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a b s t r a c t

Sn and Ga doped zeolite Y catalysts were tested for the isomerization of glucose to fructose carried out in
different solvents (water, methanol and ethanol). Therein, ethanol favoured a Lewis acid site catalyzed
pathway that promotes glucose isomerization to fructose, whereas methanol resulted in an equal distri-
bution of products (mannose, fructose and alkyl fructoside). In contrast, the catalysts were totally inac-
tive in water solvent. NMR relaxation measurements, including solvent displacement experiments,
suggested that the lack of catalytic activity in water is due to the strong adsorption of this solvent within
the zeolite pores blocking reactants from the Lewis acid sites active for the sugar isomerization. In com-
parison, ethanol adsorbs relatively more strongly than methanol, hence is retained in the pores where
solvated fructose is preferentially prevented from the further reaction on Brønsted acid sites situated out-
side of the pore space. NMR relaxation measurements using pyridine and tetrahydrofuran (THF) and
pyridine-DRIFTS measurements suggest metal doping had little effect on the overall relative acid strength
of the zeolites but resulted in zeolites with increased Lewis acid strength relative to the non-doped zeo-
lites. The results reported provide direct experimental evidence on the importance of adsorption proper-
ties of solvents within zeolites used for glucose to fructose isomerization and may serve as a starting
point for a new approach towards designing and optimizing such catalytic systems.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent times, the development of manufacturing processes
with minimal environmental impact has become of paramount
importance to academic and industrial researchers alike. This is
due to rapidly increasing levels of waste and the subsequent envi-
ronmental concerns raised. [1] As such, green and sustainable
chemistry has become one of the most important concepts to com-
bat climate change and environmental damage. Green chemistry is
a broad and far-reaching concept defined by twelve key principles;
one of which is catalysis. [2] The role of catalysis in green chem-
istry lies in its ability to increase the efficiency of chemical manu-
facturing systems by reducing the energetic footprint and the
production of waste products [3–5] or potentially allowing new,
sustainable feedstocks or fuels to be used in chemical processes
that were previously not viable. [6–8]

As crude oil stocks are depleting it is vital that new sustainable
alternatives are discovered. One promising alternative route to
renewable biofuels is through the valorization of biomass. [9–10]
Biomass is generally comprised of carbohydrates, proteins, lipids
and fatty acids and it is through the breakdown of these com-
pounds that high value platform chemicals can be produced. For
example, for use as versatile building blocks to form useful prod-
ucts, such as fuels and chemical monomers. [11–14] 5-
Hydroxymethlfurfural (HMF) is one such industrially desirable
platform chemical that can be derived from carbohydrates and
used to produce a wide range of important building block chemi-
cals such as 2,5-furandicarboxylic acid [15–17] and 2,5-
dimethylfuran [18–20] or even levulinic acid, which has been pre-
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viously recognized as one of the top twelve building blocks that
can be derived from biomass feedstock.[21]

The utility of biomass as a renewable feedstock used to produce
high-value platform chemicals is critically dependent on the effi-
cient conversion of cellulosic matter. Pentose (C5) sugars, such as
xylose, have been suggested as appropriate molecules for this pro-
cess due to a high atom efficiency when converting to levulinic
acid [22–23] but the formation of insoluble, undesired side prod-
ucts such as humins can lead to catalyst poisoning, [24–25]
thereby decreasing the viability of the overall process. Hexose
(C6) sugars, like glucose, have also been considered, as glucose is
efficiently produced by the hydrolysis of cellulose. [26–27] There-
fore, it is cheap and highly abundant. However, glucose is a rela-
tively inert molecule due to its stable 6-membered ring
structure, and the subsequent dehydration of glucose to 5-HMF
is a relatively inefficient process. [28] As such, fructose has been
suggested as an alternative, as its 5-membered ring structure is
both more reactive and more prone to undergoing the efficient
dehydration step via enolization of the open chain saccharide.
[29–30] However, fructose is much less abundant than its isomer
glucose and finds much use in the food and drink industry as a
sweetener [31–32] resulting in a higher relative cost (722 USD/ton)
[33] of fructose compared to 300 USD/ton for glucose). [34] There-
fore, it is vital to find efficient processes for the conversion of glu-
cose to fructose.

Currently, a promising catalyst reported for the glucose to fruc-
tose isomerization reaction is a Sn doped beta zeolite, which gives
yields of 31 wt% fructose and 9 wt% mannose, and a 46 wt% of
unreacted glucose after various reaction times within the temper-
ature range 343 K to 413 K. [35] The Sn beta zeolite possesses two
separate types of active sites, the ‘‘closed” form and ‘‘open” form
corresponding to non-hydrolyzed, fully coordinated Sn sites and
partially hydrolyzed Sn sites, respectively, [36] with the open site
being the most catalytically active. [37] However, the reaction is
shown to occur more readily in methanol than in water as the Sn
beta zeolites possess hydrophobic micropores, thereby allowing a
greater uptake of methanol solvent as opposed to water [38–39]
giving rise to a partial solvation of the sugar-catalyst complex dur-
ing the reaction and thereby increasing catalytic activity [28].

Our recent work has shown that Sn and Ga doped zeolite Y cat-
alysts exhibit similar behaviour in water, but have also been shown
to be active for the conversion of glucose to its isomerization prod-
ucts (namely, fructose and mannose) in methanol. However, large
amounts of alkyl fructoside intermediate are also produced in
approximately equal amounts. [40] Interestingly, relatively large
amounts of fructose are produced (yield ca. 50 %) when water is
introduced after a reaction in methanol in a two-step solvent pro-
tocol. This effect is attributed to a change in reaction mechanism
based on the solvent used. [40] This is in good agreement with pre-
vious, earlier work based on the use of zeolites for the conversion
of glucose to fructose in consecutive reactions in alcohol and aque-
ous media. [41].

Solvent effects are widespread in the field of heterogeneous
catalysis, but relatively little work has been carried out to deter-
mine the processes occurring between the reactive species present
and the active sites on the surface of the catalyst within the cata-
lyst pore. In this context, NMR relaxation measurements represent
a valuable tool to provide vital information on phenomena occur-
ring within the porous structure of catalytic materials. Indeed, it
has been shown that NMR relaxation time measurements can be
used to characterize the adsorption strengths of reactants with a
given catalyst surface. [42] By comparison of these adsorption
strengths for both the reactant and solvents, the solvent effects
seen in the liquid phase oxidations of both 1,4-butanediol to c-
butyrolactone [43–44] and various propanediols to their respective
carboxylic acid and methyl ester analogues [45] have been
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explained using NMR relaxation measurements and therefore the
optimal solvent/conditions in which to carry out these reactions
can be identified. Solvent effects in catalytic processes involving
polyalcohols are of particular relevance to this work, as glucose,
fructose and mannose each contain multiple hydroxyl group
functionalities.

Additionally, NMR relaxation measurements have shown that
1,4-dioxane interacts strongly with sites on the surface of TiO2 sup-
port via oxygen lone electron pairs, thereby inhibiting access of
reactive species to catalytically active sites on the catalyst surface
and showing that non-oxygenated solvents such as cyclohexane
are preferable for reactions using TiO2 supported catalysts. [46]
NMR relaxation measurements have also proven to be an effective
tool for measuring the acidity of catalytic materials [47] which is
often vital to their performance for certain reactions i.e. sugar iso-
merization. Furthermore, 2D NMR measurements have been
shown to be a valuable method to characterize sorption in micro-
porous materials. [48–50] It is important to consider, however, that
solvent effects have been shown to impact sugar isomerization
reactions in more ways than just the blocking of catalytically active
sites. In fact, recent work has shown that solvents are important in
controlling both the concentration and entropy of the solvated
sugar. [51–52].

