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A B S T R A C T   

In this study, we use zeolite Y as a support for the synthesis of Sn and Ga doped zeolites aimed at the isomer-
ization of glucose to fructose. Though these materials are inactive in water, they are active in methanol and we 
could ascertain a reaction pathway involving a hydride shift for the interconversion of glucose to fructose and 
mannose, and a Brønsted acid pathway with the formation of a methyl fructoside intermediate and its hydrolysis 
to fructose if water was added afterwards. By using characterizations comprising: chemisorption, XPS, XRD, 
HAADF-STEM and EXAFS; it was possible to demonstrate that a straightforward impregnation protocol for the 
preparation of our catalysts, led to Sn/Y mainly consisting of small SnO2 clusters on the external surface of the 
zeolite, whereas Ga/Y consisting of highly dispersed Ga species mostly inside the zeolite pores; and a catalytic 
activity that appears to be dominated by Brønsted acid sites.   

1. Introduction 

The isomerization of sugars is a class of reactions which, if unlocked, 
could release the potential of the use of biomass for the synthesis of high 
value chemicals [1,2]. In fact, biomass is rich in sugar aldoses, mostly 
aldohexoses, including: glucose, arabinose, galactose, ribose and xylose, 
which can be converted to their five-membered ring ketose counter-
parts. This is relevant as carbohydrates represent the largest fraction (up 
to 60 %) of biomass-derived feedstock [3]. One of the most relevant 
transformations is the isomerization of glucose to fructose [4], as fruc-
tose is a precursor for the synthesis of large-scale chemicals such as 
5-hydroxymethylfurfural and levulinic acid, which can be used in the 
polymers and biofuels sectors, respectively [5]. 

To date, Sn-doped zeolites [6,7] have shown great promise to ca-
talyse the isomerisation of glucose to fructose, especially when large 
pore zeolites such as zeolite beta are used [8,9]. This is due to the 
presence of Lewis acid metal centres (Sn4+) [6] and/or extra-framework 
SnOx clusters located within the pores of zeolite beta which can influ-
ence the metal incorporation step [9]. Conversely, Ga has recently 
attracted great attention as an active metal centre for this kind of re-
action [10], as it possesses a relatively high Lewis acidity [11]. This is 
considered by many to be an important parameter to carry out the 
isomerization of glucose and is thought to promote a hydride shift to the 
aldehydic carbon of glucose to form fructose [12,13]. Furthermore, this 
metal can, in principle, substitute aluminium species within the zeolite 
framework, and in turn, present in a highly dispersed form [14]. As a 
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result, this metal can lead to both intra- and extra-framework species 
when incorporated into a zeolite [15]. These factors prompted us to 
consider the use of commercially available zeolites, namely zeolite Y 
[16] which is significantly easier to prepare than zeolite beta, doped 
with both Sn and Ga, to carry out a systematic investigation of the 
reactivity of these materials and the reactive species for the specific step 
of the isomerization of glucose to fructose. 

To this scope, we synthesized Sn, and Ga-doped zeolite Y and tested 
them alongside the parent non-doped zeolite Y in its acidic form to 
investigate the importance of Lewis acid metal centres formed by Sn and 
Ga, together with the presence of Brønsted centres in the zeolite in the 
presence of solvents like water, methanol and their combinations for the 
conversion of glucose to fructose. These catalysts could convert glucose 
to methyl fructoside, fructose and mannose (Fig. 1). Furthermore, our 
materials were characterised using an array of characterization tools, 
ranging from chemisorption to diffraction and spectroscopy, with the 
aim to identify structure-activity correlations useful for catalyst design. 

2. Experimental section 

2.1. Materials 

Materials were used as received, without any additional purification, 
unless otherwise specified. Metal precursors: Ga(NO3)3•xH2O (Acros, 
Ga assay 25 wt %), SnCl4•5 H2O (Fisher, Sn assay 34 wt %); supports: 
Zeolite Y (Zeolyst International, CBV720 molar SiO2:Al2O3 = 30); metal 
oxides: β-Ga2O3, (Acros, > 99.99 %) and SnO2 (Acros, 99.9 %); sugars: 
glucose (D-(+)-Glucose, Alfa Aesar, anhydrous, 99 %), fructose (D- 
(-)-Fructose, Fisher, > 99 %), mannose (D-(+)-Mannose, Alfa Aesar, >
99 %), methyl fructoside (Methyl β-D-fructofuranoside, MuseChem, 98 
%); solvents: methanol (Fisher, HPLC Grade, > 99.9 %), deionised water 
was obtained using a Elgastat Option 3B unit with a resistivity of 
1 MΩ cm−1 at neutral pH. 

2.2. Catalyst preparation 

Gallium and tin doped zeolite Y catalysts, here denoted as Ga/Y and 
Sn/Y respectively, were prepared using a wet impregnation protocol 
with water as the solvent for the dissolution and impregnation of metal 
precursors into the zeolite [17]. Zeolite Y was used in its acidic form, 
here denoted as HY. The metal precursors used to prepare Ga/Y and 
Sn/Y were Ga(NO3)3•xH2O, and SnCl4•5H2O respectively. 

The catalysts were prepared with a final metal loading of 1 wt %, and 
the desired amount of metal precursor was dissolved in water (25 mL) 
and mixed with zeolite Y (ca. 2 g) under vigorous stirring. The amount of 
zeolite was adjusted to compensate for the metal assay for each pre-
cursor. The resulting slurry was heated up slowly to 80 ◦C and evapo-
rated to dryness. Each catalyst was then dried at 120 ◦C for 16 h and 
calcined at 550 ◦C for 4 h in static air (temperature ramp 20 ◦C min−1). 

2.3. Catalytic tests 

2.3.1. One-pot reaction with water or methanol as a solvent 
The catalyst was dispersed in solutions containing 4 mL of water or 

methanol and 125 mg of glucose (α-D-glucose). The amount of catalyst, 
typically ca. 75 mg, was adjusted to a molar metal to glucose ratio of 
1:100 with respect to the total amount of Ga or Sn in the zeolite. 

Unless otherwise specified, the catalytic tests were carried out in a 
sealed pressure tube (Ace-type GPE Scientific) at a reaction temperature 
of 100 oC and reaction time of 1 h. The tube containing the reaction 
mixture was inserted into a pre-heated, temperature calibrated, 
aluminium block for the desired reaction time and equipped with a 
magnetic stirrer operating at 700 rpm. After the desired reaction time, 
the reaction mixture was quickly cooled down to room temperature by 
immersing the pressure tube in an ice bath. 

