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A B S T R A C T

The impact of desilication on the performance of a series of alkali-treated NaY zeolites impregnated with 5 wt.%
of magnesium for glucose isomerisation into fructose has been studied. Desilication at different NaOH con-
centrations increases the mesoporous volume and external surface area, without compromising microporosity
and crystallinity. The observed reduction of the microporous volume due to magnesium impregnation was found
to decrease for the alkali-treated zeolites. Higher density and strength of basic sites and stronger magnesium-
support interaction were also achieved with the treatment. These improved properties resulted in a significant
increase of both glucose conversion and fructose yield on the magnesium-doped desilicated zeolites. Glucose
conversion continuously increases with desilication (28–51%), whereas fructose yield passes through a max-
imum (35%) at low desilication levels. Among the prepared desilicated samples, low-severity alkali-treated
zeolites also show lower deactivation in consecutive reaction runs, as well as superior regeneration behaviour.
Thus, hierarchical NaY zeolites impregnated with magnesium could be favourably used for glucose isomerisation
into fructose if suitable alkaline treatment conditions are selected, with low-severity treated NaY zeolites being
the best choice. Higher fructose productivities were achieved for the low-severity desilicated zeolites than for
higher magnesium content NaY zeolites reported previously, leading to a lower Mg requirement.

1. Introduction

Increasing environmental concerns about the use of fossil fuels in
the refining and petrochemical industry has turned worldwide efforts
towards the development of processes based on renewable energy re-
sources. Lignocellulosic biomass, a cheap, abundant and sustainable
carbon source, has been a focus of attention from both industry and
academia due to its great potential to be converted into fuels and value-
added chemicals [1–4]. This has raised the interest in the study of
saccharides transformations, mostly glucose, which is the main lig-
nocellulosic biomass monomer [1,3,5–7]. A new range of applications
for glucose have been investigated, such as its use as a raw-material for
the production of fuels, important platform chemicals and polymers
[1,3,8,9].

Glucose isomerisation into fructose is one of the key reactions in the
biomass-derived glucose transformation chain for the production of
chemicals and polymers, since fructose is an important starting material
in the synthesis of numerous valuable bio-based compounds, such as
levulinic acid, lactic acid or 5-hydroxymethylfurfural (HMF) [10–13].
The latter is a possible precursor for the production of caprolactam, the

monomer for nylon-6 [14], while levulinic acid can serve as precursor
for production of adipic acid [15].

Immobilised enzymes (D-glucose or xylose isomerase) have been
traditionally applied as industrial catalysts for the isomerisation of
glucose into fructose [16,17]. However, the search for a suitable che-
mical catalyst is essential for biomass valorisation, as it would make the
process economically more attractive. Heterogeneous catalysts, in
particular, present the advantages over homogeneous catalysts of being
environmentally cleaner, more cost-effective and more easily re-
generated and recycled. Basic solid materials were the first catalysts
tested for glucose isomerisation into fructose, following the conven-
tional Lobry de Bruyn–Alberda van Ekenstein mechanism [13]. Hy-
drotalcites, alkaline-exchanged and MgO-impregnated zeolites, anion-
exchanged resins, mesoporous ordered molecular sieves of the M41S
family, magnesium oxide and metallosilicate solid bases are among the
already published materials [18–27]. The successful application of
materials containing Lewis acid sites for the glucose isomerisation into
fructose was more recently discovered, with Ti- and Sn-promoted zeo-
lites and mesoporous silicas being the most studied solids [28–30].

Both basic and Lewis acid zeolites have been shown to be attractive
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catalysts for glucose isomerisation into fructose at mild operating
conditions. However, reduction of textural properties as a result of the
addition of activity promoters has been one of the reported drawbacks.
In fact, in our earlier work, the incorporation by impregnation of in-
creasing amounts of magnesium oxide (up to 15 wt.%) to a NaY zeolite
with the purpose of boosting the catalyst activity was observed to ne-
gatively affect fructose selectivity [27]. This was ascribed to a partial
porosity blockage due to magnesium addition that increases fructose
residence time inside the zeolite structure and so promotes its further
transformation. References to limitations in the use of some zeolite
structures due to their small pore size are commonly found in the lit-
erature, when using Ti- and Sn-containing zeolites [28–30]. It has been
claimed that intermediate pore zeolites, such as the MFI, have only a
residual activity when compared to BEA zeolites, as glucose molecules
are too voluminous to diffuse along the narrow channels and access the
active sites. However, if part of these active sites becomes accessible,
activity can be greatly improved, as demonstrated by Li et al. [30] when
studying Sn-zeolites by DFT. Sn-MWW and Sn-MFI are zeolites with
similar pore size, but Sn-MWW is much more active than the Sn-MFI as
intrazeolitic Sn sites are slightly more accessible in the MWW structure.

Diffusion inside zeolites can be significantly enhanced by generating
mesoporosity into the structure through post-synthesis procedures.
Desilication has been verified to be a very suitable method of obtaining
combined micro- and mesoporous zeolites with preserved structural
integrity [31]. This alkaline treatment allows a selective extraction of
silicon from the framework such that framework aluminium is mostly
maintained, the extent of Si and Al removal depending on the Si/Al
ratio of the zeolite [31–33]. Moreover, mesoporosity is improved
without greatly compromising the microporosity of the zeolite [34,35].
Therefore, these hierarchical zeolites have shorter micropore diffusion
paths and enhanced access to micropores through the newly created
mesopores [31], which can have a beneficial impact on the catalytic
activity.

Hierarchical zeolites have not been extensively applied to glucose
isomerisation into fructose, but the few existing studies have revealed a
very positive influence of their use on both glucose conversion and
fructose production [36–38]. The performances of a self-pillared,
micro- and mesoporous Sn-MFI zeolite and a regular Sn-BEA zeolite
were compared by Ren et al. [36]. For the same level of glucose con-
version (85%), a much higher fructose yield was obtained with the
hierarchical Sn-MFI zeolite (65 against around 35%). Alkali-treated Sn-
MFI zeolites were also tested for the reaction [37]. No activity was
found for the parent Sn-MFI zeolite, but glucose conversions between
13–21 and 35–41% could be achieved after 15 min and 2 h over the
alkali-treated Sn-MFI zeolites. Fructose yields were also observed to
gradually increase with the improvement of the mesoporous surface
area. The effect of the desilication of a Sn-BEA was also simulated
through DFT calculations [38]. It was noticed that the creation of ad-
ditional silanol groups by the treatment can enhance the catalytic
properties of the SnOH defect sites, as it increases the Lewis acidity of
the active centres.