In this work, Sn and Ga doped zeolite Y catalysts have been syn-
thesized and shown to effectively isomerize glucose to produce rel-
atively high yields of fructose and mannose. The effect of the
reaction solvent upon the overall catalytic activity and mechanism
of the system has been evaluated using NMR relaxation measure-
ments to aid the optimization of the catalytic system. Finally, an
unconventional combined pyridine/THF-NMR relaxation and in-
situ pyridine-DRIFTS investigation was carried out to effectively
characterize the acidity of the zeolites studied and relate these
characteristics to their catalytic performance.
2. Experimental

2.1. Materials

Materials were used as received, without any additional purifi-
cation, unless otherwise specified. Metal precursors: Ga(NO3)3-
�xH2O (Acros, Ga assay 25 wt%), SnCl4�5H2O (Fisher, Sn assay
34 wt%); supports: zeolite Y (Zeolyst International, CBV720 molar
SiO2:Al2O3 = 30), c-Al2O3 (Alfa Aesar, 99.997%), silica fumed SiO2

(Aldrich, 99.8%); metal oxides: b-Ga2O3, (Acros, > 99.99%) and
SnO2 (Acros, 99.9%); sugars: glucose (D-(+)-glucose, Alfa Aesar,
anhydrous, 99%), fructose (Fisher, > 99%), mannose (D-(+)-
mannose, Alfa Aesar, > 99 %), methyl fructoside (methyl b-D-
fructofuranoside, MuseChem, 98%); solvents: methanol (Fisher,
HPLC Grade, > 99.9%), ethanol (Sigma, > 99%, anhydrous, �
0.005% water), pyridine (Sigma, anhydrous, >99.9%), tetrahydrofu-
ran (ThermoFisher, anhydrous, > 99.9%). Deionized water was
obtained using a Elgastat Option 3B unit with a conductivity of 1
MX cm�1 at neutral pH. Additional specifications are: organ-
ics < 0.001 AU at 254 nm, TOC < 50 ppb, bacteria < 1 cfu mL�1.
2.2. Catalyst preparation

Ga and Sn doped zeolite Y catalysts, herein reported as Ga/Y and
Sn/Y, respectively, were prepared using a wet impregnation proto-
col with water as the solvent for the dissolution and impregnation
of metal precursors into the zeolite. [53] Zeolite Y was used in its
acidic form, herein reported as HY. The metal precursors used to
prepare Ga/Y and Sn/Y were Ga(NO3)3�xH2O, and SnCl4�5H2O,
respectively.
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The catalysts were prepared with a final metal loading of 1 wt%
and the desired amount of metal precursor (59.1 mg and 78.5 mg
for SnCl4�5H2O, and Ga(NO3)3�xH2O, respectively) 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 precursor (zeolite HY 1.98 g). The result-
ing slurry was heated up slowly to 80 �C and evaporated to dry-
ness. 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).

Catalysts used for control tests (Sn/SiO2, Sn/Al2O3, Ga/SiO2 and
Ga/Al2O3) were prepared using an identical protocol to the one
described using HY above, but by using SiO2 and c-Al2O3 as
supports.

2.3. Catalytic testing

The catalyst was dispersed in solutions containing 4 mL of
water, methanol or ethanol and 125 mg of glucose (a-D-glucose).
The amount of catalyst, ca. 75 mg for zeolite HY, was adjusted to
a molar metal to glucose ratio of 1:100 with respect to the total
amount of Sn or Ga in the zeolite (83 and 47 mg for Sn/Y and
Ga/Y zeolites, respectively, for a 2 g batch).

Unless otherwise specified, the catalytic tests were carried out
in a sealed pressure tube (Ace-type GPE Scientific) at a reaction
temperature of 100 �C 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.

2.4. Analysis of reaction mixtures

High performance liquid chromatography was used for the
characterization of the reaction mixtures, using a Shimadzu UFLC
XR chromatograph. A method for a fine resolution of the reaction
mixture and identification of impurities made use of a Phenom-
enex Rezex RCM-Monosaccharide Ca++ column 300 � 7.8 mmwith
a 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 lL. The
HPLC apparatus was equipped with an evaporative light scattering
detector (ELSD) and the respective sugar concentrations were cal-
culated with respect to external standards against calibration plots.
Conversion and selectivity were calculated as defined in Equations
S1-S8.

2.5. NMR relaxation 2D T1-T2 correlation analysis

3 mm thick pellets of non-doped and Ga or Sn doped zeolite Y
were soaked in n-octane, deionized water, methanol or ethanol
for 2 days prior to analysis. The zeolites were removed from the
respective liquids and gently dried on a filter paper pre-soaked
with the same liquid as used for the absorption to remove excess
liquid from the outer surface whilst avoiding the removal of liquid
from the internal pore structure.

Following drying, the zeolites were transferred to 5 mm NMR
tubes and tested using a T1-T2 NMR pulse sequence (Figure S1) to
determine spin–lattice and spin–spin relaxation times. The typical
experimental error for all T1-T2 measurements was approximately
3 %.

Sixteen recovery delays were used from 1 ms to 500 ms. The
echo train of the CPMG sequence was composed of 1200 or 1600
echoes (dependent upon the sample) and acquired in a single shot
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with an echo spacing of 2s = 1 ms. Each data set was acquired with
4 scans in approximately 2 min.

NMR relaxation experiments were performed using a Magritek
SpinSolve benchtop NMR spectrometer operating at a 1H frequency
of 43 MHz. The 2D data was processed using an algorithm kindly
provided by Prof. Michael Johns of the University of Western Aus-
tralia, Perth.

See Section 3 of the Supporting Information for a more detailed
description of the principles of the NMR relaxation measurements
used.

2.6. NMR relaxation 2D T1-T2 correlation displacement experiments

3 mm thick pellets of non-doped and Ga or Sn doped zeolite Y
were soaked in methanol or ethanol for 2 days prior to analysis.
The large zeolite grains were removed from the liquid before being
dried, prepared and analysed using the same process detailed pre-
viously. The large zeolite grains were then removed from the NMR
tube and left in an excess of the displacing liquid (water) for the
amount of time specified, herein referred to as the displacement
time. The excess liquid was again removed prior to the acquisition
of the NMR data using the process detailed previously to obtain a
2D T1-T2 correlation plot for varying values of the displacement
time.

2.7. Pyridine diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)

In-situ DRIFTS measurements were performed using a Bruker
Vertex 70 FTIR spectrometer equipped with a mercury-cadmium-
telluride, 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 catalyst was pre-
treated to remove moisture 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 flow-
ing Ar to 35 �C. The IR spectrum of the catalyst at 35 �C under flow-
ing Ar was taken as a background.

Pyridine adsorption was carried out at 35 �C using pyridine
vapour obtained using a saturator and Ar flow as a carrier gas.
The pyridine saturator was placed in an ice/water bath to obtain
a pyridine concentration of 2000 ppm. The total flow rate was
50 cm3 min�1. After 60 min, pyridine was purged for 30 min using
Ar to remove weakly adsorbed pyridine from the catalyst surface.
The temperature of the DRIFTS cell was then increased in incre-
ments of 50 �C up to 350 �C and in-situ DRIFTS spectra were
acquired at each increment (50 �C, 100 �C, 150 �C, 200 �C, 250 �C,
300 �C, 350 �C).

In all cases, the in-situ DRIFTS spectra were recorded with a res-
olution of 4 cm�1 and with the accumulation of 128 scans every
60 s during transient switches. The DRIFTS spectra were analyzed
using the OPUS software. The IR data are reported as log 1/R
(‘‘absorbance’’), with R = I/I0, where R is the sample reflectance, I
is the intensity measured under reaction conditions, and I0 is the
intensity measured on the pure catalyst powder under a flow of
Ar at 35 �C.

2.8. XRPD

X-ray powder diffraction (XRPD) patterns were acquired using a
Bruker D8 Advance equipped with a LynxEye detector. The samples
were measured over an amorphous silicon sample holder. The
instrument was operating at 40 kV and 40 mA selecting CuK ara-
diation as the X-ray source. The samples were analyzed in the
range 5� to 80� 2h for a scan time of 70 min. Analysis of the pat-
terns was carried out using the X-Pert Pro software.