Control tests using fructose and mannose as the reaction substrate 
respectively, were carried out in an identical manner to those described 
for glucose. 

2.3.2. Two-pot reaction with methanol and water as solvents 
We have observed that the use of water as a solvent does not lead to 

any catalytic activity (we speculate this may be due to a site-blocking 
effect within the pores of the zeolites). In contrast, the use of a protic 
organic solvent like methanol activates the zeolites, but could also lead 
to the formation of an alkyl fructoside intermediate. As these kinds of 
intermediates, if present, can be hydrolysed in water in acidic media to 
form fructose, this prompted us to use a two-step synthesis approach. To 
use methanol to start the reaction and form a reactive intermediate that 
can be afterwards decomposed to fructose by the addition of water. In 
view of this, in the first step, methanol was used as a solvent as described 
in the section above. After cooling the reaction mixture to room tem-
perature using an ice bath, the vial was opened, and 4 mL of water was 
added into the reaction mixture. The vial was sealed and the tube re- 
heated at 100 ◦C for 1 h, before being quickly cooled down to room 

Fig. 1. (a) α-D-glucose, (b) α-D-Fructose, (c) α-D-mannose and (d) methyl β-D-fructofuranoside in their closed ring structure. α-D-glucose was the substrate used for 
our catalytic tests. The two furanoses glucose and mannose differ for the conformation of one stereogenic centre only (carbon in position 2), and as such they are 
classed as epimers. 
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temperature again by re-immersing the pressure tube in an ice bath, at 
the end of the reaction. 

All catalytic tests were repeated three times to acquire the average 
and standard deviation of the sample of data. 

2.4. Characterization of the reaction mixtures 

High performance liquid chromatography was used for the charac-
terization of the reaction mixtures, using a Shimadzu UFLC XR chro-
matographer. A method for a fine resolution of the reaction mixture and 
identification of impurities, made use of a Phenomenex Rezex RCM- 
Monosaccharide Ca++ column 300 by 7.8 mm, column temperature 
of 60 ◦C, and a mobile phase consisting of purified water running an 
isocratic elution program at a flow rate of 0.6 mL min−1 over 25 min and 
injection volume of 10 µL. 

The HPLC apparatus was equipped with an evaporative light scat-
tering detector (ELSD) [18], and the respective sugar concentrations 
were calculated with respect to external standards against calibration 
plots. 

HPLC-MS for the identification of intermediates was carried out by 
using an Agilent 1260 Infinity liquid chromatographer, coupled with an 
Agilent 6530 Q-ToF mass spectrometer. The chromatographer was 
equipped with an Agilent Zorbax Extend-C18 column and the separation 
of the compounds was carried out by using a water/formic acid (0.1 %) 
and acetonitrile mobile phase with a gradient of acetonitrile from 5 % to 
15 % in 15 min. A flow rate of 0.4 mL min−1 and an injection volume of 
1.0 µL were used. 

Conversion, observed selectivity and carbon mass balance were 
calculated according to Eqs. eq.s1-eq.s8. 

2.5. Catalyst characterization 

2.5.1. Acidity determinations 
Total Brønsted acidity was determined according to [19] and refer-

ences therein. 100 mg of catalyst was stirred in a sealed container with 
10 mL of standardised NaOH (0.135 M) at 40 ◦C overnight. The solution 
was then recovered, and the catalyst residue was washed with 10 mL of 
de-ionised water which was collected by filtration. The filtrate together 
with the solution was back titrated with standardised HCl (0.128 M) 
using methyl orange as an indicator. NaOH and HCl were standardized 
by using potassium acid phthalate (HKC8H4O4) and sodium carbonate 
(Na2CO3) respectively [20]. 

NH3 chemisorption experiments were conducted using a Micro-
meritics ASAP 2020 instrument equipped with a Chemi 2020 Kit for the 
determination of NH3 adsorption isotherms, based on volumetric gas 
sorption at different pressures, according to the protocol reported by 
Ding et al., [21]. Using the volume of adsorbed gas, and converting it to 
moles at standard temperature and pressure, allows to quantitatively 
measure the amount of strong Brønsted and both strong and weak Lewis 
acid sites in the materials. About 500 mg of the catalyst was evacuated 
at 150 ◦C for 2 h followed by adsorption measurements at 35 ◦C to 
promote the adsorption to both strong and weak sites, at gas pressures 
from 100 to 700 mm Hg. 

In situ DRIFTS measurements were performed with a Bruker Vertex 
70 FTIR spectrometer equipped with a liquid N2-cooled detector. 
Approximately 25 mg of the catalyst sample of interest was placed in a 
ceramic crucible in the DRIFTS cell. Prior to the experiments, the cata-
lyst was pre-treated by heating in Ar with a total flow rate of 50 cm3 

min−1 up to 400 ◦C for 1 h and then cooled down in flowing Ar to 35 ◦C. 
The IR spectrum of the catalyst at 35 ◦C under flowing Ar was taken as a 
background. 

Gaseous pyridine in Ar was then flowed over the catalyst with a total 
flow rate of 50 cm3 min−1 (Ar flow = 30 cm3 min−1, pyridine flow =
20 cm3 min−1) for 60 min. The temperature of the DRIFTS cell was then 
increased in increments of up to 150 ◦C. The use of pyridine was 
preferred to the use of ammonia as the latter can decompose over Al 

centres in the presence of residual oxygen [22]. 
In situ DRIFTS spectra were recorded with a resolution of 4 cm−1 and 

with the accumulation of 128 scans every 60 s during transient switches. 
The DRIFTS spectra were analysed using the OPUS software. 

2.5.2. Porosimetry and BET surface area 
The pore size was determined using a Micromeritics 3Flex gas 

sorption system operating with liquid nitrogen at 77 K. The samples (ca. 
100 mg) were degassed at 180 ◦C for 48 h before analysis. The BET 
surface area was calculated from the adsorption isotherm using a 20- 
points method and 0.162 nm2 as the surface area for gaseous molecu-
lar nitrogen [23]. 

2.5.3. XRPD 
X-ray powder diffraction (XRPD) patterns were acquired using a 

Bruker D8 Advance diffractometer equipped with a LynxEye detector. 
The samples were deposited over an amorphous silicon sample holder. 
The instrument was operating at 40 kV and 40 mA selecting the CuKα 

radiation (1.5406 Å) as X-ray source. The samples were analysed in the 
2θ range 5–80◦ for a scan time of 70 min. Analysis of the patterns was 
carried out using X-Pert Pro software. 