In the present work, hierarchical micro- and mesoporous NaY zeo-
lites impregnated with 5 wt.% of magnesium have been investigated for
glucose isomerisation into fructose for the first time. The purpose was
to establish the effect of zeolite desilication on the catalytic perfor-
mance for glucose isomerisation. Low to moderate-severity NaOH al-
kaline treatments were applied to the NaY zeolite, in order to achieve
only a limited degree of desilication. By generating a controlled me-
soporosity on the NaY zeolite, it was expected to overcome to some
extent the loss of textural properties resulting from magnesium in-
corporation, improve molecular diffusion, and as consequence enhance
glucose conversion and fructose yield. Characterisation of the alkali-
treated NaY samples with or without magnesium has been performed
by a combination of several techniques, including inductively coupled
plasma optical emission spectroscopy (ICP-OES) for elemental analysis,
X-Ray diffraction (XRD), N2 adsorption, pyridine adsorption followed

by Fourier transformed infrared (FTIR) spectroscopy, diffuse re-
flectance ultraviolet-visible (UV–vis) spectroscopy, solid state 27Al and
29Si magic-angle spinning (MAS) nuclear magnetic resonance (NMR),
thermogravimetry and differential scanning calorimetry (TGA-DSC)
and temperature programmed desorption of CO2 (CO2-TPD), in order to
understand the impact of desilication on activity and selectivity. The
effect of desilication on the deactivation trend and the possibility of
regeneration of the catalysts are also studied. Overall, it is shown that
low-severity desilicated NaY zeolites lead to improved activity and
fructose productivity, and they are demonstrated to have the best re-
generation capacity among the other desilicated zeolites.

2. Experimental

2.1. Catalyst preparation

The parent NaY zeolite was supplied by Zeolyst (CBV 100), with a
global Si/Al ratio of about 2.73 given by elemental analysis. Alkali-
treated samples were prepared through treatment of the parent NaY
zeolite with aqueous sodium hydroxide (NaOH) solutions, at different
concentrations (0.01-0.2 M) using a solution/zeolite ratio of 33 mL/g.
After heating the NaOH solution up to 60 °C in a polyethylene bottle
equipped with a reflux condenser, the parent sample was added and the
mixture was kept at this temperature under stirring for 30 min. After
the alkaline treatment, the zeolite suspension was immediately cooled
down with an ice bath and filtered. The liquid filtrate was recovered
and the extracted quantities of Si and Al were determined by in-
ductively coupled plasma (ICP). Afterwards, the zeolite was washed
with deionised water until neutral pH and dried overnight in the oven
at 100 °C. In order to make sure that the alkali-treated zeolites were
fully exchanged with Na, three consecutive ion-exchanges were carried
out using a 2 M NaNO3 aqueous solution at 25 °C for 4 h with a solu-
tion/zeolite ratio of 4 mL/g. After the ion-exchanges, samples were
washed with deionised water, filtered, dried overnight in the oven at
100 °C and finally calcined at 500 °C under air flow. Na-exchanged al-
kali-treated zeolites were identified as NaYconcentration, where con-
centration refers to the NaOH solution concentration used for the
treatment.

5 wt.% of magnesium was then incorporated on the parent and al-
kali-treated zeolites by incipient wetness impregnation, using magne-
sium nitrate hexahydrate (Mg(NO3)2·6H2O, Sigma-Aldrich, 99% purity)
as precursor salt. An aqueous solution of the Mg salt with a water vo-
lume close to that of the zeolite pores was added drop-wise to the
zeolite, while stirring. After that, samples were once again dried in an
oven overnight at 100 °C and calcined at 500 °C under air flow. After
magnesium impregnation, the parent zeolite was designated as 5%
MgNaY and the alkali-treated samples as 5%MgNaYconcentration, where
concentration refers to the NaOH solution concentration used for the
treatment.

2.2. Catalyst characterisation

Si, Al, Na and Mg contents on the zeolites were determined by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES)
using a Varian Vista MPX ICP-OES system.

XRD patterns were obtained in a PANalytical X’Pert Pro dif-
fractometer, using Cu Kα radiation and operating at 40 kV and 40 mA.
The scanning range was set from 5° to 80° (2θ), with a step size of
0.033° and step time of 20s. Crystallinity of the samples was calculated
from the XRD data by dividing the integrated areas in the 15–35° range
for each zeolite and an appropriate reference.

N2 adsorption measurements were carried out at −196 °C on a
Micrometrics 3Flex apparatus. Before adsorption, fresh zeolite samples
were degassed under vacuum at 90 °C for 1 h and then at 350 °C
overnight. Spent samples were degassed at 120 °C for 1 h. The total
pore volume (Vtotal) was calculated from the adsorbed volume of
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nitrogen for a relative pressure P/P0 of 0.97, whereas the micropore
volume (Vmicro) and the external surface area (Sext) were determined
using the t-plot method. The mesopore volume (Vmeso) was given by the
difference Vtotal − Vmicro. Average errors in the microporous and me-
soporous volumes and external surface area are 0.005 and 0.007 cm3/g
and 2 m2/g, respectively.

Zeolites acidity was measured by pyridine adsorption followed by IR
spectroscopy on a Nicolet Nexus spectrometer. The samples were
pressed into thin wafers (10–20 mg/cm2). The wafers were pre-treated
at 450 °C for 3 h under secondary vacuum (10−3 Pa). After this pre-
treatment, IR spectra of zeolite samples were recorded. The samples
were then cooled down to 150 °C and pyridine vapour was introduced
in excess (200–300 Pa) in the IR cell at 150 °C and adsorbed onto the
activated zeolite for 10 min. At the same temperature, the pyridine
excess was removed for 30 min under secondary vacuum and the IR
spectrum with pyridine was recorded.

DRS spectra in the UV–vis region were obtained in a Varian Cary
5000 UV–vis-NIR spectrophotometer, equipped with a Praying Mantis™
Diffuse Reflection Accessory, in the 200–800 nm range, using a spectral
bandwith of 4 nm and a scan rate of 600 nm/s. Catalyst spectra were
obtained using the Na-exchanged zeolites as references. The reflectance
spectra were converted into the Schuster–Kubelka–Munk (SKM) func-
tion, F(R), and presented versus wavelength. The SKM function, F(R),
was calculated from the reflectance at each wavelength using the ex-
pression: F(R) = (1 − R)2/2R, where R is the ratio of the intensity of
the light reflected by the sample to the one reflected by a standard.

Solid state 27Al and 29Si MAS NMR was carried out using a Varian
VNMRS spectrometer. 1 M aluminium nitrate solution and neat tetra-
methylsilane were used as chemical shift references.

TGA-DSC analysis was performed on a Setsys Evolution TGA from
Setaram instruments. Each sample (35–40 mg) was heated from 20 to
800 °C at 10 °C/min under air flow (30 mL/min). The weight loss and
heat released were recorded as a function of the temperature.