L. Forster, Mohamed M.M. Kashbor, J. Railton et al. Journal of Catalysis 425 (2023) 269–285
In order to determine unit cell parameters, the powder X-ray
patterns were fitted by using a Rietveld refinement [54] as a full-
pattern fit algorithm for each sample. The goodness of fit between
experimental and simulated XRPD patterns was evaluated via a v2-
test. [55] Crystallographic information files (CIF) from the Database
of Zeolite Structures (IZA-SC) [56] were used to obtain the atomic
coordinate values needed to carry out the fitting.

2.9. ICP-MS

Determination of Sn and Ga content was carried out via induc-
tively coupled plasma-mass spectrometry (ICP-MS) analysis using
an Agilent 7500CE ICP-MS instrument calibrated up to 10 parts
per billion (ppb) using standards prepared by dilution from stock
solutions containing 1000 parts per million (ppm) of Ga or Sn stan-
dards. The concentrations of Ga and Sn in the samples were calcu-
lated against a calibration graph.

2.10. BET surface area and porosimetry

The textural properties of the catalysts were determined using a
Micromeritics 3Flex Analyzer Gas Sorption System operating at liq-
uid nitrogen temperature. The typical amount of zeolite for the
measurement was 100 mg, and the samples were degassed under
vacuum at 180 �C for 48 h before being analysed. Both the adsorp-
tion and desorption branches were collected, and the Brunauer–E
mmett–Teller (BET) model was used to calculate the specific sur-
face area from the BET absorption isotherm using 0.162 nm2 as
the surface area for gaseous N2. [57]. The hysteresis cycles were
used to determine the isotherm type and the external and microp-
orous areas of the zeolites. t-plots were used to determine the pore
volume, with a Barrett-Joyner-Halenda (BJH) procedure for the
determination of the pore distribution, [58] and the use of a
Horvath-Kawazoe model [59] for the fine fitting of the diameter
of the microporous component of the zeolite Y framework.
3. Results and discussion

3.1. Catalytic testing

Both the metal doped and non-doped zeolites were tested for
the conversion of glucose to its isomerization products, fructose
and mannose. The reaction solvent is known to play a significant
role in heterogeneous catalytic reactions, as discussed previously,
by influencing factors such as the adsorption of reactive species,
[43–45] the solubility of reagents [51,60] and by directly influenc-
ing the catalytic cycle through interactions with species involved
in the catalytic cycle. [61] As a consequence, to investigate poten-
tial solvent effects for our catalytic systems, the reactions using
each catalyst were carried out using water, methanol or ethanol
as the reaction solvent.

For the reactions using water as the reaction solvent, no conver-
sion of glucose was observed. Previous work has shown that the
use of water as a solvent for reactions using a zeolite catalyst with
relatively hydrophilic pores can result in a significant decrease in
catalytic activity. [30] This detrimental effect is likely due to water
entering and filling the pores of the zeolite, in such a way as to pre-
vent the entrance of sugar molecules into the pore and therefore
prevent the reaction. On the other hand, a high Lewis acidity - with
Lewis acid sites situated inside the pores of the zeolite, which is
one of the key features to explain the reactivity of zeolites - may
actually be counterproductive if strong coordination of water to
Lewis acidic sites via electron-rich oxygen atoms occurs, as this
would be hindering coordination of reactive species hence sup-
pressing catalytic activity. [29].
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Unlike the reactions in water, the reactions in alcohol solvents,
namely methanol and ethanol, resulted in the conversion of glu-
cose to fructose, mannose and an alkyl fructoside (Fig. 1 and
Table S1), with the latter being either a methyl fructoside or an
ethyl fructoside, respectively.

Using non doped HY as the catalyst for this reaction at 100 �C
showed glucose conversions of approximately 90 % in methanol.
This is greater than often reported conversion values in the litera-
ture, which are seen to convert only � 40 % of glucose. [60] Herein,
the presence of products other than the isomerization products
mannose and fructose is attributed to the formation of alkyl fruc-
toside intermediates due to a Brønsted acid catalyzed reaction
pathway (Scheme 1) between fructose and the alcohol solvent.
The chemical structure of the reactants/products used in this reac-
tion are shown in Fig. 2. Doping of HY with Sn and Ga metals
showed little improvement in the overall glucose conversion seen
(92 % and 93 %, respectively) in methanol.

Although the three porous materials HY, Sn/Y and Ga/Y
(Table S1 and S2) do show similar results in each solvent (Fig. 1),
it is important to underline that we are investigating the difference
between each catalyst in the different solvents to identify common
trends that can explain the observed reactivity. In fact, the similar-
ities in reactivity of the three catalysts within the same solvents
are diagnostic of a reaction mechanism dominated by Brønsted
acid sites leading to the formation of an alkyl fructoside
intermediate.

Consequently, although the metal dopant can, in principle,
affect the Lewis acidity of our materials, Brønsted acid sites must
be considered too. The activity will be a result of fine tuning
between sites inside the pores of the zeolites and acidic centres
outside the pores of the zeolite crystals. Therefore, the final and
net effect on catalytic activity will be difficult to accurately predict.
As discussed previously, when a Sn/zeolite beta catalyst was used
for this reaction, a similar solvent effect was also seen for the glu-
cose isomerization in that the catalytic activity is enhanced when
methanol solvent is used as opposed to water. [38–39] This occurs
due to increased uptake of methanol, relative to that of water, into
the zeolite pores which are relatively less hydrophilic than the
external surface of the zeolite crystals. This leads to increased sol-
vation, and, therefore, probable stabilization of a pre-reactive
sugar-catalyst complex intermediate within the zeolite pores.
[28,52] In ethanol, the conversion obtained using all catalysts
was practically 100 % within experimental error indicating that,
in terms of total conversion, ethanol is the optimal solvent for this
system, though with a distinct product distribution.

In fact, when the product yields are considered (Table S2), in
methanol there is an approximately equal distribution of products
(fructose, mannose and methyl fructoside) obtained, though with a
slight preference for methyl fructoside (ca. 30 % � 35 %). Con-
versely, when ethanol is used as the reaction solvent, the order
of product yield is reversed and fructose is produced as the major
product (ca. 53 % � 65 %). Our previous work has suggested that
the product distribution in this reaction is the result of three con-
current mechanisms (Scheme 1). [40].

When Scheme 1 is considered in relation to the catalytic data,
the Brønsted acid mediated conversion of fructose to alkyl fruc-
toside is far more prevalent when methanol is used as a reaction
solvent compared with ethanol. In fact, due to the approximately
equal product distribution when methanol is used, it can be
assumed that all pathways are equally dominant, with the excep-
tion of the reverse reaction converting fructose to glucose. Con-
versely, the Lewis acid mediated isomerization is the dominant
mechanism when ethanol is used as the reaction solvent.



Fig. 1. Product selectivity obtained from the glucose isomerization reaction at 100 �C and endogenous pressure, using HY, Ga/Y and Sn/Y catalysts in (a) methanol and (b)
ethanol solvent for a reaction time of 1 h. Total glucose conversion was ca. 90 % in methanol and ca. 100 % in ethanol.

Scheme 1. The concurrent mechanisms occurring in the catalytic isomerization of
glucose in alcohol media. The overall catalytic process is composed of the reversible
isomerization reactions of glucose to fructose and fructose to mannose mediated by
catalytic Lewis acid sites and the Brønsted acid centres, with the former responsible
for the isomerization reaction, and the latter for the addition of a methoxy group to
the sugar. LA and BA indicate Lewis and Brønsted acid mediated pathways,
respectively.

Fig. 2. The chemical structures of: (a) a-D-glucose, (b) a-D-fructose, in its furanose
form, (c) a-D-mannose and (d) alkyl fructofuranoside (either a or b form) where
R = CH3– for a reaction carried out in methanol and CH3-CH2– for a reaction carried
out in ethanol.

