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Abstract: Fructose is a crucial intermediate in the production of several chemical platforms. Fructose
is mainly produced from glucose isomerization either through immobilized enzymes or heteroge-
neous catalysts using a conventional heating source, and this is time-consuming. Thus, this work
discloses a fast production of fructose via microwave-assisted catalytic glucose isomerization using
Mg catalysts supported on NaX zeolite from cogon grass silica. The catalysts were prepared by
the impregnation of magnesium nitrate solution and subsequently transformed into MgO on NaX
by calcination. The effect of 3, 6 and 9 wt.% Mg content on NaX on the performance of glucose
isomerized to fructose was tested at 90 ◦C for 15 min. The best catalyst was selected for studying the
effect of reaction times of 5, 15, 30 and 60 min. Results from X-ray diffraction (XRD), N2 sorption and
CO2 temperature-programmed desorption (CO2-TPD) suggested that crystallinity, surface area and
micropore volume decrease but basicity increases with Mg content. The X-ray photoelectron spec-
troscopy (XPS) result confirmed the presence of mixed phases of MgO and Mg2CO3 in all catalysts.
The glucose conversion enhanced with the Mg loading but the fructose yield gave the highest value
with Mg of 6 wt.%, probably due to the tuning of high active sites and surface area. The greatest
fructose selectivity and yield (71.9% and 25.8%) were obtained within 15 min by microwave-assisted
catalytic reaction, shorter than the reported value in the literature, indicating a suitable reaction time.
Mg (6 wt.%)/NaX catalyst preserves the original catalytic performance up to three cycles, indicating
that it is a promising catalyst for fructose production.

Keywords: cogon grass silica; NaX zeolite; magnesium oxide; microwave; glucose; fructose

1. Introduction

Biomass is a desired renewable resource to employ in the chemical industry for the
substitution of fossil-derived resources due to growing environmental concerns. Moreover,
biomass is converted through value-added chemicals and fuels [1,2]. Lignocellulosic
biomass and agricultural, industrial and forest residues have been reported as some of the
alternative compounds for the sustainable production of chemicals and fuels [2,3]. The
main compositions of lignocellulosic materials contain many polysaccharides of glucose
as the major building block. Thus, it is accepted as the most available carbon renewable
source and cheap material [2]. Generally, glucose monomers have been widely used in

Catalysts 2021, 11, 981. https://doi.org/10.3390/catal11080981 https://www.mdpi.com/journal/catalysts

https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-9502-3584
https://orcid.org/0000-0002-6534-2947
https://doi.org/10.3390/catal11080981
https://doi.org/10.3390/catal11080981
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11080981
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal11080981?type=check_update&version=1


Catalysts 2021, 11, 981 2 of 15

the food industry and medicine [2,4]. Concurrently, they can be utilized in the synthesis
of fuels and value-added chemicals [5]. One of the most crucial glucose reactions in
the chemical platform is the production of fructose via isomerization because fructose
is an important intermediate in the production of several platform chemicals such as
5-hydroxymethylfurfural (HMF), levulinic acid (LA), lactic acid and formic acid (FA) [6].

Typically, glucose isomerization into fructose is mainly produced by employing immo-
bilized enzymes as catalysts (D-glucose or xylose isomerase), which is a time-consuming
and high-cost technique [7]. Heterogeneous catalysts using a conventional heating source
(CH) have been investigated as more advantageous in terms of the economic aspect due to
the shorter reaction time and capability of regenerated and recycled catalysts [8]. Although
heterogeneous catalysts with CH provide a shorter reaction time than the biological method,
the completed reaction still takes several hours [4,8–11]. Recently, Hirano et al. (2020) [6]
have shown an interesting result on the conversion of glucose to HMF using Ni–graphene
oxide hybrid catalysts using the microwave heating method (MH), as they achieved the
highest yield of HMF (28.1%) within 30 min. The thermal effect of MH is the phenomenon
that microwave energy is absorbed by dielectric materials such as water, solvents and
zeolites and converted into heat [12,13]. When microwave radiation penetrates the dielec-
tric materials to supply energy, heat is generated in the whole volume, and the heat is
faster and more uniform than CH [14]. Moreover, solvent, good microwave absorbers such
as water could be beneficial in glucose isomerization into fructose because water could
contribute heat production to the catalyst upon microwave irradiation [15]. Besides, some
heterogeneous catalysts (active site and/or support) act as microwave absorbers, resulting
in the overheating of the surface catalyst. The consequence could increase the reaction
rate [13,15,16].