The goodness of fit between experimental and simulated XRPD pat-
terns was evaluated via χ2-test [24] using Rietveld refinement [25] as a 
full-pattern fit algorithm. Initial atomic coordinate values to perform the 
fit were obtained using crystallographic information files (CIF) available 
at the Data-base of Zeolite Structures (IZA-SC) [26]. 

2.5.4. XPS 
X-ray photoelectron spectroscopy (XPS) was performed with a Kratos 

Axis Nova spectrometer using a monochromatised AlKα X-ray source 
(225 W) with an analyser pass energy of 160 eV for survey scans and 
20 eV for high resolution scans. Three positions per sample were ana-
lysed using charge neutralization. All XPS spectra were charge corrected 
by setting the C1s C-C/H component to 284.8 eV [27]. 

2.5.5. ICP-MS 
Determination of Sn and Ga content was carried out via inductively 

coupled plasma and mass spectrometry (ICP-MS) analysis using an 
Agilent 7500CE ICP-MS instrument which was calibrated up to 10 parts 
per billion (ppb) with solutions prepared by dilution from stock solu-
tions containing 1,000 parts per million (ppm) of Ga or Sn standards. 
The concentrations of Ga and Sn in the samples were calculated against a 
calibration graph. Experimental values for the dopant metal content 
were determined at 1.0 wt % and 0.9 wt % for Sn and Ga respectively, 
against an expected loading of 1 wt % for each of them. 

2.5.6. HAADF-STEM 
Samples were prepared for transmission electron microscopy (TEM) 

analysis by dispersing and sonicating the catalyst powders in high purity 
ethanol for ca. 10 min, and allowing a drop of the suspension to dry on a 
Cu grid. HAADF-STEM images were acquired using a FEI Talos F200X 
operating at 200 keV under STEM mode. The frequency count for the 
particle size distribution for Sn/Y was obtained from a set of 200 par-
ticles. Statistical analysis was not possible for Ga/Y due to the high 
dispersion of Ga species. Data analysis and fitting of the particle size 
distributions was carried out by using OriginPro 2017 software. 

2.5.7. EXAFS 
Extended X-ray absorption fine structure (EXAFS) spectra were 

collected at the Sn K-edge (29,200 eV) and Ga K-edge (10,367 eV). Data 
were obtained from experiments at the beamline B18 of the Diamond 
Light Source, UK [28]. The measurements were carried out using a 
fixed-exit double-crystal Si(311) monochromator and Pt-coated branch 
of collimating mirrors for Sn, while Si(111) and Cr-coated branch were 
used for Ga. The beam size at the sample position was approximately 
1 × 1 mm. All samples were prepared in forms of pellets (13 mm 
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diameter) using 200 mg of sample powder to maximize the edge jump 
(0.25 for Ga and 0.56 for Sn), maintaining the total transmission higher 
than 10 %. The measurement was performed at room temperature in 
transmission mode using 3 ion chambers filled with different gas mix-
tures optimized for best detection efficiency at the two edges (for Sn 
K-edge I0: 50 mbar Kr/He It,Iref: 200 mbar Kr/He, for Ga K-edge I0: 40 
mbar Ar/He It,Iref: 200 mbar Ar/He 10 % absorption on I0 and 70 % 
absorption on It,Iref). The spectra were collected in quick EXAFS mode by 
continuously scanning the monochromator with a constant energy step 
size of 0.3 eV. The scan covered an energy range from − 200 to + 1, 
000 eV with respect to the edge position, corresponding to a k-range of 
ca 16 Å−1. For each sample, 10 scans were acquired and subsequently 
merged to improve the signal to noise ratio. Data were normalized using 
the program Athena [28], with a linear pre-edge and 2nd order poly-
nomial post-edge. After background subtraction the resulting χ(k) 
functions were k3-weigthed and Fourier transformed in a range from 2.5 
to 15.5 Å−1. Fits were performed with Artemis software part of IFEFFIT 
suite [29]; phases and amplitudes were calculated with FEFF code [30]. 

3. Results and discussion 

3.1. Catalytic tests using water as a solvent 

Zeolite Y in its acidic form HY, and zeolite HY doped with Sn or Ga - 
here denoted as HY, Sn/Y and Ga/Y respectively - were systematically 
tested for the isomerization of glucose to fructose by using an array of 
conditions (see Section 3.2). When water was used as a solvent both in a 
single step procedure, as well as by mixing water and methanol from the 
beginning of the reaction, no product formation was observed under our 
reaction conditions (temperature range of 80 ◦C – 120 ◦C, endogenous 
pressure and reaction time up to 2 h). The lack of reactivity of zeolites 
for the isomerization reaction of glucose in water is not unprecedented 
[31] and it has been so far postulated to be a consequence of site 
blocking effects, either by strongly adsorbing inside the pores of the 
zeolites [32], or to Lewis Al, Sn and Ga centres or metal oxide clusters at 
the external surface of the zeolite [33]. We speculate the same effects 
take place for our materials. 

3.2. Catalytic tests using methanol as a solvent 

In contrast, HY, Sn/Y and Ga/Y, were highly active when methanol 
was used as the solvent, (Table 1), with a high catalytic activity under 
relatively mild reaction conditions (temperature range of 80 ◦C – 

120 ◦C, endogenous pressure and reaction time of 1 h). In particular, if 
the reaction is carried out at 80 ◦C the reaction shows an equilibrium 
trend with conversions in the range of ca. 50 %, (Keq values for the 
isomerization of glucose to fructose only are in the range of 1.1 at 60 ◦C 
[34]); whereas by reaching 120 ◦C the reaction is nearly quantitative in 
the consumption of glucose. Selectivities of fructose, methyl fructoside, 
and mannose of ca. 31 %, 42 %, and 27 % were observed respectively in 
the case of Ga/Y at 120 ◦C. However, there was also a significant 
decrease in carbon mass balance, probably due to the formation of 
humins [35]. 

Concerning the selectivities at low temperature, the formation of 
methyl fructoside is largely promoted (ca. 70 %), whereas by reaching 
120 ◦C this intermediate is largely decomposed (ca. 40–50 %) to form 
fructose (ca. 30 %), we noticed however that the higher the temperature 
the higher the formation of by-product mannose (up to ca. 20–30 %). 
Based on our data, a reaction temperature of 100 ◦C probably represents 
the best compromise in terms of high conversion (> 90 %) and high 
carbon mass balance (also > 90 %) (Table 1) or yield (Table S1). 