Temperature programmed desorption (TPD) of CO2 was carried out
in a fixed-bed flow reactor. The sample (100 mg) was pre-treated in-situ
at 450 °C by flowing 100 mL/min of N2 for 1 h. After cooling to 50 °C,
the sample was exposed to a 20% CO2/N2 mixture for 1 h. The system
was then purged in flowing N2 for 1 h to remove physisorbed CO2, and
the temperature was then increased to 800 °C at 10 °C/min. Desorbed
CO2 was analysed using a COx Siemens Ultramat 23 infrared detector.

Spent catalysts were analysed for the carbonaceous deposits after
reaction using thermogravimetric analysis (TGA), which was carried
out in a TA Instruments TGA Q500. The samples were heated up from
room temperature to 800 °C, at 10 °C/min, under air flow (60 mL/min).
The weight loss was recorded as a function of the temperature.

2.3. Catalytic test

Glucose isomerisation reaction was performed in a 25 mL Büchi AG
autoclave at 100 °C under inert nitrogen atmosphere of 3 bar to avoid
air entering the system. Before the reaction, a solution containing 0.5 g
of D-glucose (Sigma, ≥99.5% purity) in 5 mL of deionised water was
prepared and placed in the reactor, which already contained the cata-
lyst (100 mg). The reactor was sealed, purged with nitrogen, and the
initial working pressure was set. An oil bath was used to heat up the
reactor, which was only introduced after the desired temperature was
reached. The reaction was carried out for 2 h under continuous stirring
(1000 rpm) to have a well-mixed condition and avoid external mass
transfer limitations. After reaction, the reactor was cooled down, the
nitrogen was released and the liquid product-catalyst suspension col-
lected.

In order to analyse the liquid product the catalyst was firstly sepa-
rated from the mixture by centrifugation at 5000 rpm for 5 min. All the
liquid samples were diluted in water and analysed by high-performance
liquid chromatography (HPLC) using a Shimadzu Prominence UFLC
system equipped with a refractive index (RID-10A) detector. The

analysis was carried out with a Supelcogel™ C-610H HPLC column,
thermostated at 30 °C. The mobile phase was a 0.1% (v/v) H3PO4

aqueous solution at a flow rate of 0.3 mL/min. Citric acid was added as
standard. The experimental errors in the conversion and yield are on
average 2% and in the selectivity 7%.

Leaching of cations from the catalysts to the reaction mixture was
analysed by inductively coupled plasma (ICP) using a Perkin-Elmer
Optima 2000 DV ICP system.

3. Results and discussion

3.1. Catalyst characterisation

3.1.1. Alkali-treated zeolite supports
The quantities of Si and Al found in the filtrate for the prepared NaY

alkali-treated samples are presented in Table 1. As expected, low Si and
Al extractions are obtained, as desilication of pristine faujasite zeolites
using low to moderate alkaline treatment conditions is not usually as
efficient as for ultra-stable Y zeolites (USY) [39,40]. However, the
amounts of Si and Al removed from the zeolite gradually increase with
the increase of the NaOH concentration. In addition, contrary to what
observed for other zeolite structures with Si/Al ratio inferior to 20, for
which Si removal is inhibited by the high aluminium content [32],
there is still a selective removal of Si from the NaY. Due to the reduced
Si and Al extractions, Si/Al ratios of the desilicated zeolites do not
greatly differ from the Si/Al ratio of the parent zeolite, but a slight
decrease of the ratio can be generally observed. Si/Al ratios obtained
from elemental analysis and determined based on the Si/Al of the
parent zeolite and the amounts of extracted Si and Al are observed to be
in reasonable agreement.

Even though only small Si and Al removals were achieved, the al-
kaline treatments performed were able to enhance the NaY parent
zeolite mesoporosity and external surface area by 25–103% and 8–20%
respectively, which shows that the desilication was effective (upper
part of Table 2). In general, both mesoporous volume and external
surface area increase with the increase of the NaOH concentration, and
so with the Si and Al removed from the zeolite (Fig. 1). On the other
hand, the alkali-treatments did not lead to any significant changes in
the microporous volume. Crystallinity for the desilicated zeolites was
also not significantly affected by the treatment (Fig. 2, upper part of
Table 2), with only a small decrease mainly seen for the most severely
desilicated zeolites (treatment with 0.1 and 0.2 M NaOH).

Fig. 3 shows the 3800–3500 cm−1 OH-region of the FTIR spectra for
the Na-exchanged parent and desilicated zeolites. No bands corre-
sponding to the vibration of the bridging hydroxyl groups (AleOHeSi)
responsible for the Brønsted acidity of the zeolites were found in the
spectra, as expected for fully Na-exchanged zeolites. The most visible
band appears at 3745 cm−1 and is ascribed to the presence of non- or
low-acidity terminal framework silanol groups (SieOH) on the external
surface [41,42]. The intensity of this band does not follow a clear

Table 1
Si and Al extraction from the zeolite framework and Si/Al ratios for the Na-exchanged
parent and desilicated zeolites.

Sample Siext (mg/g)a (% Siext) Alext (mg/g)a (% Alext) Si/Alb Si/Alc

NaY – – 2.73 –
NaY0.01 0.6 (0.3) 0.04 (0.05) 2.65 2.73
NaY0.02 0.8 (0.4) 0.07 (0.09) 2.80 2.73
NaY0.05 1.8 (0.8) 0.3 (0.3) 2.60 2.72
NaY0.1 2.4 (1.1) 0.4 (0.5) 2.68 2.72
NaY0.2 4.0 (1.8) 0.6 (0.7) 2.52 2.71

a Determined from elemental analysis of the filtrate.
b Determined from elemental analysis of the solid sample.
c Determined from the filtrate elemental analysis and composition of the parent

sample.
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evolution with the desilication degree, although it normally increases as
a result of the creation of an additional mesoporosity on the outer
surface of the zeolite crystal [43]. However, this comparison is not
straightforward since the proton of some OH-groups in the silanol can
also be replaced by Na [44]. The degree of this exchange might be
higher for the desilicated zeolites as silanol groups should be more
exposed due to the additional mesoporosity generated by the treatment.

Nevertheless, for the less (NaY0.01) and the most (NaY0.2) desilicated
samples, it is possible to see that there is an enhancement of the number
of external silanol groups when compared to the parent zeolite. A very
small band at 3722 cm−1 can also be seen, but only for the desilicated
samples. This is normally attributed to internal silanol groups corre-
sponding to hydroxyl nests occurring at defect sites [41,45], and could
be associated with the formation of an additional mesoporosity deeper
inside the zeolite framework due to the alkaline treatment.