L. Forster, Mohamed M.M. Kashbor, J. Railton et al. Journal of Catalysis 425 (2023) 269–285
3.2. Solvent 2D T1-T2 NMR relaxation

In view of the obtained catalytic activity data and proposed
solvent-dependent reaction mechanisms, T1-T2 measurements
were performed to assess the relative interaction strengths of the
reaction solvents used (water, methanol and ethanol) with the sur-
face of the various catalysts. n-Octane was used as a reference
guest molecule with little to no interaction with the zeolite surface,
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owing to its lack of chemical functionality. NMR relaxation mea-
surements have been shown to be an effective measure of interac-
tion strengths of fluids confined in porous media with the surface
of the porous medium in question. [43–45] Previous work has
shown that T1/T2 is related to the strength of surface adsorption
and can be directly correlated to adsorption energies determined
using temperature programmed desorption (TPD). [42] That is, a
high value of T1/T2 is indicative of a high strength of interaction
between a probe molecule and the surface of the porous medium
within which the probe molecule is confined.

It is important to note that T1/T2 can be significantly impacted
by factors other than surface adsorption/interaction strength,
namely molecular diffusion and confinement effects. [62] The
influence of molecular diffusion on the measured value of T2 and
subsequently T1/T2, is strongly dependent upon the presence of
internal field gradients within the material under study. [63] How-
ever, such effects can be considered negligible at low external mag-
netic fields, [64] such as that used in this study (43 MHz), hence
diffusion effects are not considered to influence the reported
results. Similarly, confinement effects are only significant when
the pore size is approximately equivalent to the molecular dimen-
sions of the probe molecule, that is, mass transport is defined by
configurational diffusion. [65] This is not the case in our study;
therefore, it is reasonable to assume that trends in T1/T2 are related
solely to the strength of probe molecule adsorption. As such, T1/T2
is a useful parameter in the field of catalysis and surface science
used to characterize the strength of surface interactions of fluid/-
solid interfaces in porous materials and explain phenomena such
as solvent effects. [43–45].

The 2D T1-T2 correlation maps obtained can be seen in Fig. 3. It
should be noted that 2D T1-T2 experiments reported in this work
are based on time domain NMR measurements and as such, no
spectral data are involved. See Section 3 of the Supporting Informa-
tion for a more detailed description of the principles of the NMR
relaxation measurements used.

From T1/T2, as previously discussed, it is possible to determine
the relative strengths of surface interactions for the solvent
imbibed within HY used as a benchmark. Water has T1/T2 �
7.1 ± 0.2 indicating that this is the most strongly adsorbed of the
solvents tested in this study and this relatively strong adsorption
could be responsible for the solvent effect observed in the isomer-
ization of glucose. This is expected, as the water molecules can
strongly interact with any OH groups present on the zeolite sur-
face, with the net result of practically occluding the pores of the
zeolite to a potential substrate. When ethanol and methanol are
used, the T1/T2 decreases significantly compared with that found
for water with the zeolite surface, showing a slight preference for



Fig. 3. T1-T2 relaxation correlation plots for (a) water, (b) methanol, (c) ethanol and (d) n-octane imbibed within the pores of HY, Ga/Y and Sn/Y. The solid black line indicates
T1 = T2. The purple, blue, green and red dotted lines indicate T1/T2 of n-octane, ethanol, methanol and water imbibed within the pores of the specified catalyst, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the interaction with ethanol as opposed to methanol as seen from
their T1/T2 values of 3.1 ± 0.1 and 2.8 ± 0.1, respectively. Although
the difference is only small it is statistically significant and this
implies that the zeolite surface adsorbs ethanol more strongly than
methanol. When n-octane was used as a reference probe molecule,
a T1/T2 value of 1.9 ± 0.1 was obtained. Due to its lack of chemical
functionality, surface interactions with the zeolite will be limited
and therefore, the motion of the molecule will be relatively fast
when compared to the reaction solvents, thus leading to the low
value observed.

It should be noted that the correlation plots obtained using
methanol and ethanol as solvents show a second, less intense peak
at approximately T1/T2 � 7.1 ± 0.2, similar to that of the peak
obtained in the water plot. This second peak contains signals from
both OH species naturally present on the zeolite, such as adsorbed
water and surface hydroxyls, and the OH moiety of the alcohol
(methanol or ethanol). This is confirmed by the finding that the
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measured ratio of the peak areas does not reflect the aliphatic/
OH ratios expected of the alcohol solvents and plots of the bare,
non-soaked zeolites show a peak in the same position. Therefore,
it is reasonable to assume that this second, less intense peak is
due to the exchange of OH protons with adsorbed water protons
and is not useful for the analysis. Hence, the analysis of this peak
becomes ambiguous as it is not possible to separate the two proton
environments in the relaxation domain. Therefore, the analysis of
the main alkyl group peak of the alcohol is considered when calcu-
lating T1/T2. As for n-octane, the signal from water present within
the zeolite is also present, however, this signal is not visible on
the plot due to the overwhelming signal of n-octane protons.

The trend in relative adsorption strengths can be seen to be the
same for both the metal doped zeolites and the parent zeolite. The
results of all tests are summarized in Fig. 4 and numerically in
Table S3.



Fig. 4. T1/T2 of water, methanol, ethanol and n-octane imbibed within the pores of
HY and metal doped derivatives Ga/Y and Sn/Y.
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T1/T2 of water is shown to be the greatest across all samples
indicating that, when imbibed within the pores of the zeolites,
water exhibits the most reduced mobility. This can be attributed
to the interaction of water with the zeolite surfaces (for example,
through hydrogen bonding with surface hydroxyl groups). The rel-
atively strong interaction of water with the catalyst surface will
limit the accessibility of any reactants (in this case glucose and
regardless of any conformation in solution [66]) to the active sites
located on the catalyst surface, thereby resulting in a decreased
catalytic activity, particularly if the active sites responsible for a
reaction are located inside the pores of a zeolite. Additionally,
the doped zeolites present a higher amount of Lewis centres
(Sn4+ and Ga3+) that can also coordinate H2O, CH3OH and CH3CH2-
OH via the hydroxyl group and, in turn, also reduce their mobility
leading to a site blocking effect when water is present.

Whilst the metal doped zeolites show higher T1/T2 when com-
pared to that of the parent zeolite, it should be noted that T1/T2
can be affected by many other factors such as the presence of inter-
nal magnetic field gradients. Indeed, it has even been shown that T2
values can differ significantly even for the same adsorbate in sim-
ilar porous materials, [67] therefore this must be considered when
comparing values across the different zeolite samples. However,
this effect is most significant at high fields. In low-field benchtop
instruments, such as that used in this study, they are less signifi-
cant and a comparison across zeolites is reasonable.

Ga/Y and Sn/Y show higher T1/T2 for ethanol when compared to
that of methanol, indicating that ethanol has a slightly stronger
interaction with the zeolite surface. As discussed previously, the
Lewis acid mediated sugar isomerization (forming fructose as the
major product) is favoured in ethanol solvent, whereas the
Brønsted acid mediated addition of the alcohol solvent (forming
the alkyl fructoside as the major product) is favoured when metha-
nol is used as the reaction solvent. Additionally, the Brønsted acid
mediated pathway may not necessarily occur or be constrained by
the zeolite pores, whereas the Lewis acid mediated pathway may
be more prevalent within the pores of the zeolites. [38] As ethanol
adsorbs relatively more strongly than methanol (as indicated by
T1/T2), it is retained in the zeolite pores, along with any solvated
products and reactant. As such, solvated fructose is preferentially
prevented from further reaction on Brønsted acid sites outside of
the pore whereas in methanol, the fructose produced can react
on Brønsted acid sites outside of the pore resulting in an approxi-
mately equal distribution of reaction products as all reactive sites
are accessible.
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3.2.1. Control tests on framework and textural properties of the
zeolites

We have characterized our materials using BET, porosimetry,
and XRPD in order to demonstrate that no potential changes in
the zeolite framework of our materials - resulting from their syn-
thesis process - have occurred, which, in turn, has no impact on
the NMR relaxation measurements reported above.

In fact, when metal centres are added to zeolites, the structure
of the parent zeolites may change. This is a common occurrence
when metal centres are added through ion-exchange methods,
unlike the case of incipient wetness impregnation as a synthetic
protocol, that was used in our study. [68–69].