Not only the heating source but also the types of active phases and supports impact on
the catalytic performance of glucose isomerization into fructose [8]. Among various active
phases and supports in the literature, MgO/Na zeolites are promising catalysts for glucose
isomerization into fructose due to providing a large fructose yield and low leaching rate
of the active phase into a liquid phase [8,17]. The basicity of MgO has displayed a crucial
role in glucose isomerization into fructose via water dissociation on the MgO surface,
becoming hydroxylated and negatively charged species. The consequence facilitates the
contact between glucose and the catalyst surface, leading to the presence of the 1,2-enediol
intermediate. Then, it is subsequently processed via an electron pair movement through
the carbon skeleton to the transformation of fructose [18]. Therefore, based on the above-
mentioned reason, the enlarged basicity of the MgO catalyst could beneficially enhance
with great activity [10].

Moreover, zeolites provide either basic or Lewis acid properties, presenting a dras-
tic performance for this reaction under moderate testing conditions [8,19]. Graça et al.
(2018) [9] have disclosed that magnesium-impregnated NaY zeolite outperforms glucose
isomerization into fructose compared to other Na zeolites (NaMOR, NaBEA, NaZSM-5
and NaFER) in terms of the larger structure selected. Consideringly, NaY zeolite is in the
faujasite framework type, similar to NaX zeolite but with a lower Si/Al ratio. The lower
Si/Al ratio in NaX-incorporated Mg could generate a larger basic property that could
promote glucose isomerization into fructose [10,20].

In general, the synthesis of faujasite zeolites is accomplished by using several com-
mercial silica sources including fumed silica, tetraethyl orthosilicate (TEOS) and ludox
silica, and this is a cost-consuming process [19,21,22]. Alternatively, silica from renew-
able sources becomes more attractive due to greener and more environmentally friendly
sources. Cogon grass, a weed that is plentifully available in Thailand and tropical coun-
tries, is one of the most interesting renewable bio-silica sources [23], since it interrupts
the growth of economic crops and has low commercial value [23,24]. Consequently, the
traditional method to eliminate cogon grass is burning it into the environment, a simple
and cheap management method. However, the consequent effect currently generates a
serious problem of air pollution resulting from burning residues such as toxic gases and
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PM 2.5 particles [25]. Therefore, the use of cogon grass as a silica source in zeolite synthesis
would be more desirable to produce renewable silica and recycle the waste, lowering the
impact on the environment [23]. Concurrently, it is reported as a potential silica source for
the synthesis of NaY zeolite because it has a high purity of active silica after extraction and
calcination [23,24]. To the best of our knowledge, there is no report on the synthesis of NaX
zeolite from cogon grass silica. Hence, it is the desired silica source for the synthesis of
NaX zeolite in this work.

To correlate with the desirable concept of the more effective strategy for fructose pro-
duction, the present work aims to study the effect of microwave-assisted catalytic glucose
isomerization into fructose using magnesium species supported on NaX synthesized from
cogon grass silica. Moreover, properties of catalysts including crystallinity, porosity, surface
area, basicity and the form of active species are characterized by X-ray diffraction (XRD), N2
sorption, CO2 temperature-programmed desorption (CO2-TPD) and X-ray photoelectron
spectroscopy (XPS), respectively. The effects of magnesium content and reaction time on the
performance of glucose isomerization into fructose are optimized. Finally, the reusability
of the best catalyst is studied.