The presence of any type of acid sites on the zeolite samples was
assessed by pyridine adsorption followed by IR spectroscopy. The dif-
ference spectra of the Na-exchanged parent and alkali-treated zeolites
obtained by subtraction of the spectra after and before pyridine ad-
sorption can be seen in Fig. 4a. In agreement with the absence of bands
related to the bridging hydroxyl groups before pyridine adsorption, it is
confirmed that none of the zeolites have Brønsted acid sites, as the
spectra after pyridine adsorption do not present the IR band at
1545 cm−1 related to the pyridinium ions formed through pyridine
interaction with this type of acid sites (PyH+). Moreover, the typical IR
band of the pyridine coordinated to extra-framework aluminium (EFAL)
species at 1455 cm−1 is also not found in the spectra. Thus, despite
some aluminium removal from the framework by the alkaline treatment
(Table 1), the extracted aluminium does not seem to be retained inside
the structure generating EFAL species. Instead, a very high intensity
band appears at 1443 cm−1, being characteristic of pyridine co-
ordinated to Na+ cations in compensating positions of the zeolite,
considered as weak Lewis acid sites [46,47]. The presence of bands at
1598 and 1490 cm−1 also confirms this assignment, as well as the very
small bands at 1628, 1616 and 1575 cm−1 [46,47]. The number of

Table 2
Textural properties, crystallinity, amount of Lewis acid sites and basic sites and sodium and magnesium contents for all the samples.

Sample Vmicro (cm3/g) (%variation)a Vmeso (cm3/g) Sext (m2/g) Cryst. (%) Lewis
acid sites (μmol/g)c

Basic sites (μmol/g)d Na content (%) Mg content (%)

NaY 0.323 0.043 48 100 455 26 9.64 –
NaY0.01 0.313 0.054 52 94 530 – 11.9 –
NaY0.02 0.317 0.071 58 99 518 – 12.4 –
NaY0.05 0.309 0.053 54 99 524 – 12.4 –
NaY0.1 0.316 0.083 56 92 528 – 12.4 –
NaY0.2 0.321 0.087 58 92 559 – 11.5 –
5%MgNaY 0.243 (25%) 0.045 49 92 360 101 7.26 5.02
5%MgNaY0.01 0.262 (16%) 0.055 53 90b – 98 9.71 5.04
5%MgNaY0.02 0.261 (18%) 0.070 51 92b – 190 9.26 5.16
5%MgNaY0.05 0.249 (19%) 0.058 50 92b 429 185 9.84 5.00
5%MgNaY0.1 0.247 (22%) 0.080 62 96b – 154 9.03 5.13
5%MgNaY0.2 0.241 (25%) 0.081 50 97b 378 154 8.43 4.68

a Variation of microporous volume due to magnesium addition.
b Calculated considering each Na-exchanged zeolite as 100%.
c Determined using the FTIR band at 1443 cm−1 after pyridine adsorption.
d Obtained from the CO2-TPD profiles.

Fig. 1. Evolution of the mesoporous volume (■) and external surface area (♦) as a
function of the total amount of Si and Al extracted from the zeolites. Dashed lines were
included only to express the general tendency of the results.

Fig. 2. XRD diffraction patterns for all Na-exchanged (grey lines) and 5 wt.% magnesium-
impregnated zeolites (black lines).

Fig. 3. 3800–3500 cm−1 region of the FTIR spectra for the (i) parent zeolites and desi-
licated zeolites at (ii) 0.01, (iii) 0.02, (iv) 0.05, (v) 0.1 and (vi) 0.2 M. Na-exchanged
samples (black lines) and magnesium-impregnated samples (dashed lines).
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these weak Lewis acid sites resulting from the presence of Na+ was
estimated for the different samples based on the area of the band at
1443 cm−1 and a previously determined extinction coefficient [48]
(Table 2). Desilicated samples have a higher amount of these weak
Lewis acid sites than the parent zeolite, as a consequence of their higher
amount of sodium (Table 2). Sodium content increases for the alkali-
treated zeolites due to the generation of new positions for Na-exchange,
e.g. additional external and internal silanol groups.

In order to confirm the absence of extra-framework aluminium
species and the possible existence of extra-framework silicon species
derived from the alkaline treatment, solid state 27Al and 29Si MAS NMR
were also performed on selected samples (Fig. 5). In agreement with the
FTIR results after pyridine adsorption (Fig. 4a), no observable amount
of EFAL species was detected in either the parent or NaY0.2 desilicated
zeolites, and only the typical signal of tetrahedrally coordinated fra-
mework aluminium at around 61 ppm was detected in the 27Al MAS
NMR spectra (Fig. 5a) [49,50]. Concerning the 29Si MAS NMR spectra
(Fig. 5b), they show the five signals of the typical Si(nAl) building units
(n = 0–4) of the faujasite framework in the range −80 to −110 ppm.
Only for the alkali-treated sample, another very low intensity peak can
be seen at −117 ppm, which is probably indicative of the presence of a
small amount of extra-framework silicon-rich species (EFSI) [49–51].
The retention of EFSI might be more important at higher desilication
degree due to the greater Si extraction (Table 1).

3.1.2. Addition of magnesium
Powder XRD diffractograms obtained for the parent and desilicated

samples containing magnesium (Fig. 2) show that zeolite structural
integrity remains intact after the impregnation process. In fact, only a
small decrease of intensity for the peaks related to the zeolite structure
can be seen, leading to a very small apparent decrease of the crystal-
linity for the Mg-impregnated zeolites (lower part of Table 2). This is
considered to be most likely related to the dilution effect resulting from
the addition of 5 wt.% of magnesium in the final catalyst. No XRD phase
associated with magnesium oxide was detected in the diffractograms
(MgO: 2θ = 37.0, 43.0, 62.4, 74.8 and 78.7° [52,53]), as also pre-
viously reported [27], and so formed MgO entities might be amorphous
or very small in size (< 3 nm).

Concerning textural properties (Table 2), a clear decrease of the
microporous volume is noticed for the parent and alkali-treated zeolites
with magnesium addition, whereas mesoporous volume and external
surface area are not very much affected by the impregnation (a cor-
rection to the textural properties in reference [27] is included in the
Supporting Information S.1). Results in Table 2 shows that in general
for Y zeolites MgO particles prefer the interior of the structure where
the microporosity is located, which could explain their apparent small
size. Interestingly, the extent of the microporous reduction due to
magnesium depends on the zeolite (Table 2), even if the samples have
identical amount of Mg. A 25% reduction of the microporous volume

Fig. 4. Difference spectra after and before pyridine adsorption in the 1700–1350 cm−1

FTIR region for the (a) Na-exchanged and (b) magnesium-impregnated zeolites: (i) parent
zeolite and desilicated zeolites at (ii) 0.01, (iii) 0.02, (iv) 0.05, (v) 0.1 and (vi) 0.2 M. Fig. 5. (a) 27Al and (b) 29Si MAS NMR spectra for the Na-exchanged (i) parent zeolite and

(ii) desilicated zeolite at 0.2 M.
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was estimated for the parent zeolite, but the negative impact of mag-
nesium incorporation generally decreases for the desilicated samples as
desilication might allow more space inside the structure to accom-
modate the magnesium oxide particles. However, this beneficial effect
of desilication on the microporosity reduction due magnesium addition
gradually decreases while increasing treatment severity. An explanation
could be the increase of the MgO particles size due to the greater space
available in the structure for samples with higher desilication degree.
As MgO particles are not normally seen by XRD (Fig. 2) or TEM tech-
niques [27], the relative size of the MgO entities in the samples was
inferred by UV–vis spectroscopy by calculating the MgO band gap en-
ergies as these are normally proportional to the size of the particles
[54,55]. It is important to note that DRS-UV–vis is a surface technique,
meaning that mostly species on the outer surface of the zeolite and
closer to the pore entrances are screened. Band gap energies were de-
termined by plotting F(R)2 as a function of the energy (E = hc/λ) and
extrapolating the linear region to F(R)2 = 0 [56–58]. Near identical
values were obtaining for all the samples (Table 3), which suggests that
the size of the MgO particles does not particularly change with the
support. Nevertheless, retention inside the structure of extra-framework
silicious species was observed to take place especially when high-se-
verity alkaline treatments are applied (Fig. 5b), which could be re-
sponsible for the additional micropores blockage observed for these
samples.