Adsorption and desorption isotherms of N2 at 77 K on HY, Sn/Y
and Ga/Y (Figure S2) are consistent with types I and IV [70] with
type-I typical of microporous materials (pore size < 2 nm), whereas
type-IV is typical of materials presenting some mesoporous com-
ponent (pore diameter between 2 nm and 50 nm). This is visible
in hysteresis cycles exhibiting both condensation and cavitation.
However, the short vertical hysteresis loops from p/p0 = 0.5 to
0.99 indicate limited mesoporous volumes, as further confirmed
by an analysis of pore distribution (Figures S3 and S4) where the
materials are nearly exclusively microporous, centred at 0.74 nm
and a mesoporous component between 20 and 40 nm.

An analysis of these isotherms by means of the Brunauer–Em
mett–Teller (BET) model for the determination of specific surface
areas, external and micropore areas, and the use of t-plots and a
Horvarth-Kavazoe model for the pore volume and pore size distri-
bution, respectively, led to the determination of the textural prop-
erties of our materials (Table 1).

It is possible to observe, that, within the experimental errors of
our methods, all of these analyses revealed no changes in textural
properties for any of our materials (all specific BET surface areas,
external surface areas, and micropores are in the range of 700 m2

g�1, 450 m2 g�1, and 270 m2 g�1, respectively) except for a minor
decrease in total surface area (around 12%) and pore volume
(around 11%) when the metal dopant is added. This variation, on
the other hand, is fully consistent with the use of an impregnation
protocol as a deposition method, and it actually demonstrates the
deposition of a metal dopant, mostly on the zeolite’s external sur-
face and close to the zeolites’ pores.

In fact, no change in pore size or distribution before and after
metal deposition, (Figures S3 and S4) nor changes in pressure in
hysteresis cycles to induce condensation and cavitation, is
observed, (Figure S2) and all materials present micropores with a
cylindrical geometry of 7.4 Å diameter (Table 1 and Figure S3), as
expected for a zeolite Y channel of 12 membered rings. [71] As a
result, no actual change in the framework property, involving
changes in the coordination or orientation of the zeolite’s Al and
Si centres, is present because of metal doping synthesis method.

To further reinforce this conclusion, we have characterized our
materials by X-ray powder diffraction. Also in this case, by carrying
out a Rietveld refinement on our X-ray patterns, (Table S4) no
changes were detected, and all unit cell parameters before and
after metal deposition (and even considering a sample as prepared
for doping, but without metal dopant) are virtually identical, with
a unit cell volume centred at 14363 Å3 for all samples. Thus con-
firming that no change in framework properties occurred, includ-
ing the absence of dealumination, and as such showing the
framework is structurally resistant to our doping protocol.

3.2.2. Control tests on the effect of porosity on the reactivity of the
zeolites

Aiming to specifically provide information on site blocking ver-
sus pore occupancy effects of the various solvents, as well as to
assess the relevance of Brønsted acid sites, non-porous Sn-doped,
Ga-doped, and un-doped SiO2 and Al2O3 was synthesized and



Table 1
Textural properties of zeolites for the parent material (HY) and after metal doping (Sn/Y and Ga/Y) via an incipient impregnation protocol. Metal loading for both doped zeolites is
1 wt%.

Zeolite Total surface area(a)

(m2 g�1)
External surface area(a)

(m2 g�1)
Micropore area(a)

(m2 g�1)
Pore volume(b)

(cm3 g�1)
Channel diameter(c)

(Å)

HY 791 ± 18 499 ± 27 292 ± 16 0.261 ± 0.006 7.35 ± 0.05
Sn/Y 692 ± 16 421 ± 21 271 ± 14 0.222 ± 0.005 7.32 ± 0.04
Ga/Y 704 ± 16 444 ± 26 260 ± 16 0.231 ± 0.005 7.31 ± 0.06

(a) Values obtained from the adoption branch of the adsorption isotherms using Brunauer–Emmett–Teller (BET) theory.
(b) Value obtained at the absorption–desorption point using a Barret–Joyner–Halenda (BJH) method.
(c) Value obtained at the absorption–desorption point using a Horvath-Kawazoe method for a cylinder pore geometry.
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tested to mimic the external surface of zeolites. This was done in
order to explain differences in reactivity for this reaction as a func-
tion of the NMR relaxation data. In fact, whereas the pores of a zeo-
lite could be subjected to both site blocking and pore occupancy
effects, non-porous materials would be subjected to site blocking
effects only.

The preparation method used herein (wet impregnation fol-
lowed by calcination) to dope SiO2 and Al2O3, leads to the forma-
tion of external SnO2 and Ga2O3 clusters [68] (Figures S5 and S6,
Table S5) thus also minimizing diffusion effects.

Sn/SiO2, Sn/Al2O3, Ga/SiO2, Ga/Al2O3 as well as SiO2 and Al2O3

were tested for the isomerization reaction of glucose to fructose
using water, methanol or ethanol as solvents (Table 2).

As found for the microporous zeolites, none of these non-porous
materials, either doped or undoped showed any reactivity when
water was used as a solvent. As such the lack of reactivity of zeolite
Y based materials for the isomerization reaction is most probably
due to both site blocking and pore occupancy effects affecting both
Lewis and Brønsted centres.

This absence of reactivity shows consistency with the studies by
Davis and co-workers on the activity of external SnO2 clusters over
zeolite beta, [72] whereby a lack of reactivity in water was also
observed. Our tests would suggest this effect is more general and
not necessarily restricted to zeolites having a particular structure,
specific Sn-zeolite structures or metal clusters not necessarily lim-
ited to SnOx clusters.

Comparison of these results using bulk supports to those from
microporous zeolites Sn/Y and Ga/Y, prepared using the same
Table 2
Catalytic test results for the conversion of glucose to fructose and mannose using: Sn/SiO2, G
c-Al2O3 using different solvents: water, methanol and ethanol. In all cases, solutions conta
100 �C and endogenous pressure. Metal loading for Sn and Ga was 1 wt% and the reaction

Catalyst Solvent(s) Conversion (%)

SiO2 H2O 0
SiO2 CH3OH 0
SiO2 CH3CH2OH 0
Sn/SiO2 H2O 0
Sn/SiO2 CH3OH 23 ± 2
Sn/SiO2 CH3CH2OH 21 ± 1
Ga/SiO2 H2O 0
Ga/SiO2 CH3OH 11 ± 1
Ga/SiO2 CH3CH2OH 19 ± 2
Al2O3 H2O 0
Al2O3 CH3OH 13 ± 2
Al2O3 CH3CH2OH 23 ± 4
Sn/Al2O3 H2O 0
Sn/Al2O3 CH3OH 30 ± 2
Sn/Al2O3 CH3CH2OH 27 ± 1
Ga/Al2O3 H2O 0
Ga/Al2O3 CH3OH 19 ± 2
Ga/Al2O3 CH3CH2OH 23 ± 2

n.d. = not detected.
R-F = alkyl fructoside.
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impregnation protocol and metal loading (1 wt% as determined
from ICP-MS measurements), and detailed characterization of
these materials by means of XPS, HAADF-STEM and EXAF [40]
showed that Sn/Y comprised SnO2 clusters (average diameter
4.2 nm) outside the zeolite crystals and Ga/Y presented highly dis-
persed Ga2O3 species within the pores instead with evidence of
some Ga substituted Al centres. This highlights the complexity of
both the catalytic systems and the reactions that can take place
on these catalysts, with a common denominator though, as in all
these cases water always acts as an inhibitor for the isomerization
reaction.

When using methanol as the reaction solvent, no activity was
detected in the case of pure SiO2, but this increased to 23 % and
11 % conversion when Sn/SiO2 and Ga/SiO2 were used as the cata-
lyst, respectively. Furthermore, as there is no alkyl fructoside pro-
duced in any case, it can be concluded that the formation of alkyl
fructose is inhibited by the absence of Brønsted acid sites which
are present in all of the acid form zeolites that we used in this
study (HY, Sn/Y and Ga/Y).