2. Results and Discussion
2.1. Phase of Silica from Cogon Grass

The phase of bio-silica from calcined cogon grass including with and without HCl
treatment is revealed in Figure S1. When treated in HCl solution, a dominant broad peak at
22◦ in the calcined cogon grass was observed, indicating that the major phase of silica was
amorphous. In contrast, the untreated sample gave a broad peak at 22◦ and other peaks at
29◦, 38.5◦, 43.59◦ and 48.17◦ corresponding to a mixed phase between the amorphous silica
and CaCO3 phases [26]. The result agrees with previous reports that amorphous silica is
found as a major phase in calcined cogon grass treated with acid [23,24]. Moreover, the
purity of silica in the treatment with the acid sample was 99.22 ± 0.13, but the purity when
not treated with acid was around 69.56 ± 0.33. The result suggests that the use of acid
leaching in cogon grass could eliminate other contaminated contents, resulting in higher
silica purity [23]. The silica yield in the acid leaching sample was 9.25 wt.%. Importantly,
the high purity and existence of an amorphous phase of silica from cogon grass in the
present work make it reasonable to use as a silica source for zeolite NaX synthesis due
to expediently dissolving in NaOH solution, leading to the quick generation of a zeolite
synthesis precursor (Na2SiO3) [23].

2.2. Catalyst Characterization

XRD patterns of bare NaX and magnesium supported on NaX are demonstrated in
Figure 1. For the bare NaX sample, it showed peaks at the 2θ of 6.3◦, 10.3◦, 12.2◦, 16◦,
19.1◦, 20.7◦, 23.3◦, 24.1◦, 27.6◦, 31.4◦, 32◦ and 34.8◦, corresponding to characteristic peaks
of zeolite NaX [27]. Other impurity peaks were not detected, indicating that the pure
phase of zeolite NaX was obtained by using silica from cogon grass. When loaded with
magnesium, the characteristic peaks of zeolite NaX still presented their crystal structure
but were reduced in intensity with the magnesium loading. The relative crystallinity of
bare supports and catalysts is calculated and concluded in Table 1. The relative crystallinity
of catalysts proportionally declined with the magnesium loading. The evidence aligns with
the report from Graca et al. (2017) [8] that the decrease in the zeolite NaY crystallinity in
catalysts is a proportion of the Mg loading. This implies that the samples adding a larger
content of Mg might affect the collapse of the zeolite structure. Noticeably, the presence of
the MgO or other phases in all calcined catalysts was not observed by XRD. This remark
implies that the magnesium species on NaX could present in amorphous form and/or
small crystalline form (less than 5 nm), undetectable by XRD [8,28]. However, the active
species on the surface of NaX zeolite could be confirmed by more powerful techniques
such as XPS.
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Figure 1. XRD patterns of zeolite NaX and magnesium loaded on NaX.

Table 1. Crystallinity, textural properties, basicity and magnesium content of the catalysts.

Sample
a Crystallinity

(%)

N2-Sorption c CO2-TPD (µmol/g)
d Mg Content

(wt.%)
b Surface Area

(m2g−1)

b Micropore Volume
(cm3g−1)

Weak Medium Strong

NaX 100 630 0.27 - 241 - -
3Mg/NaX 94.5 522 0.23 18.9 41.4 207 3.10 ± 0.08
6Mg/NaX 90.1 445 0.19 27.9 48.4 273 6.07 ± 0.02
9Mg/NaX 78.3 238 0.10 20.7 43.2 367 9.05 ± 0.03

a Realtive crystallinity calculated according to the literature [29]. b Micropore, external surface areas and micropore volume obtained from
t-plot method [30]. c Basicity determined by CO2-TPD calculated based on the peak area compared to a reference material with a known
number of basic sites [31]. d Mg content determined by AAS technique.

