SSIE-beta1 possess very small amounts of Brönsted acid sites can at 

least partly explain the slow reaction of LA using these catalysts. Zeolite H-beta led to faster 

conversion of LA, leading to far higher 2BL yields (52% 2BL yield, at 75% conversion, 24 

h), than its modified versions, likely due to much higher Brönsted acidity of H-beta (Table 2). 

On the other hand, GVL was formed in the case of (Sn)SSIE-beta1 and not of its parent 

material deAl-beta1, indicating the Sn-sites are important for GVL formation. Based on these 
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results, (Sn)SSIE-beta1 performs as multifunctional catalyst with the contributions of both Al- 

and Sn-sites to the one-pot Fur conversion. 

With LEs as substrates and (Sn)SSIE-beta1 as catalyst, GVL was the only bio-product formed 

(Table 3). The best-performing catalyst was by far (Sn)SSIE-beta1; e.g. the reaction of 1BL 

gave 73% GVL yield at 89% conversion, whereas the remaining materials led to less than 2% 

GVL yield. The outstanding catalytic performance of (Sn)SSIE-beta1 parallels that observed 

for the Fur system. The conversion of Fur-to-FA, as well as that of LEs-to-GVL involve CTH 

reactions. Based on the material characterisation studies, and the ineffectiveness of SnO2 as 

catalyst in all (acid and reduction) steps of the overall process, the superior performance of 

(Sn)SSIE-beta1 is attributed to the enhanced incorporation of tetrahedral Sn-sites in this 

material. 

A comparative study for (Sn)SSIE-beta1 with the different substrates, indicated that GVL was 

formed with far higher yields from LEs (up to 73% yield) than from the remaining substrates 

(≤6% GVL yield). Hence, the favourable formation of 2BL in the one-pot conversion of Fur 

seems desirable for the enhanced formation of GVL. However, based on the catalytic results 

for (Sn)SSIE-beta1 with different substrates (e.g. FA and FEs) the formation of 2BL seemed 

limited by the very poor Brönsted acidity of (Sn)SSIE-beta1 (Table 2). In an attempt to 

enhance the catalyst acidity, deAl-beta1 was subjected to SSIE for Sn and Al, giving 

(SnAl)SSIE-beta1. However, this material did not lead to improved catalytic results for the Fur 

conversion (Table 3). The characterisation studies indicated that (SnAl)SSIE-beta1 possessed 

enhanced acidity mainly associated with Al-sites, and relatively low amount of Sn-sites 

(Table 2), and heterogeneous Sn dispersion, accounting for the poor catalytic performance in 

Fur reduction (the first step of the reaction network).  

Water is a co-product of some steps of the Fur conversion process and may influence the 

catalytic performance. The cyclisation of the LEs to GVL does not involve formation of 
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water [123]. Hence, this step is somewhat interesting for investigating the influence of water 

on the catalytic activity. With 1BL as substrate and (Sn)SSIE-beta1 as catalyst, the addition of 

a small amount of water (initial molar ratio of H2O:1BL equal to 0.5) led to GVL as the only 

bio-product, albeit considerably affected the reaction rate; 1BL conversion at 24 h decreased 

from 66% to 36% (Table 3). Hence, inhibitory water effects may contribute to the low GVL 

yields reached in the overall process. 

Overall, in terms of multifunctional catalytic properties, the tetrahedral Sn-sites are essential 

for the CTH steps, particularly of Fur to FA, initialising the one-pot reaction process, for 

which the Al-sites are ineffective. On the other hand, the Al- and Sn-sites are both involved 

in the acid-catalysed steps of FA-2BMF, 2BMF-(AnLs+2BL+LA) and AnLs-(LA+2BL), 

whereas the Al-sites are responsible for the step LA-2BL. 

 

3.2.3. Mechanistic proposal and kinetic modelling 

 

A comparative study of the bio-products distributions for all tested substrates (Fur, FEs, FA, 

AnL and LA) using (Sn)SSIE-beta1 as catalyst, suggested that the one-pot conversion of Fur 

involves the series of steps Fur-FA-2BMF-AnLs-LA-2BL-GVL (Scheme 2). The steps FA-

FE-AnL-LE (discarding LA) have been contemplated in the mechanistic proposal by Zhang 

et al. [124] for the acid-catalysed conversion of FA in alcohol medium.  

With the substrates Fur, FA and FEs and (Sn)SSIE-beta1 as catalyst, the initial concentration of 

2BL tended to be higher than that of LA (Figure 9, Table 3). However, with AnL as 

substrate the yields of LA were far higher than those of 2BL, and, on the other hand, with the 

substrate LA gave 2BL. These results suggest that 2BL is formed from Fur via parallel 

pathways with or without the intermediate formation of LA. According to the literature, the 

conversion of Fur to LEs may involve the intermediate formation of FA [125], FEs (formed 
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from FA) [4, 118, 119, 124, 126-128] or AnL [129, 130]. Based on these mechanistic 

considerations, and the reactivity trends observed for (Sn)SSIE-beta1, the overall process may 

involve the conversion of 2BMF to 2BL with or without the intermediate formation of AnLs  

(Scheme 2).  