Control tests on metal leaching (Table S6) confirmed that any
activity is not due to small amounts of these metals (< relative
1%) in solution, and, in turn, confirmed this activity is indeed due
to Lewis Sn and Ga centres that are absent in pure SiO2.

In the case of Al2O3, the bare oxide showed some activity (�13
%) due to the presence of Lewis acid centres in Al2O3. This activity
was further enhanced with the addition of Sn and Ga, thus leading
to analogous considerations as those for doped non-porous SiO2.
a/SiO2, Sn/Al2O3 and Ga/Al2O3 as control tests materials, and their supports: SiO2 and
ining 125 mg of glucose in 4 mL of solvents, were used at a reaction temperature of
s were carried out at a constant molar metal to substrate ratio M:S = 1:100.

Selectivity (%) CMB (%)

Fructose Mannose R-F

n.d. n.d. n.d. 100
n.d. n.d. n.d. 100
n.d. n.d. n.d. 100
n.d. n.d. n.d. 100
47 ± 3 53 ± 3 n.d. 96 ± 1
78 ± 1 23 ± 1 n.d. 88 ± 2
n.d. n.d. n.d. 100
54 ± 1 46 ± 2 n.d. 100 ± 2
67 ± 3 33 ± 2 n.d. 100 ± 1
n.d. n.d. n.d. 100
56 ± 1 44 ± 1 n.d. 100 ± 1
56 ± 2 44 ± 2 n.d. 88 ± 4
n.d. n.d. n.d. 100
56 ± 3 44 ± 3 n.d. 91 ± 3
51 ± 1 49 ± 1 n.d. 83 ± 2
n.d. n.d. n.d. 100
50 ± 1 50 ± 1 n.d. 90 ± 2
43 ± 3 57 ± 3 n.d. 92 ± 2
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Regardless of the identity of the non-porous support used
though, the activity is always significantly lower (5 to 10 times
less) than in the presence of microporous zeolite HY. Therefore, it
is possible to conclude that in the case of zeolites, the presence
of pores is fundamental to drive the reaction and the isomerization
reaction pathway does indeed occur inside the pores.

When ethanol is used as a solvent, similar results to those
obtained using methanol were obtained, as this solvent can induce
a small site blocking effect and as such, the reactivity on a porous
zeolite will be dominated by pore occupancy. Also, in this case, no
alkyl fructoside (obtained from Brønsted acidity) is detected but
only the isomer fructose and the epimer mannose produced from
Lewis acidity.

Conversion values appear to be the same or even higher than
those obtained using methanol. Most likely due to ethanol being
less protic and less nucleophilic than methanol, any site-blocking
effect within the pores of the zeolites that could occur for water
or methanol is even smaller when this solvent is used. It should
also be noted, however, that specific considerations on possible
nucleophilic effects of these solvents towards our substrates, are
beyond the scope of the current study and therefore they are not
being considered further. Though they may provide grounds for
future investigations in this area.

The NMR relaxation measurements obtained provide indirect
confirmation of these conclusions. In water, pores will be occluded
by the limited mobility of the species within the pores and the
Lewis sites will be blocked by strongly bound water molecules,
the latter showing a very high strength of interaction as demon-
strated by the T1/T2 values obtained. In contrast, as methanol is
weakly adsorbed to the catalyst surface it will not block the pores
of the zeolite, as well as not site-blocking its surface, and as such,
allowing for a reaction to occur. At the same time though, the
uptake of methanol and therefore solvated sugars into the zeolite
pores will be relatively low when compared to ethanol. Therefore,
the solvated sugars will interact with the Lewis acid sites and fruc-
tose will be formed as the major product.

T1/T2 obtained using n-octane confirmed that the difference in
T1/T2 is due to differences in the surface interactions taking place
between the reaction solvents and catalyst surfaces. Alkanes con-
tain no functional groups and as such will have little or no interac-
tion with the catalyst surface as for all the zeolite samples, n-
octane shows the lowest value of T1/T2. As n-octane will not inter-
act with the surface of the catalyst its mobility will be affected only
by the structure and size of the catalyst pores. If no or weak inter-
actions were taking place between the other solvents and the zeo-
lite surfaces, all T1/T2 values obtained would be equivalent to that
of n-octane. As this is clearly not the case, it can be concluded that
the trend in T1/T2 seen is due to the adsorption of the solvent mole-
cules to the zeolite surface.

3.3. 2D T1-T2 NMR solvent displacement

As these isomerization reactions may occur using different sol-
vents either simultaneously or sequentially, [40] the displacement
effect when changing solvent was examined. 2D T1-T2 NMR dis-
placement experiments were performed to study the extent to
which water blocked the pores/Lewis acid sites of the zeolites
studied, as well as to determine how effectively ethanol and
methanol can access the zeolite pores and the Lewis acid sites.

The displacement of methanol by water (Fig. 5a-5c) and the dis-
placement of ethanol by water (Fig. 6a-6c), both showed a visible
peak at T1/T2 = 7.1 ± 0.2 for HY (Fig. 5a and 6a) and at T1/ T2 = 11
.2 ± 0.3 for the doped zeolites Ga/Y and Sn/Y (Fig. 5b, 5c, 6b and
6c respectively) in the correlation plots attributed to strongly
adsorbed water present on the zeolite surfaces. At an experimental
displacement time of 0 s, methanol/ethanol was present within the
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pores of the zeolite and the respective peaks can be clearly seen on
the spectra. Again, it is important to clarify that the second alcohol
peak seen was due to contributions of both the alcohol OH and
water naturally present within the zeolite. With increasing dis-
placement time, however, the alcohol peaks decrease in intensity
and the water peak increases in intensity thus showing that water
displaces the alcohol from the pores. After 600 s, methanol is com-
pletely displaced from the pores of the zeolites studied (Fig. 5a–5c)
whereas a weak ethanol peak can still be seen (Fig. 6a–6c). This
corroborates and supports the previous NMR relaxation experi-
ments as ethanol was shown to adsorb more strongly to the zeolite
surface than methanol (evidenced by the respective T1/T2 values)
which, in turn, supports the catalytic data as the glucose isomer-
ization reaction occurs readily in methanol and ethanol, but not
at all in water. Additionally, a Lewis acid site catalyzed isomeriza-
tion reaction inside the pores was favoured when ethanol was
used.

To allow quantification of the solvent displacement experi-
ments, the volume fractions of both water and the respective alco-
hol at each displacement time were determined. This analysis was
performed by integration of both solvent peaks at each time point,
and the volume fraction of each alcohol was determined using the
following equation:

VAlc ¼ IAlc
Itot

¼ IAlc
IAlcþIW

# ð1Þ

where IAlc is the integral of the alcohol peak and IW is the integral of
the water peak. To account for the water already strongly adsorbed
to the zeolite surface (found to account for approximately 30% of
the total integral), Equation (1) must be altered as follows:

VAlc ¼ IAlc
IAlcþIW�IW ;0

# ð2Þ

where Iw,0 is the integral of the water peak at 0 s. Thus, leading to a
variation in volume fraction of the alcohols imbibed within the pore
of the zeolite samples with displacement time (Fig. 7).

With increasing displacement time both alcohols were dis-
placed from the zeolite pores by water, as expected. Methanol
was displaced significantly more rapidly than ethanol. For exam-
ple, methanol was fully displaced from all zeolites by water after
only 300 s, whereas ethanol remained in the pores (between 4
and 7 % of the total volume) after 600 s.

This can be attributed to the increased affinity of ethanol for the
zeolite surface as previously determined from the T1/T2 values,
making the displacement of ethanol molecules from the zeolite
surface a slower process. This again supports the catalytic data
and provides indirect confirmation that the Lewis acidic sites are
located mainly within the zeolite pores.