This enhanced reactivity, however, does need to be carefully evalu-
ated. In fact, the presence of an alcohol can well lead to an increase in 
conversion due to solvent effects, but it can also lead to the formation of 
an alkyl fructoside intermediate [36], which can, in turn, lead to two 
distinct reaction pathways. The first one, is the isomerization of glucose 

to fructose promoted by Lewis acid centres, and the second one, either to 
a methyl glucoside or a methyl fructoside promoted by Brønsted acid 
centres (Figs. 2 and 3a and 3b). 

It is worth noting that the presence of alkyl-sugar species has proven 
to be controversial so far. For instance, studies by Adachi, Bermejo- 
Deval and Davis [9,32,37] did not detect any alkyl fructoside after the 
reaction was carried out in methanol, with a reaction mixture 
comprising only: glucose, fructose and mannose were observed and re-
ported. Other authors like Saravanamurugan [16], detected the pres-
ence of an alkyl fructoside after reaction in methanol, and this was 
deliberately used afterwards to obtain fructose from a hydrolysis of this 
intermediate. 

In view of this disagreement in literature, the reaction mixture was 
characterised by means of HPLC-MS (Fig. S1) and a compound with 
molecular ion (including Na+ from the ionization process) of m/z = 217 
was identified, compatible indeed with methyl glucoside or methyl 
fructoside ([C7H14O6Na]+ = 194 + 23 = 217 a.m.u), with a fragmen-
tation pattern consistent to a methyl fructoside standard (Fig. S2). It 
should be noted, however, that once a [OCH3]+ fragment is lost, both 
glucose and fructose can evolve with a similar MS fragmentation pattern 
[38]. As such, an additional comparison of the chromatographic reten-
tion times (Fig. S3) by means of the same standard (MuseChem) 
confirmed, within experimental error, the presence (quantified >
50 mol %) of methyl fructoside in our reaction mixtures. 

This confirms the presence of at least two independent reaction 
pathways: a Lewis-catalysed glucose to fructose isomerisation, and a 
Brønsted-catalysed pathway to a methyl fructoside intermediate. 

However, in our reaction mixtures, we also detect significant 
amounts (up to 25 mol %) of mannose. Mannose and glucose are epi-
mers, that is, they are isomers that differ due to a chiral inversion in one 
stereogenic centre only. This epimerization reaction has been postulated 
to occur in two ways: (i) a carbon shift from glucose [39], (Fig. 4a), or a 

Table 1 
Catalytic tests for the isomerization of glucose to fructose in methanol, by using 
HY, Sn/Y and Ga/Y catalysts. The tests were carried out using 125 mg of sub-
strate in 4 mL of CH3OH at the specified reaction temperature for 1 h and 
endogenous pressure using a constant metal to substrate molar ratio M:S 
= 1:100. Experimental error reported as standard deviation of three repeated 
measurements.  

T 
(◦C) 

Catalyst Conversion 
(%) 

Selectivitya (%) CMBb 

(%)    
Fructose MeFc Mannose  

120 HY 94 ± 1 26 ± 1 48 
± 1 

27 ± 1 76 ± 5 

100 HY 90 ± 1 30 ± 2 35 
± 2 

36 ± 1 99 ± 6 

90 HY 70 ± 2 21 ± 2 66 
± 2 

14 ± 1 95 ± 4 

80 HY 49 ± 5 15 ± 6 80 
± 5 

6 ± 1 97 ± 2 

120 Sn/Y 96 ± 1 26 ± 1 51 
± 1 

24 ± 1 67 ± 5 

100 Sn/Y 95 ± 1 28 ± 1 40 
± 1 

32 ± 1 84 ± 4 

90 Sn/Y 71 ± 3 20 ± 1 69 
± 2 

11 ± 1 93 ± 4 

80 Sn/Y 50 ± 1 26 ± 1 68 
± 1 

6 ± 1 100 ± 3 

120 Ga/Y 98 ± 1 31 ± 1 42 
± 1 

27 ± 1 50 ± 6 

100 Ga/Y 94 ± 2 27 ± 2 42 
± 1 

31 ± 2 91 ± 6 

90 Ga/Y 62 ± 1 22 ± 3 71 
± 4 

8 ± 1 92 ± 4 

80 Ga/Y 55 ± 4 17 ± 2 77 
± 3 

6 ± 1 98 ± 3  

a Observed selectivity. 
b CMB = (Carbon mass balance) 
c MeF = (Methyl Fructoside) 
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Fig. 2. Postulated Lewis acid catalysed isomerization of glucose to fructose. After ring opening a Lewis acid metal centre (MLA) can coordinate the two oxygens of the 
carbonyl and adjacent OH group. This would induce the migration of a hydride (H atom in blue) to the aldehydic carbon, by forming a CH2OH group and a ketone. 
The linear form of fructose would then close to form its ring structure. 
(scheme adapted from [12]). 

Fig. 3. Acid mediated formation of: (a) methyl glucoside and (b) methyl fructoside from the addition of CH3-OH. Compounds in cyclic forms, originating by OCH3 
addition to the carbonyl group (aldehyde) of glucose and (b) methyl fructoside from the addition of CH3-OH to the carbonyl group (ketone) of fructose. 

Fig. 4. (a) postulated formation of mannose from glucose via a carbon shift from C1 to C2; (b) postulated formation of mannose as a consequence of two sequential 
hydride shifts: the first from C1 to C2 from glucose to form fructose, then a further hydride shift from C2 to C1 to form mannose. 
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sequential hydride shift from fructose by reversing the C2 chirality [40], 
(Fig. 4b). 

In order to elucidate which of these two mechanisms are taking 
place, and in turn, gather comprehensive mechanistic information about 
the reaction pathways that may simultaneously take place in our reac-
tion, we carried out control tests in methanol by using fructose and 
mannose as substrates (Table 2). 

At first, it is possible to observe that fructose entirely interconverts 
into methyl fructoside. This implies that in the reaction when glucose is 
used as a substrate, first fructose is formed (Lewis catalysed) and then 
this is further converted into its fructoside counterpart (Brønsted 
catalysed). 