Water is formed in the etherification of FA to FEs. It has been reported in the literature that in 

the presence of water and an acid catalyst, FA can be converted to LA [21], and, on the other 

hand, AnL can be converted to LA [131]. Accordingly, the overall reaction of Fur may 

involve the conversion of FA to AnLs with or without the intermediate formation of FEs 

(Scheme 2). This hypothesis enters into consideration with mechanistic aspects reported by 

Khusnutdinov et al. [129] for the acid-catalysed conversion of FA in alcohol media, with the 

series of steps FA-AnL-LEs taking place without necessarily involving the intermediate 

formation of FEs.  

Based on the proposed mechanism for the overall process (Scheme 2), a kinetic model was 

developed as described in section 2.4. Possible loss-reactions of the species involved were 

considered, since, in general, the mole balances did not close for different bio-products as 

substrates. Figure 9 shows the calculated kinetic profiles for a 7 h batch reaction of Fur, in the 

presence of (Sn)SSIE-beta1, and the apparent kinetic rate constants (kj) are given in Table 4. 

The kinetic model fitted reasonably well the experimental data (Fobj = 2.75×10
-3

).  

The model predicts slower conversion of Fur to FA (k1) than of FA to the bio-products 2BMF 

(k2) and AnLs (k3), which is consistent with the reactivity trends observed with Fur and FA as 

substrates, with the Sn-sites promoting the step Fur-FA, and both Al- and Sn-sites promoting 

the subsequent FA conversion. Based on the calculated apparent rate constants, the fastest 

step of the overall process was the conversion of FA to 2BMF (k2), which is consistent with 

the fact that 2BMF was predominant bio-product in the reactions starting from Fur and FA. 

The bio-product 2BMF seems to be converted faster to AnLs (k4) than to 2BL (k5), consistent 
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with the reactivity trends observed with FEs as substrates. The formation of 2BL seems 

limited by the relatively slow LA-to-2BL (k7) and 2BMF-to-2BL (k5) steps. The step LA-2BL 

seems to limit the pathway of 2BMF to 2BL via AnLs since k7 is the lowest of the kinetic 

constants for the pathway 2BMF-AnLs-LA-2BL. These results are consistent with the 

reactivity trends observed with FEs, AnL and LA as substrates, where LA was the least 

reactive; specifically, the step LA-2BL was essentially promoted by the Brönsted Al-sites, 

present in very small amounts in (Sn)SSIE-beta1, whereas the acid-catalysed conversions of 

FE and AnL were promoted by both the Al- and (far more abundant) Lewis acid Sn-sites. In 

summary, based on the observed reactivity trends for the systematic catalytic studies, together 

with the acid properties measurements, the rate limiting steps of 2BL formation seem to be 

associated with the very poor Brönsted acidity of (Sn)SSIE-beta1. 

Table 4. Kinetic constants ( jk ), confidence intervals at 90 % and parameter error (%), of the 

modelled overall reaction of Fur, in the presence of (Sn)SSIE-beta1, in 2-butanol, at 120 C . 

 Kinetic constants (L gcat
-1

 h
-1

) Error (%) 

1k  1.883×10
-2

  0.070×10
-2

 3.74 

2k  2.066  0.080 3.85 

3k  3.059 110  0.402×10
-1

 13.13 

4k  2.694 310  0.086×10
-3

 3.18 

5k  8.069 410  0.064×10
-4

 0.79 

6k  1.856 310  0.228×10
-3

 12.26 

7k  2.341 510  2.06 610  8.82 

8k  1.368×10
-3

  0.039×10
-3

 2.87 

9k  7.416 810  0.911×10
-8

 12.28 
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Based on the above results, the overall process poses requirements on the catalyst in terms of 

CTH activity for initialising the multistep process, and, on the other hand, enhanced acidity 

for obtaining the more end bio-product 2BL. By comparing the apparent rate constants of the 

two CTH steps Fur-to-FA and 2BL-to-GVL, the catalyst seems more efficient in the former 

reduction. 

The model predicts slightly faster conversion of Fur than that observed experimentally after 

ca. 5 h reaction, which may be partly due to increasing importance of catalyst deactivation 

due to coking and water effects.   

 

4. Conclusions 

 

The one-pot conversion of furfural (Fur) to useful bio-products, namely furfuryl alkyl ethers 

(FEs), levulinate esters (LEs), levulinic acid (LA), angelica lactones (AnLs) and -

valerolactone (GVL), was investigated using a heterogeneous inorganic catalyst, in 2-butanol, 

at 120 ºC. Different catalytic materials which consisted of modified versions of zeolite beta 

containing Al and Sn sites, were prepared from commercially available nanocrystaline zeolite 

beta via post-synthesis partial dealumination followed by solid-state ion-exchange. The 

material with Si/(Al+Sn)=553 (Sn/Al=27.6) was the best performing catalyst ((Sn)SSIE-beta1), 

with 83% total yield of bio-products at 86% Fur conversion, and steady catalytic performance 