The analysis of the FTIR spectra before pyridine adsorption in the
OH-region (Fig. 3) for the zeolites impregnated with magnesium in-
dicates that MgO is interacting with both the external and internal si-
lanol groups (SieOH) [59,60], as shown by the reduction of the bands
at 3745 and 3722 cm−1 when compared to the Na-exchanged zeolites.
As the number of silanol groups is higher in the desilicated zeolites, as
discussed in the previous section, magnesium should be interacting
more with the alkali-treated zeolites than with the parent. Another
interesting observation is the appearance of a new set of IR bands in the
1600–1200 cm−1 region that are not associated with the zeolite
structure (Fig. 6). These bands seem to be related to the interaction
between the samples and CO2 molecules, even though a pre-treatment
at 450 °C under secondary vacuum was performed before collecting the
spectra. For all the catalysts, the most intense band appears at
1382 cm−1 and could be assigned to carbonate species formed in the
vicinity of Mg2+ cations [61]. Another relatively intense IR band can be
seen at 1396 cm−1. This might be ascribed to the formation of uni-
dentate carbonates for which desorption normally occurs at higher
temperatures [62,63]. The presence of small amounts of bicarbonate
species and bidentate carbonates can also be detected in the spectra at
1476 and 1352 cm−1 respectively [62,63]. These are usually less stable
carbonate species and lower temperatures are required for their re-
moval. In addition, a broad band can be found at 1272 cm−1. The ap-
pearance of bands at 1270 cm−1 was previously reported for the ad-
sorption of bidentate carbonate species on alumina and MgO [64–66].
This band is especially evident for the desilicated samples, showing the
higher stability of the carbonate species when adsorbed on the alkali-
treated zeolites. Hence, the presence of these bands on the Mg-

impregnated zeolites already reveals an increase of the basicity relative
to the samples containing only Na.

Concerning the IR spectra for the Mg-impregnated zeolites after
interaction with pyridine (Fig. 4b), the same bands related to pyridine
interaction with the Na+ cations are detected. However, it is clear that
there is a reduction of all these band intensities relative to the Na-ex-
changed zeolites (Fig. 4a). Consequently, a lower amount of Lewis acid
sites was estimated for the Mg-impregnated zeolites (Table 2), which
can be due to the smaller Na content found on the zeolites after mag-
nesium addition (Table 2). The extent of the Na content reduction after
Mg addition is not only a consequence of the lower relative amount of
zeolite in these samples, but also shows that Na is removed during the
impregnation process. This signifies that another cation should be
compensating the zeolite framework, which could be H+ due to the
presence of some water or Mg2+ that remained as compensating cations
instead of generating MgO. If protons were composing the framework,
some Brønsted acid sites should have been detected after pyridine ad-
sorption, which was not the case. Moreover, a slight displacement of the
Na+-pyridine bands at 1443 and 1490 cm−1 (Fig. 3a) to higher wa-
venumbers (1446 and 1492 cm−1, Fig. 3b) can be noticed. This could
be associated with the replacement of a small number of sodium atoms
by magnesium, since if pyridine is coordinated to Mg2+ instead of Na+

a shift of the main band from 1442 to 1449 cm−1 normally occurs [67].
The appearance of a new band at about 1607 cm−1 could also prove
that Mg2+ is present in the framework, as bands 1608–1605 cm−1 have
been assigned to pyridine coordination to divalent cations [68]. The
displacement of the 1443 cm−1 band appears to be slightly higher for
the Mg-impregnated desilicated zeolites, as well as the intensity of the
1607 cm−1 band is much stronger than for the parent zeolite, indicating
that more Na+ are replaced by Mg2+ in the alkali-treated samples. This
could possibly already suggest that the strength of the interaction be-
tween magnesium and the desilicated zeolites is enhanced relative to
the parent zeolite.

In order to confirm desorption of species at high temperatures in the
samples containing magnesium, TGA-DSC analysis was carried out
(Fig. 7). Data show two different endothermic weight losses, one from
50 to 350 °C that might be mostly related to the desorption of water
from the zeolites and another starting at temperatures higher than
450 °C. This could be associated with the removal of adsorbed atmo-
spheric CO2, confirming the presence of CO2 molecules very strongly
interacting with the Mg-impregnated zeolites, as observed in the FTIR
measurements (Fig. 6) noted above. Interestingly, it can be seen that
CO2 desorption begins at slightly higher temperatures for the

Table 3
Band gap energies for the fresh magnesium-impregnated zeolites and after consecutive
reaction runs without and with regeneration.

Catalyst Band gap energy (eV)

Fresh After 3 runs After 2 runs with regeneration

5%MgNaY 5.56 5.72 5.68
5%MgNaY0.01 5.60 5.68 5.80
5%MgNaY0.02 5.56 – –
5%MgNaY0.05 5.55 5.69 5.63
5%MgNaY0.1 5.56 – –
5%MgNaY0.2 5.57 5.71 5.67

Fig. 6. 1600–1200 cm−1 region of the FTIR spectra for the magnesium-impregnated
samples (black lines): (i) parent zeolite and desilicated zeolites at (ii) 0.05 and (iii) 0.2 M.
Dashed lines – spectra of Na-exchanged zeolites for comparison.
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desilicated samples than for the parent zeolite. Furthermore, for the
alkali-treated zeolites, the second mass loss appears to be more gradual
with the increase of the temperature, whereas it is rather abrupt for the
parent zeolite in the beginning of the desorption process. Both phe-
nomena could be already an indication that basic sites on the desili-
cated zeolites are stronger than on the parent zeolite, as they seem to be
capable of retaining the CO2 molecules up to higher temperatures.