As ethanol was more readily taken up and retained by the zeo-
lite pores, the solvated sugars come into contact with the Lewis
acidic centres located within the pores and the sugar isomerization
pathway (Scheme 1) will be dominant. The solvated fructose was
then retained by the pores and interacted weakly with Brønsted
sites on the zeolite crystal surface, preventing the alcohol addition
to form ethyl fructoside.

As methanol, instead, was only weakly adsorbed and not readily
taken up by the zeolites pores, solvated sugars (namely fructose)
were not retained by the zeolite pores and were able to interact
with Brønsted sites on the outer surface of the zeolite crystal and
form methyl fructoside, by the addition of methanol.

In contrast to the alcohol solvents, water completely blocks the
zeolite pores and prevents access of the solvated glucose to the
Lewis acid sites, therefore, the reaction was not able to progress.

The results herein are highly relevant with implications well
beyond the reaction under study, especially when considering a
large number of attempts in the literature aimed at using water



Fig. 5. T1-T2 relaxation correlation plots for methanol being displaced by water within the pores of (a) HY, (b) Ga/Y and (c) Sn/Y at the displacement time intervals of 0 s, 10 s,
60 s, 150 s and 600 s. A and B represent the aliphatic peak of the alcohol (methanol) and the OH/water peak, respectively.
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as primary, environmentally friendly solvent, as from our experi-
ments this may not be the best choice at a fundamental level.
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3.4. Characterization of zeolite acidity

3.4.1. 2D T1-T2 pyridine and THF NMR relaxation
It has been widely reported how vital acidity is to the catalytic

isomerization of glucose. [37,41] As the reaction mechanism in this
study is found to be dependent upon the nature of the acid site



Fig. 6. T1-T2 relaxation correlation plots for ethanol being displaced by water within the pores of (a) HY, (b) Ga/Y and (c) Sn/Y at the displacement time intervals of 0 s, 10 s,
60 s, 150 s and 600 s. A and B represent the aliphatic peak of the alcohol (ethanol) and the OH/water peak, respectively.
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Fig. 7. The volume fraction of methanol (red line and data points) and ethanol (blue line and data points) remaining within the pores of HY, Ga/Y and Sn/Y during the
displacement by water as a function of displacement time. The connecting lines are a guide to the eye. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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involved (that is, Lewis sites within the pore and Brønsted sites
external to the zeolite pores) which is, in turn, impacted by the sol-
vent used, it seems appropriate to assess the nature of the zeolite
acidity. Previous work has demonstrated that NMR relaxation time
measurements using pyridine are a particularly effective way of
characterizing the overall acid site strength of zeolites. [73–74]
In brief, a higher T1/T2 measured for liquid pyridine molecules
imbibed within the pores of said zeolite, indicates a higher relative
strength of the strongest acid sites.

Herein, the use of tetrahydrofuran (THF) as a probe molecule for
the Lewis acidity of catalytic materials has been examined.
Whereas pyridine is both an effective Brønsted and Lewis base
and, as such, can interact and probing both sources of catalyst acid-
ity, THF is neither acidic nor basic in a Brønsted sense, but it is a
relatively strong Lewis base. Therefore, THF should interact prefer-
entially with Lewis acid sites on the zeolite surface and give an
approximate indication of the relative strength of the zeolites over-
all Lewis acidity.

The results obtained from these measurements are reported in
Figs. 8 and 9.

When pyridine adsorbed within the zeolite pores is considered,
the determined T1/T2 values for HY and Ga/Y are not thought to be
statistically different whilst that of Sn/Y is only slightly higher.
That is, the calculated ratios of HY and Ga/Y imbibed with pyridine
are approximately the same within experimental error. Therefore,
it is reasonable to conclude that the overall acid site strength (that
is a contribution by Brønsted and Lewis acid centres) is relatively
unaffected by the presence of the metal dopants which is in excel-
lent agreement with previously reported acidity data on these
materials by multiple methods (back-titration and NH3 chemisorp-
tion). [40].

Conversely, the results obtained using adsorbed THF as the
probe molecule show a significant difference in the order of
HY < Ga/Y < Sn/Y. That is, the strength of the THF-zeolite surface
interaction increases in this order. This would suggest that the
strength of the strongest Lewis acid sites on the zeolites is
increased by the addition of the metal dopant and this increase
in Lewis acid site strength is more pronounced for doping with
Sn as opposed to Ga, but in both cases this is higher than the
undoped HY material, thus showing that the metal doping does
indeed increase the number of Lewis centres. This is a particularly
interesting finding as measurements of catalyst Lewis acidity can
be relatively complex and require the use of expensive equipment.
Other similar techniques, such as solid state NMR using adsorbed
phosphorous containing probe molecules trimethylphosphine
(TMP) and trimethylphosphoneoxide (TMPO) have been previously
reported as effective methods for acidity characterization in differ-
ing Lewis acid catalysts. [75–78] However, NMR relaxation mea-
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surements using THF represent a faster, cheaper and simpler
method to probe the strength of Lewis acid sites at the expense
of providing less information. That is, NMR relaxation methods
cannot provide information on acid site locations, concentrations
or spatial correlations. Therefore, the NMR relaxation methods
reported do offer an important alternative technique for acidity
characterization but the system, technique used and information
required must be carefully considered.

3.4.2. Pyridine DRIFTS
To verify the results previously discussed, in-situ pyridine

DRIFTS measurements were performed on the non-doped and
metal-doped zeolites (Fig. 10 and Figures S7-S12). Peaks at ca.
1542 cm�1 and 1450 cm�1 are characteristic of Brønsted and Lewis
acid sites, respectively, [79] involving the formation of pyridinium
ions and weak adsorption interactions. In the region at 1490 cm�1,
it is possible instead to detect a combination of weaker Brønsted
sites and stronger Lewis centres where pyridine will interact with
both sites simultaneously. The presence of all three types of sites is
detected in each sample, and it is these three peaks that are com-
monly used for the analysis of in-situ pyridine DRIFTS data. Follow-
ing the adsorption of pyridine within the in-situ DRIFTS cell, a
temperature programmed desorption (TPD) protocol was carried
out from 50 �C to 350 �C in increments of 50 �C. The results of
which can be seen in Fig. 10.

The DRIFTS spectra (Fig. 10) show the pyridine desorption pro-
cess taking place as the intensity of each band decreases by differ-
ing amounts. Particularly, the Lewis and Brønsted bands (ca.
1450 cm�1 and 1542 cm�1) reduce in intensity quite significantly.
In addition to this, the bands appear to shift to higher wavenum-
bers (blue shift) which is indicative of an acid site of greater
strength, as the wavenumber is directly proportional to the
strength of the interaction of pyridine with the zeolite. [79] These
results support the expected observation of more weakly bound
molecules being removed from the surface at lower temperatures
leaving only pyridine molecules bound to the strongest acid sites
at the highest temperatures, as would be expected. To estimate
the difference in acid site type in DRIFTS spectra, the Lewis-to-
Brønsted population ratio (L/B) is commonly used by taking the
ratio of the Lewis band intensity and the ratio of the Brønsted band
intensity. L/B values were calculated for each catalyst at the vari-
ous temperatures (Fig. 11, Tables S7-S9).

At the lowest temperature of 50 �C, there are clear differences in
L/B between the three zeolites and with L/B of 1.4 – 2.3 it is clear
that Lewis acidity is the dominant type of acid site. The L/B ratios
increase in the order Sn/Y < Ga/Y < HY, the reverse order of the pre-
viously discussed NMR relaxation data. At temperatures above
150 �C, Brønsted acidity is dominant (L/B < 1), there are only small



Fig. 8. T1-T2 relaxation correlation plots for (a) pyridine and (b) THF imbibed within the pores of the zeolites studied (the solid black line indicates T1 = T2).