Then, when mannose is used as a substrate, we detect both glucose 
and methyl fructoside. However, from the test with fructose as a sub-
strate, the methyl fructoside can be obtained from fructose itself. 
Therefore, of the two possible mechanisms for the mannose formation 
from glucose: (i) direct formation of mannose from glucose via C-shift, or 
(ii) the indirect conversion of glucose to mannose via hydride shift from 
fructose; the acquired data support the second mechanism, as the first 
one would not lead to the detection of any alkyl fructoside. 

In summary, we can then schematize the isomerization reaction of 
glucose in methanol as the consequence of the following multiple 
equilibria (Eqs. 1–3):  
Glucose ⇄ Fructose; Lewis-catalysed                                                 (1)  
Fructose → Methyl-Fructoside; Brønsted catalysed                                (2)  
Glucose ⇄ Fructose ⇄ Mannose; Lewis catalysed                                (3) 

Bearing these mechanisms in mind and the product distribution that 
we detect, it would seem that any Lewis acid effect induced by the metal 
dopants Ga or Sn is negligible compared to the effect of pre-existing Al 
centres, and the product distribution is mainly dominated by Brønsted 
acidity for the formation of methyl fructoside. There seems however to 
be differences in by-products with Ga/Y possibly promoting the for-
mation of humins at 120 oC as no 5-HMF was detected at the reaction 
conditions used. 

3.3. Catalytic tests in a two-steps protocol by using methanol and water 

Having confirmed the presence of methyl fructoside intermediate in 
the reaction mixtures as a consequence of the acid-mediated attack of 
methanol to fructose, a sequential hydrolysis of this compound by water 
to form and enhance the formation of fructose was considered (Fig. 5) 
[16]. It should be noted that this step is also Brønsted acid catalysed. The 
results of this sequential reaction are reported in detail in Table 3 and 
Table S2, and also in this case we verified that the reaction was at 
equilibrium after 1 h. 

Firstly, the most evident effect of the addition of water is the con-
sumption of methyl fructoside to form fructose. From our data, the 
decrease of methyl fructoside intermediate practically matches, within 

experimental error, the formation of fructose, and leading to a formation 
of ca. 40–70 % of fructose for the tests carried out at 100 and 120 oC 
(Table 3) and fructose yields in the range of 50 % (Table S2). Secondly, 
for all catalysts HY, Sn/Y and Ga/Y, the conversion is not affected by this 
water treatment which suggests that after the first step, the reaction 
reached equilibrium and any changes in selectivity seen are due to the 
hydrolysis reaction only. To confirm this conclusion, kinetic profiles 
were obtained for all catalysts both in methanol and using the two-pot 
methanol followed by water reaction protocol considering reaction 
times from 0 h to 2 h (Figs. S4–S9). Both the reactions are practically 
concluded after approximately 40 mins, confirming that the reaction in 
methanol was indeed at completion after 1 h and any changes in the 
obtained selectivities followed by the addition of water are not due to an 
insufficient reaction time during the first step. Thirdly, the second step 
does not significantly affect the mannose selectivity (either formation or 
consumption) for all of the catalysts. This is noteworthy as for the re-
actions at 100 and 120 ◦C, the conversion (> 90 %) is so high as to 
consider the reaction as nearly quantitative. For the reactions at 80 oC 
and 90 oC the glucose conversion is, and remains, in the range of 60 % 
regardless of the presence of water. Therefore, it is reasonable to 
conclude that this solvent does not alter the equilibria (mainly epime-
rization) of any of the species involved in this reaction, but only the alkyl 
fructoside to fructose hydrolysis. 

In view of the relevance that the methyl fructoside intermediate 
appears to have to the formation of fructose, further improvements to-
wards an enhanced fructose selectivity could include an increase in the 
reaction temperature, and endogenous pressure, for the reaction step 
after the addition of water, as well as a lower pH to promote the hy-
drolysis of the alkyl fructoside or the use of zeolites with higher Brønsted 
acidity. The latter option, however, could also promote the formation of 
undesired humins. As a consequence, a careful determination and 
evaluation of possible reaction conditions for optimization purposes will 
be necessary and will form the basis of future work. 

3.4. Control tests for leaching and mass transfer 

In order to validate our results, control tests for leaching and mass 
transfer limitations were carried out. Although the activity of the ma-
terials studied seems to be dominated by Brønsted acidity, the possibility 
of leaching effects must also be considered [11]. By analysing the re-
action mixtures for traces of Ga and Sn via ICP analysis at every reaction 
step, extremely small metal leaching values were observed, with a Ga 
mass loss < 0.1 % (relative to the total amount of Ga in the catalyst) for 
both the methanol and water addition step, and a relative metal mass 
loss of 1.2 % and 1.7 % for Sn/Y after the methanol and water addition 
step respectively. To rule out any effect of these small amounts of metals 
in solution, we tested reaction mixtures containing SnCl4⋅5H2O and Ga 
(NO3)3⋅xH2O precursors. Catalytic tests were carried out using the same 
trace amounts of metal leaching detected above (approximately corre-
sponding to a metal to substrate molar M:S ratio of 1:102 for Ga and 
1:104 for Sn). No catalytic activity was detected during these tests. 

Catalytic tests using varying mixer stirring rates in the range 
100–1,000 rpm also did not show any effect, whereas a change in M:S 
ratio from 1:10–1:1,000 did (Fig. S10). As such, it can be confirmed that 
an MS: 1:100 is appropriate for this reaction i.e. our catalytic tests were 
carried out under a kinetic regime and negligible mass transfer diffusion 
limitation. 

3.5. Characterization of the catalysts and structure-activity correlations 

In view of the multiple reaction pathways that we have identified to 
be possible for the formation of fructose (eqs. 1–3), either involving 
hydride shift or an acid/base pathway, and that some of these could 
occur inside or outside the pores of the zeolites, our catalytic data 
prompted us to study and identify possible structure-activity correla-
tions for these catalysts. Therefore, these were systematically 

Table 2 
Control tests for the isomerization of sugars by using fructose and mannose as 
substrates in methanol. The tests were carried out using 125 mg of substrate in 
4 mL of CH3OH at a reaction temperature of 100 oC for 1 h and endogenous 
pressure at a constant metal to substrate molar ratio M:S = 1:100.  