The analysis of the number and strength of the basic sites on the Mg-
impregnated zeolites was accomplished by CO2-TPD measurements
(Fig. 8). The Mg-impregnated NaY zeolite shows a main broad CO2

desorption peak between 100 and 350 °C, which corresponds to the
interaction of CO2 with weaker basic sites. These can be the surface
hydroxyl groups of the MgO that lead to the formation of bicarbonate
species when in contact with CO2 molecules and some weaker
Mg2+eO2− pair sites generating bidentate carbonates [69–71]. Thus,
the first mass loss observed in the TGA-DSC experiments (Fig. 7) was
not only due to water evaporation, but it might also have a contribution
from CO2 desorption. In addition, for this sample, a very small deso-
rption peak can be seen at 550–800 °C, revealing that some stronger
basic sites are also present, in agreement with the second weight loss in
the TGA-DSC experiments (Fig. 7). This could be related to the deso-
rption of stronger bidentate carbonates and/or monodentate carbonates
formed on isolated surface O2− ions (low-coordination anions) present
in the defects of the MgO surface [69–71]. Concerning the magnesium-
promoted desilicated zeolites, generally the same CO2 desorption are

found in the TPD profiles. However, it can be noticed that the area of
the CO2 desorption band at higher temperature is much more sig-
nificant than for the parent zeolite. Furthermore, it can also be seen that
there is a gradual shift of the low temperature desorption peak to higher
temperatures with the degree of desilication. These results clearly de-
monstrate the increased basicity strength of the Mg-impregnated desi-
licated zeolites, which seems also to increase with the severity of the
treatment. This confirms the higher stability of the carbonate species
adsorbed on the alkali-treated zeolites, as observed by TGA-DSC (Fig. 7)
and infrared spectroscopy. In addition to the strength, density of basic
sites (estimated as the capacity to adsorb CO2) is also higher in the Mg-
impregnated desilicated zeolites than for the parent zeolite (Table 2),
which is consistent with the greater amount of Na in the desilicated
samples (Table 2), since the quantity of magnesium is the same as for
the parent zeolite.

Thus, it was shown that the Mg-impregnated desilicated zeolites
have improved characteristics relative to the parent zeolite in that they
have enhanced textural properties, basicity and stronger magnesium-
support interaction.

3.2. Catalytic performance

Desilication affects several properties of the catalysts as has been
reported above, which can be expected to have a significant impact on
their catalytic performance. Indeed, both glucose conversion and fruc-
tose yield (and selectivity) can be simultaneously affected by the por-
osity and basicity (density and strength of basic sites) changes in-
troduced by the alkaline-treatment, so that the overall performance of
the Mg-impregnated desilicated zeolites is dependent on a combination
of several factors, as discussed further below. The relative contribution
of the homogeneous and heterogeneous catalysis for the reaction is also
analysed in this section. Finally, a comparison between the perfor-
mances of the 5 wt.% Mg desilicated zeolites and higher Mg content
NaY zeolites is presented.

3.2.1. Glucose conversion
Glucose conversion, fructose yield and selectivity obtained for the

parent and desilicated zeolites impregnated with magnesium are pre-
sented in Fig. 9. Contrary to what has been observed by other authors
on hydrotalcites, magnesium oxide and Sn-containing catalysts
[13,25,28], mannose was not detected in any significant amount in the
liquid product for the Mg-impregnated zeolite catalysts (Supporting
Information S.2). Very low glucose conversions were reached for the
Na-forms of the zeolites (3.4-6.6%, see Supporting Information S.3),
and no changes were noticed with the desilication. In fact, these con-
versions are shown below to be associated with Na leaching. On the

Fig. 7. TGA-DSC profiles for the magnesium-impregnated (i) parent zeolite and desili-
cated zeolites at (ii) 0.05 and (iii) 0.2 M.

Fig. 8. CO2-TPD results for the magnesium-impregnated zeolites: 5%MgNaY (black line),
5%MgNaY0.01 (dark grey line), 5%MgNaY0.02 (light grey line), 5%MgNaY0.05 (dashed
black line), 5%MgNaY0.1 (dashed dark grey line) and 5%MgNaY0.2 (dashed light grey
line).

Fig. 9. Glucose conversion (black), fructose yield (grey) and fructose selectivity (light
grey) for the parent and desilicated magnesium-impregnated zeolites, at 100 °C after 2 h.
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other hand, a significant improvement of the activity of the catalysts
with the level of the desilication is seen after magnesium addition.
Glucose conversion increases by 22–81% relative to the parent zeolite
over the samples desilicated at increasing NaOH concentrations (0.01-
0.2 M). The observed beneficial effect of the desilication on the con-
version could be due to the enhanced diffusion of the bulky glucose
molecules within the zeolite porous system and the improved accessi-
bility to the basic sites, as a result of the additional increase of the
mesoporous volume generated by the alkali-treatment (Table 2). In-
deed, the higher the mesoporous volume of the desilicated samples, the
higher the conversion improvement. Besides this, the fact that the
number of basic sites (Table 2) of the Mg-impregnated desilicated
samples is in general higher than that of the parent zeolite, and that the
basicity strength slightly increases with the severity of the treatment
(Fig. 8), would also contribute to the observed increase of the conver-
sion. Basicity cannot only promote the direct glucose isomerisation into
fructose, but also the further glucose or fructose transformation.
Therefore, the higher conversions obtained for the highly desilicated
zeolites could also derive from the occurrence of glucose or fructose
secondary transformations catalysed by these samples, which is con-
sistent with their much lower fructose selectivities. In addition, it is
important to remark that the relative increase of the glucose conversion
with the level of desilication when compared to the parent zeolite
seems to be higher for the samples treated at lower NaOH concentra-
tions (0.01 and 0.02 M), progressively decreasing when using
0.05–0.2 M (Fig. 9). Three reasons can be suggested for this behaviour:
(i) greater blockage of the microporous volume observed after mag-
nesium addition for the more severely desilicated zeolites (Table 2) that
can negatively influence glucose diffusion and access to the basic sites,
(ii) the approach to the thermodynamic glucose conversion (57% at
100 °C [72]) and (iii) a higher level of deactivation for the more desi-
licated if more coke is seen on these samples due to the higher space
available to accommodate coke molecules, as discussed below.