10k  1.112 710  0.095×10
-7

 8.56 

11k  5.648 810  0.792×10
-8

 14.03 

12k  4.877 310 0.637×10
-3

 13.06 

13k  1.988 310  0.076×10
-3

 3.81 

14k  4.526 310  0.367×10
-3

 8.10 
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in six consecutive batch runs. The predominant bio-product was the FE. The superior 

catalytic performance of (Sn)SSIE-beta1 was attributed to homogeneous Sn dispersion and 

enhanced incorporation of (tetrahedral) Sn-sites into the extensively dealuminated deAl-beta1 

parent material. These catalyst features were decisive for efficiently initialising the multistep 

conversion of Fur (i.e. reduction of Fur over Sn-sites), and, on the other hand, for the 

reduction of the LE to GVL. On the other hand, the Sn-sites and the Al-sites of the 

multifunctional catalysts played roles in acid-catalysed steps of FA-2BMF, 2BMF-

(AnLs+2BL+LA) and AnLs-(LA+2BL), whereas the Al-sites were mostly responsible for the 

step LA-2BL. The (Sn)SSIE-beta1 catalyst possessed poor Brönsted acidity for shifting the 

multistep process towards more-end bio-products, namely LEs. Hence, although this catalyst 

was effective for producing GVL in reactions starting from LEs, it led low GVL yields in the 

one-pot conversion of Fur. On the other hand, water is formed in the overall process, which 

negatively affected the catalytic performance in the LE-to-GVL conversion. Based on the 

mechanistic proposal for the overall process, a kinetic model was developed, with reasonably 

good fitting for the best performing catalyst, and kinetic constants consistent with 

experimentally observed reactivity trends (based on catalytic systematic studies).  

The attempts to improve the catalytic performance towards formation of more end bio-

products were made by using less harsh dealumination conditions and introducing less 

amount of tin via SSIE (changing the Sn/Al ratio). However, this led to heterogeneous Sn 

dispersion with reduced incorporation of Sn-sites into the framework, which accounted for 

poor catalytic performance in the overall process. All poor performing SnAl-containing beta 

materials were effective for acid-catalysed conversion of FA to bio-products. The challenge 

remains to establish the optimal conditions of the post-synthesis protocol and/or prepare 

multifunctional catalysts with good compromises between different types of active sites for 

targeting specific bio-products in the one-pot conversion of Fur.  
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SUPPLEMENTARY DATA 

Table S1. Catalytic performance of (Sn)SSIE-beta1 in the reactions of Fur and FA in 2BuOH 

or 2PrOH.
a
 

Substrate 

(reacting 

solvent) 

Conv.
 b
 at 

5h/24 h 

(%) 

Bio-product yield at 5/24 h (%) Total bio-

products 

yield
 e
 (%) 

FA FE
 c
 LE

 d
 LA AnLs GVL 

Fur (2BuOH) 86/95 
f, h

 <1/1  58/29 4/11  3/14  18/23 <1/2  83/80 

Fur (2PrOH) 37/79 
g,,h

 -/1 7/14 2/8  -/4 1/9 -/- 10/36 

FA (2BuOH) 100/- 
f
 -/- 29/- 4/- 2/- 15/- -/- 51/- 

FA (2PrOH) 97/- 
g
 -/- 29/- 4/- 1/- 13/- -/- 47/- 

1BL (2BuOH) 66 
f
 - - - - - 55 55 

1BL (2PrOH) 85 
g
 - - - - - 59 59 

1EL (2BuOH) 65
 f
 - - - - - 35 35 

1EL (2PrOH) 81
g
 - - - - - 35 35 

a
 Reaction conditions: [Substrate]0=0.45 M in aliphatic alcohol, catalyst load=27 gcat L

-1
, 120 ºC. 

b
 

Substrate conversion at 24 h reaction. 
c
 For the reaction in 2BuOH, FE=2BMF= furfuryl 2-butyl ether, 

and for the reaction in 2PrOH, FE=furfuryl 2-propyl ether. 
d
 For the reaction in 2BuOH, LE=2BL=2-

butyl levulinate, and for the reaction in 2PrOH, LE= 2-propyl levulinate. 
e
 Total yield of bio-products 

at 24 h reaction.
f
 2BuOH as H-donor. 

g
 2PrOH as H-donor. 
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Figure S1. Nitrogen adsorption-desorption isotherms at -196 ºC for (a) H-beta (*), deAl-

beta1 (o), deAl-beta2 (), deAl-beta3 (-), and (b) (Sn)SSIE-beta1 (o), (Sn)SSIE-beta2 () and 

(Sn)SSIE-beta3 (-);the symbols used in (a) and (b) are the same for each n pair of materials 

deAl-betan and (Sn)SSIE-betan. 

 

 

Figure S2. Micropore size distribution of deAl-beta1 (×) and (Sn)SSIE-beta1 (o). 
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Figure S3. DSC (lines) and TGA (dashes) analyses of (Sn)SSIE-beta1 before (thin lines) and 

after (thick lines) reaction of Fur in 2BuOH. The used catalyst was washed and dried at 85 

ºC. 

 