Catalyst Substrate Conversion (%) Selectivity (%)    
Me-fructoside Glucose Mannose 

HY Fructose 100 100 0 0 
Sn/Y Fructose 100 100 0 0 
Ga/Y Fructose 100 100 0 0    

Me-fructoside Glucose Fructose 
HY Mannose 90 82 18 0 
Sn/Y Mannose 93 84 16 0 
Ga/Y Mannose 91 85 15 0  

M.M.M. Kashbor et al.                                                                                                                                                                                                                        



Applied Catalysis A, General 642 (2022) 118689

7

investigated, by using an array of acidity measurements and techniques 
like XPS, ICP-MS, XRPD, HAADF-STEM and EXAFS. 

3.5.1. Acidity measurements 
Due to the relevance of acidity in the data collected so far, the ma-

terials were characterised for both Brønsted and Lewis acidity. The total 
Brønsted acidity was determined using a back-titration protocol (see 
experimental Section 2.5.1.); whereas the combination of Brønsted and 
Lewis acidity was determined using an NH3 chemisorption protocol 

(Table 4, and Fig. S11). The use of a back-titration for the determination 
of the acidity of solids, although simple is a straightforward and statis-
tically robust method, which still finds application for the determination 
of the titratable acidity of microporous polymers [41,42]. That is: for the 
determination of the number of protons recovered during titration with 
a strong base to a specified endpoint [43], which in our case corresponds 
to Brønstead acidity. 

Brønsted acidity can originate from OH groups by SiOH units or 
hydrated Al centres [44], whereas Lewis acidity can originate from 
coordinatively unsaturated Al, Sn or Ga centres [45]. From our data, 
there is an apparent decrease in Brønsted acidity upon metal doping. In 
theory, this is consistent with a decrease in Brønsted acidity due to the 
formation of basic SnO2 and Ga2O3. However, the difference among 
these values (1.78–1.70 mmol g−1) is within the experimental error of 
our method (ca. 0.02 mmol g−1), and as such this difference is not 
considered to be statistically different. 

With respect to the combination of Brønsted and Lewis acidity 
instead, measured by NH3 chemisorption, there is also a decrease in the 
total acidity. A comparison between Brønsted acidity from back-titration 
and total Brønsted and Lewis acidity from chemisorption is not 
straightforward, although our data would suggest there is no obvious 
difference in Lewis acidity among our materials. The two sets of data 
from back-titration and NH3-chemisorption are consistent with each 
other though, as NH3 chemisorption determines the total acidity of the 
sample, that is Brønsted and Lewis acid sites, whereas the back-titration 
determines Brønsted sites only, and in fact, the acidity form back- 
titrations is always lower than that obtained from chemisorption. 

Considering the importance that acidity has for the isomerization of 
sugars, diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy, using pyridine as adsorbate, was carried out (Fig. 6), with the 
aim to distinguish between strong and weak Brønsted sites, as well as 
strong and weak Lewis sites [46]. 

Bands at ca. 1,542 cm−1 and 1,450 cm−1 are characteristic of 
Brønsted and Lewis acid sites respectively [44], involving the formation 

Fig. 5. Formation of fructose from methyl fructoside by hydrolysis in water (acid catalysed).  

Table 3 
Catalytic tests for the isomerization of glucose to fructose in methanol followed 
by the addition of water in a two-step procedure using HY, Sn/Y and Ga/Y 
catalysts. The tests were carried out using 125 mg of substrate in 4 mL of CH3OH 
at a reaction temperature for 1 h and endogenous pressure, and then adding 
4 mL of H2O for an additional reaction time of 1 h at a constant metal to sub-
strate molar ratio M:S = 1:100. Experimental error reported as standard devi-
ation of three repeated measurements.  

T 
(◦C) 

Catalyst Conversion 
(mol%) 

Selectivitya (mol%) CMBb 

(%)    
Fructose MeFc Mannose  

120 HY 92 ± 1 54 ± 1 18 
± 1 

28 ± 1 80 ± 4 

100 HY 86 ± 2 40 ± 2 26 
± 2 

34 ± 1 93 ± 5 

90 HY 69 ± 1 25 ± 6 61 
± 4 

14 ± 1 93 ± 3 

80 HY 42 ± 4 21 ± 1 66 
± 1 

4 ± 1 100 ± 2 

120 Sn/Y 93 ± 1 56 ± 1 20 
± 1 

25 ± 1 65 ± 6 

100 Sn/Y 90 ± 3 50 ± 2 25 
± 4 

25 ± 1 77 ± 4 

90 Sn/Y 70 ± 1 23 ± 1 67 
± 1 

10 ± 1 84 ± 4 

80 Sn/Y 47 ± 3 26 ± 5 72 
± 5 

3 ± 1 97 ± 2 

120 Ga/Y 96 ± 1 67 ± 1 14 
± 1 

21 ± 2 63 ± 4 

100 Ga/Y 91 ± 4 55 ± 1 20 
± 2 

25 ± 2 93 ± 5 

90 Ga/Y 56 ± 2 26 ± 4 68 
± 4 

7 ± 1 94 ± 3 

80 Ga/Y 54 ± 6 20 ± 1 77 
± 1 

2 ± 1 87 ± 5  

a Observed selectivity 
b CMB = (Carbon Mass Balance) 
c MeF = (Methyl Fructoside) 

Table 4 
Acidity and textural properties of HY, Sn/Y and Ga/Y: (a) total Brønsted acidity 
determined by back-titrations; (b) total Brønsted and Lewis acidity by NH3 
chemisorption; (c) Lewis to Brønsted acid sites ratio from DRIFT measurements 
(d) surface area by a 20 points BET method using N2 adsorption and (e) 
microporous volume determined by BJH method using N2 adsorption.  

Catalyst B acidity (a) 

(mmol g−1) 
B + L acidity (b) 

(mmol g−1) 
L/B 
ratio (c) 

S (d) (m2 

g−1) 
Vmicro (e) 

(mL g−1) 
HY 1.78 2.93 0.95 797 0.26 
Sn/Y 1.72 2.85 0.89 691 0.21 
Ga/Y 1.70 2.78 1.2 695 0.21  

Fig. 6. DRIFT spectra of HY (black line), Sn/Y (blue line) and Ga/Y (red line) 
pre-treated with Ar and then adsorbed with pyridine at 150 oC. Vertical lines 
represent the band position for Brønsted (B), Lewis (L) and combined Brønsted 
and Lewis (B + L) acid centres. 
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of pyridinium ion and weak adsorption interactions. In the region at 1, 
490 cm−1 it is possible instead to detect a combination of weaker 
Brønsted sites and stronger Lewis centres. However, as these are 
detected for all of our materials, it is reasonable to conclude that these 
are comprised of Al centres in all cases. From the peak intensities, an 
estimate of the Lewis to Brønsted (L/B) ratio is 0.95, 0.89, and 1.2 for 
HY, Sn/Y and Ga/Y respectively, which is consistent with the data from 
total Brønsted acidity and chemisorption (Table 4). That is a slight in-
crease in Lewis acidity for the Ga/Y doped material. 