3.2.2. Homogeneous contribution
In our earlier papers [27,73], Mg-impregnated NaY zeolites were

shown to suffer a degree of Na and Mg leaching in aqueous medium (a
correction to the Na and Mg leaching results in reference [27] for the
pre-leaching test is given here in the Supporting Information S.4). For
the present desilicated zeolites, the homogeneous contribution for the
reaction was analysed in a similar way [27]. Firstly, the catalysts were
exposed to water at 100 °C for 2 h, under nitrogen and stirring. The
catalysts were afterwards removed by centrifugation, and glucose was
added to the collected liquids and reacted using the same operating
conditions. Na and Mg extracted during water pre-leaching step and
resulting homogeneous conversions can be seen in Table 4. For all Na-

exchanged zeolites, observed activity appears to be 100% due to the
leached Na. In the case of the Mg-impregnated samples, homogenous
glucose conversion increases from 9% for the parent zeolite to a max-
imum of 15–16% for the desilicated samples. This shows that the
homogenous contribution to the reaction is still limited for the alkali-
treated zeolites impregnated with magnesium, even though both the
quantities of Na and Mg leached from the desilicated samples are ac-
tually higher. Despite this, among the desilicated zeolites, magnesium
removal appears to generally decrease with the severity of the treat-
ment, perhaps because of the observed strengthening of the interaction
between Mg and the support, as shown by CO2-TPD and by infrared
spectroscopy (see above). Nevertheless, as for the parent zeolite, the
homogeneous contribution for the desilicated samples accounts for
about 30–40% of the total conversion. Even though the homogeneous
reaction is significant, the main contribution to the reaction appears to
come from the heterogeneous catalysis, which is affected by modifica-
tions in the structure and properties of the samples introduced by the
alkaline treatment. This contrasts with what was observed previously
for other zeolite structures [73]. Higher Na and Mg leaching is observed
during a normal reaction run in presence of glucose, see below section
3.3, which may impact on the contribution from the homogeneous re-
action.

3.2.3. Fructose yield and selectivity
Fructose yields are also observed to be higher for all Mg-doped

desilicated zeolites than for the parent sample (Fig. 9), as a result of the
higher activity of these samples. However, contrary to the glucose
conversion that always increases with the extent of the alkaline treat-
ment performed, fructose yield (and selectivity) passes through a
maximum when using 0.01–0.02 M NaOH solutions. This is a con-
sequence of the increasing basicity strength with the severity of the
alkaline treatment (Fig. 8), as highly basic materials were observed
previously to lead to the formation of a higher amount of by-products
[13,27]. In addition, the fact that the microporous volume, where the
basic sites are located, tends to decrease slightly with the increase of the
NaOH treatment solution concentration for the Mg-impregnated zeo-
lites (Table 2) can also contribute to a promotion of fructose further
conversion, as residence time of fructose molecules inside the zeolite
structure might be higher. Hence, the highest fructose selectivities
(100–87%) were achieved for the zeolites desilicated at 0.01–0.02 M
due to the lower extent of secondary fructose transformations on these
samples. Some by-products were detected in the liquid product by
HPLC when the selectivity was not 100%. Attempts have been made to
try to identify these by-products, but this identification has not been
possible with the available analytical techniques, and further in-
vestigation is required. Nevertheless, it has been shown previously that
it is possible to match the initial amount of carbon in the reaction
mixture and the quantity of carbon in the liquid product after reaction
through analysis of the total organic carbon (TOC) [27].

3.2.4. Influence of desilication vs. higher Mg contents
If one compares the catalytic performances of the desilicated zeo-

lites after impregnation with 5 wt.% of magnesium (Fig. 9) and the
parent zeolite (NaY) containing higher Mg contents (10 and 15 wt.%)
reported previously [27], it can be seen that at the same operating
conditions higher fructose yields are obtained for the desilicated zeo-
lites treated with 0.01–0.05 M NaOH solutions (34–35%) than for high
magnesium content NaY zeolites (32%), with a lower amount of glucose
being also consumed. This means that desilication of the NaY zeolite is
preferable to overloading it with magnesium, not only because less
magnesium is required, but also in terms of green chemistry metrics,
since less waste is produced per glucose molecule converted.

3.3. Deactivation and regeneration

During glucose isomerisation into fructose in presence of water over

Table 4
Sodium and magnesium leaching from the catalysts after contact with liquid water at
100 °C for 2 h and homogeneous glucose conversions.

Catalyst Na leaching
ppma (%)b

Mg leaching
ppma (%)b

Homogeneous glucose
conversion (%)

NaY 36 (1.9) – 6.8
NaY0.01 36 (1.5) – 4.1
NaY0.02 34 (1.4) – 6.8
NaY0.05 62 (2.5) – 4.1
NaY0.1 33 (1.3) – 4.8
NaY0.2 39 (1.7) – 4.5
5%MgNaY 113 (7.8) 2.0 (0.2) 9.1
5%MgNaY0.01 160 (8.2) 11 (1.0) 11.2
5%MgNaY0.02 216 (11.7) 5.9 (0.6) 15.7
5%MgNaY0.05 210 (10.7) 5.3 (0.5) 15.0
5%MgNaY0.1 181 (10.0) 6.5 (0.6) 15.5
5%MgNaY0.2 158 (9.4) 4.5 (0.5) 15.2

a Concentration of Na or Mg in the liquid product (5 mL) after reaction.
b Percentage of Na and Mg removed considering their amount on each sample.
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Mg-impregnated NaY zeolites, Na and Mg leaching and coke accumu-
lation appear to be the main mechanisms leading to deactivation [27].
In a normal reaction cycle, both Na and Mg extractions are observed to
be higher than in a pre-leaching test (Table 5), as a result of the glucose
and/or fructose contribution to the leaching due their chelating prop-
erties [27,74], meaning that the homogeneous contribution could po-
tentially be more pronounced as the reaction proceeds. Mg leaching
with the degree of desilication appears to be always more important
than Na removal. Hydroxylation of the MgO surface due contact with
water is claimed to be the first step during glucose isomerisation over
bulk MgO, leading to the glucose C-2 deprotonation [25]. However,
MgO hydration leads to its dissociation, and so to the release of Mg2+ to
the water [75]. In addition, contrary to what was found in the pre-
leaching test, magnesium content in the reaction medium increases
with the degree of desilication when glucose is present from the be-
ginning. This could be due to the higher exposure of the interior of the
structure to glucose molecules for higher desilication degrees. The
greater Na leaching found for the alkali-treated zeolites could be only a
consequence of the higher Na content in these samples after desilication
treatment (Table 2). On the other hand, coke content on the desilicated
samples remains practically the same as for the parent zeolite (Table 5),
meaning that the higher volume available might help the bulkier mo-
lecules to exit the zeolite structure more easily. This shows that deac-
tivation due to coke deposition is not higher for the more severely
desilicated zeolites, as previously speculated.

The study of the deactivation of the zeolites in repeated reaction
cycles and their ability to be regenerated were also studied. Consecutive
reaction runs were carried out always at the same operating conditions
(100 °C, 2 h of reaction). Three cycles were performed with the catalyst
being only washed with deionised water between steps, and in a se-
parate study two reaction runs were carried out with intermediate re-
generation by calcination under air at 600 °C for 1 h. Deactivation and
regeneration were investigated for three representative desilicated
samples: 5%MgNaY0.01, 5%MgNaY0.05 and 5%MgNaY0.2. The results
are given in Tables 6 and 7, where it is compared to the results pre-
viously obtained for the 5%MgNaY zeolite [27]. In agreement with the
results for the parent zeolite, if no regeneration is done, a decrease of
the glucose conversion with the number of runs can be seen for all
desilicated zeolites. This is not only a result of the Na and Mg leaching
(Table 6), but also of some degree of metal oxide particles agglom-
eration, which is revealed by the increase of the band gap energies
relative to the fresh samples (Table 3). Some decrease of the crystal-
linity of the zeolites after the reaction cycles can also be observed
(Table 8). Furthermore, it can be seen that the activity loss seems to
increase slightly with the degree of desilication. This could be a con-
sequence of the progressive increase of the Na and Mg leaching, since
neither the MgO particles size (similar band gap energies, Table 3) nor
the crystallinity (Table 8) on the desilicated zeolites after 3 reaction
runs are significantly changed when compared to the parent zeolite.