Chemical surface species of catalysts determined by XPS are demonstrated in Figure 2a,b,
corresponding to Mg 2p and O 1s, respectively. The XPS result of Mg 1s (Figure 2a)
consisted of two major peaks at the binding energy of 49.2 and 50.5 eV. These peaks are
attributed to character positions of MgO and Mg2CO3 species, respectively [32]. The XPS
spectra of O 1s contained three dominant peaks at 529.8, 531.4 and 532.8 eV corresponding
to O–Mg, Si–O–Al in the zeolite and (CO3)2− species [21,32]. The XPS result suggests that
the forms of catalyst exist in a mixed phase of MgO and Mg2CO3. However, it is noticeable
that the peaks of Mg2CO3 in both Mg 2p and O 1s become stronger with Mg content,
implying the larger carbonate species on the catalyst surface. This might result from the
formation of greater MgO located outside the micropore, rapidly and strongly adsorbing
CO2 in the atmosphere [9].
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Figure 2. XPS spectra of catalysts with various magnesium contents corresponding to Mg 2p (a) and
O 1s (b).

N2 sorption isotherms of bare NaX and catalysts to evaluate the textural properties are
illustrated in Figure 3. The N2 adsorption–desorption isotherms of bare NaX showed a fast
adsorbed volume of a monolayer at low relative pressure attributed to type I adsorption
according to the IUPAC classification. This is typical adsorption behavior for microporous
materials such as zeolites [21–23]. Remarkably, a type-H4 hysteresis loop was observed
at relative pressure from 0.6–1.0 in all samples. The hysteresis loop from 0.6 to 0.85 is
referred to as the filling of uniform slit-shaped intercrystal mesopores, which occur from
the packing of small or nano NaX particles. Another uptake range is from a higher relative
pressure, 0.85–1.0, corresponding to the filling of the macropore character generated by the
packing of aggregated zeolite particles [33].

Figure 3. N2 sorption isotherms of bare NaX and catalysts with various magnesium contents.

Noticeably, the volume adsorbed significantly decreased with the magnesium content,
indicating that the magnesium species could occupy and locate throughout both micropores
and mesopores, respectively [34]. The assumption agrees well with the reduction in surface
area and micropore volumes displayed in Table 1. However, the drastic falls in the volume
adsorbed, surface area and micropore volumes in the 9Mg/NaX catalyst were observed
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probably due to the extended pore blockage of the micropores of the zeolite resulting from
a large amount of Mg loading. This hypothesis correlates well with the report from Graca
et al. (2017) [8] that a Mg content of 10 wt.% loaded on NaY zeolite results in an increase
in the Mg species size or the partial pore blockage, resulting in a significant drop in the
micropore volume and surface area.

The basicity of bare NaX and catalysts determined by CO2-TPD is shown in Figure 4. In
general, the CO2 desorption ranges from CO2-TPD are classified in various basic strengths,
including weak basic site (50–175 ◦C), medium basic site (175–400 ◦C) and strong basic site
(>400 ◦C) [35]. The bare NaX gave one broad peak at 322 ◦C, contributing to the medium
basic site. The result agrees well with the report of Han et al. (2016) [36] that the basic
strength of NaX zeolite provides a medium character of the basic site. This evidence is
another support, implying that the synthesis of NaX zeolite from cogon grass silica is
successful, consistent with the XRD result. Moreover, the basic strength of NaX zeolite is
larger than that of NaY zeolite reported in the literature [8]. This could be the consequence
of the greater Al content in the framework zeolite, resulting in more negatively charged
oxygens possessing essential basicity and/or nucleophilicity [37].

Figure 4. CO2-TPD profiles of bare NaX and catalysts with various magnesium contents.

When loading Mg species on NaX, the desorption peaks of CO2 were observed in
three ranges: small peaks at 131 and 322 ◦C and a dominant peak at 571 ◦C corresponded
to weak, medium and strong basic sites, respectively. The desorption patterns of basic sites
correlate well with those of MgO species reported in the literature at 107, 286 and 545 ◦C
attributed to the CO2 adsorption at the position of surface hydroxyl groups, oxygen in
Mg2+ and O2− and low coordinate oxide sites that strongly interact with CO2 in the form
of bidentate carbonate and/or monodentate carbonates [8,35,38]. However, the desorption
temperature of CO2 in all catalysts was higher than that in the bare MgO reported in the
literature [35], probably due to the incorporation between MgO and NaX zeolite. Besides,
it is remarkable that the peak intensity at a strong basic site became more progressive with
the Mg content, suggesting the presence of larger basicity [39]. This remark agrees well
with the basicity amount summarized in Table 1.