These data were complemented by BET surface area and micropore 
volume of our materials (Table 4) which were carried out to identify if 
substantial changes in the density of the acid sites were present, but 
again these differences appear to be negligible. Furthermore, a small 
decrease in both surface area and micropore volume was observed upon 
doping, which is consistent with the preparation method used [45]. 

3.5.2. X-ray photoelectron spectroscopy and inductively coupled plasma 
analysis 

In order to complement the acidity data reported above, X-ray 
photoelectron spectroscopy [47], was carried out to determine the 
chemical state and the amount of Sn and Ga centres in our materials.The 
chemical status of Sn is consistent with that of SnO2 with binding en-
ergies for Sn 3d5/2 and Sn 3d3/2 of 495.4 eV and 486.7 eV respectively 
[48] (Fig. S12), whereas the XPS the signal of Ga is compatible with that 
of Ga2O3 with a binding energy for Ga 2p3/2 = 1,117.8 eV or Ga in a high 
oxidation state [49] (Fig. S13). These chemical states for Sn and Ga are 
consistent with our preparation method (wetness impregnation and 
calcination in air) [45]. Although the isolated, or surface coordinatively 
unsaturated species, Sn4+ and Ga3+ are Lewis acid centres, SnO2 and 
Ga2O3 are per se basic, which could explain the small apparent decrease 
in acidity observed from our acidity measurements. Quantification of 
the surface composition (Table 5), on the other hand, showed the ma-
terials to be rather different. 

Whereas Sn was detected in a quite appreciable amount, 1.8 at %, the 
surface amount of Ga was far less, 0.1 at %, close to the detection limit 
(Figs. S12 and S13). If these amounts were to be contrasted with their 
expected bulk composition of 1 wt % for each of these two metals, a 1 wt 
% would correspond to ca. 0.5 mol % for Sn and 0.9 mol % for Ga for the 
entire bulk material (to compensate for this difference all our tests were 
at a constant molar metal to substrate ratio). In other words, if Sn and Ga 
were to be uniformly distributed within and on the surface of the zeolite, 
we would expect to detect more at % or mol % for Ga rather than Sn. As 
XPS is a surface method with an average penetration depth from 5 to 
10 nm [50] the very weak signal detected for Ga would suggest that Ga 
is mainly inside the pores of the zeolites, whereas Sn is mainly distrib-
uted on the surface of the zeolite crystals. 

3.5.3. High-angle annular dark-field imaging – Scanning transmission 
electron microscopy 

In order to gain direct evidence from the conclusions inferred from 
XPS, that is Sn (in the form of SnO2 clusters) is mostly on the surface of 
the zeolite crystals and Ga (in the form of Ga2O3 clusters) is mostly 
present inside the pores of the zeolite, the samples were analysed via 
high-angle annular dark-field imaging – scanning transmission electron 
microscopy (HAADF-STEM) [51]. It is possible to directly observe that 

Sn/Y does indeed have defined SnO2 clusters on the outside of the zeolite 
crystals (Fig. 7A) with an average particle size of 4.2 nm (Fig. 7B). 

In contrast, Ga/Y did not show any obvious presence of Ga2O3 
clusters (Fig. 8A) or only occasionally (Fig. 8B) leading us to conclude 
that Ga has to be indeed either highly dispersed or to be present inside 
the pores of the zeolite. 

It is rather surprising to obtain a highly dispersed metal by using a 
straightforward impregnation protocol, and this could have implications 
beyond our study. This phenomenon has been rarely observed so far, like 
in the preparation of Fe doped mesoporous silica SBA-15 [52] or zeolite 
HZSM-5 [53], but only by using vacuum synthesis methods and with 
alkali metals as promoters. This is unlike the protocol used in this study, 
which is carried out at atmospheric pressure and without the addition of 
any alkali metals. Yet still, such a profound difference does not seem a 
major driving factor for this reaction. As such we conclude that the 
majority of the activity originates as a consequence of the acidity of the 
zeolite framework. Nevertheless, it is important to understand the effect 
that added dopant metals may have. For instance, speculations on the 
activity of metals like Sn and Ga based on their Lewis acidity should be 
carefully considered when moving, for example, from a homogenous 
system [11–13] to a heterogeneous one, as such retention of the activity 
may not persist. Though this can still have effects on selectivity. 

3.5.4. Powder X-ray diffraction 
Powder XRD patterns were collected for zeolite HY, Sn/Y and Ga/Y 

(Fig. 9). In order to assess if any ion exchange or distortion of the zeolite 
could have occurred as a consequence of the preparation method used. A 
Rietveld refinement [54] was carried out (Table S3). The XRD patterns 
look virtually identical, and no significant contraction of the unit cell 
volume of Sn/Y and Ga/Y was detected with respect to variations of the 
unit cell volume of the parent zeolite HY (calculated value 14377 Å3). 
These data would rule out - at least within the acquired PXRD resolution 
- any incorporation of Sn or Ga into the zeolite framework in place of Al 
centres. 

It may also be worth noting that although Sn and Ga were established 
to be present as SnO2 and Ga2O3 (see Sections 3.5.2 and 3.5.3) no 
characteristic reflections for SnO2 or Ga2O3 were detected. These were 
expected to be at 26.6◦, 37.8◦ and 51.8◦ 2θ, for the reflections (110), 
(200) and (211) respectively for SnO2 [50], and at 31.2◦, 35.9◦ and 
38.1◦ 2θ, for the reflections (222), (400) and (411) respectively for 
β-Ga2O3 [55]. This, however, is consistent with HAADF-STEM data and a 
particle size smaller than 4–5 nm, or highly dispersed metal species 
[56]. That is, crystals that are sufficiently small will lead to a very broad 
and therefore undetectable signal. 

3.5.5. Extended X-ray absorption fine structure and structure 
considerations 

To further corroborate our results and data interpretation from 
HAADF-STEM, and XRD concerning the structural properties of Sn/Y 
and Ga/Y, these catalysts were characterised by means of extended X- 
ray absorption fine structure (EXAFS) methods [57,58]. 