Nevertheless, upon oxidative treatment at high temperature, the
samples can almost fully or partially recover their initial activity
(Tables 6 and 7). This clearly supports the previously reported benefit

of a regeneration step between reaction runs [27], which comes from a
combination of the coke removal and redistribution of the magnesium
oxide onto the supports. The latter can be confirmed by the slightly
smaller size of the MgO particles after regeneration than without, de-
spite the very high temperature applied (Table 3), as well as by the
increase of leaching in the second run (Table 7). However, it is im-
portant to note that the capacity of the samples to have their activity
restored decreases significantly with the level of desilication, maybe as
a consequence of the higher magnesium leaching.

On the other hand, as also previously reported for the 5%MgNaY
zeolite [27], fructose selectivity for the alkali-treated zeolites increases
in consecutive reaction runs, both without and with regeneration
(Tables 6 and 7). This becomes especially evident with the increase of
the desilication degree as selectivities were initially much lower. The
reduction of the basicity due to the Na and Mg leaching associated with
the considerable improvement of the textural properties (Table 7) ob-
served after the reaction cycles, as well as coke combustion in the case
of the regenerated samples, can explain this more limited further
transformation of fructose.

Table 5
Sodium and magnesium leaching and coke retention on the magnesium-impregnated
parent and desilicated zeolites, after 2 h of reaction at 100 °C.

Catalyst Na leaching ppma (%)b Mg leaching ppma (%)b Coke (wt.%)

5%MgNaY 527 (36.3) 75 (7.5) 3.6
5%MgNaY0.01 765 (41.3) 106 (10.5) 2.8
5%MgNaY0.02 630 (34.0) 118 (11.4) 2.3
5%MgNaY0.05 616 (31.3) 127 (12.7) 3.6
5%MgNaY0.1 460 (25.5) 228 (22.2) 5.4
5%MgNaY0.2 623 (37.0) 219 (23.4) 3.6

a Concentration of Na or Mg in the liquid product (5 mL) after reaction.
b Percentage of Na and Mg removed considering their amount on each sample.

Table 6
Glucose conversion and fructose selectivity, as well as Na and Mg leaching, for the
magnesium-impregnated parent and desilicated zeolites, after consecutive runs at 100 °C
after 2 h, without regeneration of the catalyst.

Catalyst Run Glucose
conversion (%)

Fructose
selectivity (%)

Na
leaching
ppma

(cumul.
%)b

Mg
leaching
ppma

(cumul.
%)b

5%MgNaY 1 28.2 82.1 539 (37.1) 72 (7.2)
2 17.3 88.2 102 (44.1) 12 (8.4)
3 11.5 97.3 62 (48.4) 14 (9.8)

5%MgNaY0.01 1 38.5 92.2 626 (32.2) 139 (13.8)
2 16.3 99.2 139 (39.4) 10 (14.7)
3 13.9 97.3 77 (43.3) 7 (15.4)

5%MgNaY0.05 1 42.3 76.5 614 (31.2) 153 (15.3)
2 16.3 95.8 101 (36.4) 6 (15.8)
3 15.2 86.3 70 (39.9) 6 (16.4)

5%MgNaY0.2 1 52.2 52.2 650 (38.6) 164 (17.5)
2 18.9 93.9 152 (47.6) 8 (18.4)
3 15.8 90.4 92 (53.0) 13 (19.8)

a Concentration of Na or Mg in the liquid product (5 mL) after reaction.
b Cumulative percentage of Na and Mg removed considering their initial amount on

each sample.

Table 7
Glucose conversion and fructose selectivity, as well as Na and Mg leaching, for the
magnesium-impregnated parent and desilicated zeolites, after consecutive runs at 100 °C
after 2 h, with regeneration of the catalyst.

Catalyst Run Glucose
conversion (%)

Fructose
selectivity (%)

Na
leaching
ppma

(cumul.
%)b

Mg
leaching
ppma

(cumul.
%)b

5%MgNaY 1 28.3 85.5 543 (37.4) 78 (7.8)
2 26.9 93.1 154 (48.0) 72 (14.9)

5%MgNaY0.01 1 36.6 96.5 601 (31.0) 141 (14.0)
2 32.4 94.7 296 (46.2) 158 (29.7)

5%MgNaY0.05 1 41.6 78.7 612 (31.1) 151 (15.1)
2 35.1 82.2 306 (46.7) 151 (30.2)

5%MgNaY0.2 1 51.2 52.6 564 (33.5) 165 (17.7)
2 29.2 98.1 300 (51.3) 173 (36.2)

a Concentration of Na or Mg in the liquid product (5 mL) after reaction.
b Cumulative percentage of Na and Mg removed considering their initial amount on

each sample.

I. Graça et al. Applied Catalysis B: Environmental 224 (2018) 660–670

668



4. Conclusion

Desilication of the parent NaY zeolite at different NaOH con-
centrations resulted in an increase of both the mesoporous volume and
external surface area, while preserving the microporous volume and
crystallinity. Addition of magnesium leads only to some decrease of the
micropores, this effect being reduced by the desilication. Magnesium-
doped alkali-treated zeolites also revealed higher density and strength
of basic sites, as well as stronger magnesium-support interaction.

Both glucose conversion and fructose yield were remarkably in-
creased over Mg-impregnated desilicated zeolites when compared to
the parent zeolite. Enhanced performance was a result of the improved
textural and basic properties, as activity was observed to be mainly
governed by heterogeneous catalysis. Glucose conversion gradually
increases with the degree of desilication (28–51%), while a maximum
fructose yield of 35% is achieved when using low concentration NaOH
solutions. High fructose selectivities> 87% are obtained for the low-
severity desilicated zeolites.

Deactivation in consecutive reaction steps without regeneration
increased with the desilication degree, as a result of the higher Na and
Mg leaching for these samples. Nevertheless, upon high temperature
treatment under air, desilicated zeolites can still recover part of their
initial activity, especially for lower desilication level.

Overall, catalytic data show that low-severity desilicated NaY zeo-
lites could be better supports in combination with magnesium for the
glucose isomerisation into fructose. They present improved activity and
higher fructose productivity than the parent catalyst, and they can still
be successfully regenerated. The potential of these catalysts is also
higher than that of the previously reported higher magnesium content
NaY zeolites.
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