Fig. 9. T1/T2 values of pyridine and THF adsorbed within the pores of the zeolites
studied. Pyridine is used to probe all acid sites on the catalyst surface and THF is
used as a probe of Lewis acidity.
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changes in L/B and the trend between zeolites is constant in the
order of HY < Sn/Y < Ga/Y. The observed trend is typical for zeolites,
it occurs in steam activation using residual moisture within the
catalyst thereby creating more Brønsted acidity at the expense of
Lewis acidity. Additionally, high temperatures may break ether-
like bridges and form alcohols, which will further increase
281
Brønsted acidity as Lewis acidity decreases. 150 �C is the highest
temperature not to have residual moisture whilst avoiding the pre-
viously discussed material effects. Indeed, at this temperature L/
B � 1 which is in excellent agreement with results from back titra-
tion and NH3 chemisorption (ca. 0.7–0.8) from previous work. [40].

With the aim of validating both the NMR relaxation measure-
ments (T1/T2) using both THF and pyridine and the in-situ
pyridine-DRIFTS data (L/B), the correlation between the two factors
was investigated. To simplify this analysis, T1/T2 values were con-
verted to surface energies, esurf, as reported elsewhere. [42] Essen-
tially, the negative inverse of T1/T2 is representative of a
characteristic surface energy for the imbibed molecule. In this case,
esurf represents the surface energy of the strongest acid site on the
catalyst surface with which THF and pyridine can interact respec-
tively (Table S10), as well as being used to correlate to L/B values
(Fig. 12 for the temperatures of 50 �C, 100 �C and 150 �C).

At 50 �C and 100 �C, there is a relatively strong correlation
between esurf and the L/B ratio for both pyridine and THF. That is,
as the L/B ratio increases so does the esurf of the imbibed molecules
(indicated by a more negative esurf value). This correlation is more
apparent when pyridine is used as opposed to THF. This is to be
expected due to the consistency of using pyridine to measure L/B
ratios via DRIFTS and NMR relaxation measurements. The correla-
tion is less apparent when comparing pyridine-DRIFTS to THF-
NMR. However, it is intriguing to see that such a relationship also
exists when esurf of THF is considered although to a lesser extent,
likely as it mostly accounts for the Lewis acidity.

It is interesting to note that, esurf of THF is greater than that of
pyridine at relatively high L/B ratios whilst the opposite is true at
lower L/B ratios. This would suggest that, at these temperatures
of desorption, lower L/B ratios result in zeolites where the stron-



Fig. 10. DRIFTS spectra showing the desorption of pyridine from the surfaces of (a) HY, (b) Ga/Y and (c) Sn/Y. The temperature of the DRIFTS cell increased in increments of
50 �C up to 350 �C and in-situ DRIFTS spectra were acquired at each increment (50 �C, 100 �C, 150 �C, 200 �C, 250 �C, 300 �C, 350 �C). The temperature of desorption is
increasing from the spectrum at the bottom to the spectrum at the top of the plot.
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gest Lewis acid sites are weaker than the overall strongest acid
sites on the zeolites surface. Conversely, when the L/B ratio is rel-
atively high, Lewis acid sites are the strongest on the catalyst sur-
face as indicated by the greater measured surface energy of THF, a
molecule that is Lewis basic but not Brønsted basic.

This relationship does not persist at temperatures equal to or
higher than 150 �C. This is to be expected as NMR relaxation/sur-
face energy measurements were taken at room temperature, so
as the analysis temperature further deviates from this tempera-
ture, relationships will become less relevant. It should also be
noted that weaker acids that are not captured at higher desorption
temperatures, may still be active at the reaction temperature used
(100 �C). Additionally, Lewis and Brønsted acid sites are intercon-
vertible at the reaction and desorption temperatures used in the
presence of water. Both of these factors could contribute to a poor
correlation between both techniques if higher desorption temper-
atures are considered.
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4. Conclusions

In this paper, zeolite Y both non-doped in its acidic form HY,
and doped with gallium and tin were tested as catalysts for the iso-
merization of glucose to fructose and mannose using three differ-
ent solvents: water, methanol and ethanol. For each catalyst, no
catalytic activity was observed in water. Conversely, glucose con-
version was approximately 100 % when methanol and ethanol
were used as the reaction solvents in a reaction mixture containing
fructose, mannose and a methyl or an ethyl fructoside, respec-
tively. However, when methanol was used as the reaction solvent,
there was an approximately equal distribution of the three main
reaction products for all the zeolites studied, in turn also showing
a negligible effect on the catalytic activity by the metal dopant.
This is probably due to a dominat Brønsted non-metal dependent
reaction pathway. When ethanol was used, the major product pro-
duced was fructose for all three catalysts and according to a reac-
tion pathway dominated by Lewis acid centres instead. These



Fig. 10 (continued)

Fig. 11. The variation of the Lewis to Brønsted acid site ratio with desorption
temperature within the in-situ DRIFTS cell.
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results have major implications in terms of catalyst design for this
Fig. 12. The correlation between the Lewis to Brønsted acid site ratio at varying tempe
across the range of the zeolites studied (left) HY, (center) Ga/Y and (right) Sn/Y. Red an
respectively. (For interpretation of the references to colour in this figure legend, the rea
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important class of reactions. In fact, the reactivity and conversion
of glucose to its various products is the result of two distinct reac-
tion pathways: one is the direct isomerization of glucose to fruc-
tose and mannose that occurs inside the pores of the zeolites,
and the other is fully dominated by Brønsted acidity that can also
occur outside the pores, leading to alkyl fructoside and fructose by
hydrolysis. As such, for the direct route a microporous material
would be absolutely necessary whereas for the alkyl fructoside
route this would not be the case.

2D NMR relaxation correlation measurements confirmed that
methanol adsorbs the weakest to the zeolite surfaces and water
adsorbs the strongest with ethanol intermediate between the
two substantially altering the dominant reaction mechanism. This
is consistent with the catalytic data, thus suggesting that the sol-
vent effect is due to a blockage of active sites on the zeolite surface
by the strong adsorption of water molecules. Ethanol adsorbs more
strongly than methanol so it is more readily adsorbed into the zeo-
lite pores where Lewis acidic centres can isomerize glucose to fruc-
tose. Methanol adsorbs more weakly, so solvated fructose is not
retained by the pores and can preferentially react with Brønsted
sites on the outer surface of the zeolite crystal forming methyl
fructoside as the major product.

2D NMR displacement studies support the relaxation data as
methanol is displaced from the zeolite pores by water more readily
than ethanol. This is due to the stronger interactions between etha-
nol and the zeolite surface, making ethanol more difficult to dis-
ratures (50 �C, 100 �C, 150 �C) of desorption within the in-situ DRIFTS cell and esurf
d blue points represent esurf values determined from NMR using pyridine and THF
der is referred to the web version of this article.)
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place from the zeolite pores than methanol which interacts with
the zeolite surface more weakly.

In-situ pyridine-DRIFTS measurements resulted in Lewis to
Brønsted ratios in excellent agreement with other techniques pre-
viously reported and showed a remarkable correlation with pyri-
dine and THF surface energies calculated from the NMR
relaxation results at temperatures equal to or below 100 �C. The
correlation between NMR relaxation and pyridine DRIFTS mea-
surements suggests that lower L/B ratios result in zeolites where
the strongest Lewis acid sites are weaker than the overall strongest
acid sites on the zeolites surface and vice versa when similar tem-
peratures are used for both techniques.

To summarize, the study reported here, highlights the develop-
ment and ways forward for an improved catalyst design of a mod-
erately active, novel catalytic system to produce industrially
valuable sugar compounds. The influence of the reaction solvent
upon the overall catalytic activity was investigated using a low-
field, benchtop NMR instrument, which is currently finding
increasing use in the academic and industrial sectors as a relatively
and simple technique to perform catalysis related studies such as
the work described in this paper. Additionally, low-field NMR
relaxation in combination with in-situ pyridine DRIFTS acidity
measurements demonstrate an important tool to quantify the rel-
ative strengths of different catalyst acid sites as well as provide
qualitative data on the types of catalyst sites present within the
catalyst sample. Therefore, it is apparent that this work is of value
not only to those working in the area of catalytic sugar isomeriza-
tion but also to those investigating solvent effects and the influ-
ence of catalyst acidity in heterogeneous catalytic reactions and
designing and optimizing heterogeneous catalytic processes.
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