Firstly our EXAFS measurements showed the signal for Ga/Y was 
much higher than the signal for Sn/Y thus matching ICP-MS data 
showing a higher mol % of Ga with respect to Sn. Therefore, differences 
in the fitting of the species must be due to a different metal distribution 
of these two species within the materials studied. 

Sn/Y was fitted against a SnO2 standard [59], and the results of 
EXAFS interpolation are consistent with the crystallographic structure of 
SnO2 (Fig. 10 and Table S4). 

The only notable difference detected in our materials, with respect to 
a standard bulk SnO2, is the higher Debye-Waller factor on the outer Sn 
shells (0.0089 Å2) (Table S5). This suggests SnO2 is slightly more 
disordered/amorphous with respect to a bulk oxide. As the bulk oxide is 
a well-ordered material, we would expect a value of 0.003–0.005 Å2 for 
the photoelectron mean Sn-Sn path in the second shell. 

The results for Ga/Y, analogous to HAADF-STEM data, are rather 

Table 5 
Atomic surface composition in at % for zeolites HY, Sn/Y and Ga/Y. The pres-
ence of carbon is adventitious, and all the other elements are consistent with the 
precursors used and the elemental composition for the framework of the zeolite.  

Catalyst At (%)  
C O Sn Si Al Ga N Cl 

HY  11.0  56.8  0.0  30.8  1.3  0.0  0.1  0.0 
Sn/Y  9.5  57.3  1.8  30.5  1.0  0.0  0.0  0.0 
Ga/Y  10.0  59.6  0.0  29.0  1.0  0.1  0.2  0.0  
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different. The EXAFS results were fitted by either assuming the presence 
of β-Ga2O3 clusters, or the incorporation of Ga into the zeolite frame-
work. Moving to the Ga edge, and observing the data, it is clear to see the 
lack of a second shell in the EXAFS Fourier transform signal, which could 
be consistent with β-Ga2O3. In contrast, the first shell is consistent with 
the presence of 4 to 6 oxygen atoms, as for a Ga species incorporated 
within the zeolite framework [60]. A satisfactory fit is not possible with 
a scattering path involving Ga-Ga atoms from β-Ga2O3 crystal structure 
[61] (Fig. 11). 

However, the fit improves dramatically when trying to replace Ga in 
the zeolite structure (Fig. 11, Table S5). The distances seem to reflect the 
higher atomic weight of Ga with respect to Si/Al, with a first shell dis-
tance almost identical to the Ga-O bond length in gallium oxide. The 
second shell intensity and phase are better reproduced, and they are 
shifted by the same amount (+0.2 Å). Also, in this case, the Debye- 
Waller factor is relatively high (0.02 Å2), which suggests a strain/dis-
order in the structure. 

4. Conclusions 

In this work, we have clearly identified that the isomerization of 

glucose to fructose is a complex process with multiple species inter-
converting each other, and involving the formation of a methyl fructo-
side intermediate and mannose when the reaction is carried out in 
methanol. 

All the catalysts studied HY, Sn/Y and Ga/Y showed a similar con-
version of glucose to fructose, methyl fructoside, and mannose with 
respect to the use of different reaction temperatures from 80 to 120 ◦C 
by using methanol, and methanol followed by the addition of water as 
the reaction solvent. Although the use of a higher temperature enhanced 
the glucose conversion above 90 % and fructose selectivity up to 50 %, 
the measured carbon mass balance implied that more by-products, likely 
humins, were formed. An optimal reaction temperature of 100 ◦C was 
identified as a result of these factors. 

The use of methanol as a solvent, led to the production of large 
amounts of methyl fructoside intermediate as a reaction product pro-
duced via a reaction pathway promoted by Brønsted acid sites. When 
catalytic tests were performed using fructose and mannose as substrates 
and methanol as the reaction solvent, all zeolites led to a reaction 
mixture comprised of glucose, methyl fructoside, fructose and mannose. 
We could also demonstrate that glucose, fructose and mannose are in 
equilibrium with fructose via a hydride shift mediated by Lewis acid sites 

Fig. 7. . (A), HAADF-STEM image of a Sn/Y catalyst prepared via wetness impregnation with a Sn metal loading of 1 wt %. The fringe like structure on the support 
are the zeolite channels, and the particles at its edges, i.e. externally to the zeolite crystal are deposited nanoparticles consistent with SnO2. (B), SnO2 particle size 
distribution with an average particle size d = 4.2 nm. 

Fig. 8. HAADF-STEM image of a Ga/Y material prepared via wetness impregnation with a Ga metal loading of 1 wt %. (A) No presence of metal or metal nano-
particles is observed outside the zeolite crystals, or (B) only occasionally (dark spot within the dashed red circle). 
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on the catalyst. Therefore, the conversion of glucose in methanol is a 
consequence of three reaction pathways: (i) a Lewis pathway capable of 
converting glucose to fructose, and then mannose, (ii) the reverse re-
action, and (iii) a Brønsted catalysed water hydrolysis for the conversion 
of fructose to methyl fructoside. 

If instead, the catalytic tests were carried out in the presence of water 
after methanol, this solvent could promote the hydrolysis of methyl 
fructoside to fructose whilst, at the same time, quenching the catalytic 
activity of all of the zeolite-based catalysts for the isomerization reaction 
of glucose to fructose. This is probably due to strong adsorption of water 
within the pores of the zeolites, or by a site-blocking of the Lewis acid 
sites responsible for the isomerization reaction. If, however, water was 
added after a reaction step in methanol, this solvent promoted the 
conversion of methyl fructoside to fructose in all cases, thus leading us to 
conclude that a Brønsted acid pathway is dominant for this reaction. 
This is likely to be the reason for the similar catalytic activity deter-
mined across the range of studied catalysts for this reaction. 

Ga/Y and Sn/Y were found to differ significantly in structure with 
Sn/Y comprising SnO2 clusters outside the zeolite crystals and Ga/Y 
presenting highly dispersed Ga species within the pores instead. 
Consequently, the Brønsted acid catalysed step discussed previously, 
may not necessarily occur or be constrained by the pores of the zeolite, 
and this will form the basis of additional investigations in order to 
ascertain the role of the pore size for this reaction when water is not used 
as a primary solvent. 
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Supplementary material 

HPLC-MS data, kinetic profiles, HPLC chromatograms, Rietveld 
refinement data, XPS spectra and EXFAS fitting results. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
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