2.3. Catalytic Performance of Microwave-Assisted Glucose Isomerization into Fructose

The different Mg contents incorporated into NaX zeolite impact various properties
of the catalysts, such as the form of the active site, porosity and basicity including basic
density and strength. Such distinguished properties in catalysts mentioned above could
result in their catalytic performance. The effect of Mg content on glucose conversion,
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fructose selectivity and yield is demonstrated in Figure 5. The Mg content impregnated on
NaX zeolite analyzed by AAS was consistent with the calculation values, as summarized
in Table 1. Noticeably, the bare NaX was also active for glucose isomerization into fructose
with the highest selectivity but provided the lowest in conversion and yield. As mentioned
above, the bare NaX gave a high surface area and medium basic site that could promote
the reaction. This result is in good agreement with the report of Moreau and coworkers
(2000) [20] that the largest fructose selectivity (∼ 86%) is obtained from the bare NaX tested
by the CH method. This confirms the shape and size selectivity of the NaX zeolite [8,20].

Figure 5. Effect of Mg loading catalytic performance of microwave-assisted glucose isomerization
into fructose at 90 ◦C for 15 min with the triplicate-repeated reaction.

When adding Mg in various amounts, the glucose conversion increased with the Mg
content, but the selectivity had an inverse tendency. Moreover, the fructose yield enlarged
with the Mg content and reached the maximum value at the loading of 6 wt.%, but it
slightly fell with the loading of 9 wt.%. The result confirms that the impregnated Mg on
NaX zeolite leads to a drastic improvement in the catalyst performance according to the
increase in active sites, namely, the density of basic sites [8]. However, the Mg loading of
9 wt.% could further enhance in terms of catalyst performance and the greatest conversion,
but it could lower the fructose yield and selectivity. This is not very surprising because
two contrasting effects could result in catalytic performance. For the first reason, the larger
amounts of Mg improve the basicity of the catalysts, facilitating the activity for glucose
isomerization into fructose. In another way, with the increase in Mg content, the size of the
MgO species could essentially be agglomerated and/or enlarged, lowering the surface area
due to the pore blockage of zeolite [8,17]. In addition, a significant drop in the crystallinity
of the NaX zeolite was observed with the Mg loading of 9 wt.%, which might affect the
activity by altering the dispersion and interaction of the active phase with the support.

Additionally, as mentioned earlier, the basicity of MgO exhibits a crucial role in glucose
isomerization into fructose by facilitating the contact between glucose and the catalyst
surface, generating the 1,2-enediol intermediate followed subsequently by the production
of fructose via an electron pair movement through the carbon skeleton [18]. However,
one should note that glucose isomerization is a reversible reaction in that the maximum
glucose conversion to fructose could be thermodynamically limited. Consequently, the
overload basicity of the catalyst could promote the production of by-products and improve
glucose conversion, but it could lower the fructose yield [10]. Hence, based on the reasons
above, 6Mg/NaX with the greatest fructose yield and high selectivity is selected as the best
catalyst in the present study, probably due to the tuning of high basic sites and surface area
and the further optimization of reaction time.

The effect of reaction times including 5, 15, 30 and 60 min for the performance of
glucose isomerization into fructose on the 6Mg/NaX catalyst is revealed in Figure 6. It
was noticed that the glucose conversion improved sharply from the reaction time of 5 to
15 min and slightly increased when prolonged to 30 and 60 min, respectively. The evidence
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suggests that the reaction rate is likely very fast by using the MH method and reaches
almost steady conversion within 15 min. Such catalytic behavior correlates well with the
report from Lecomate et al. (2002) [40] that the glucose conversion of KX zeolite catalyst
tested by the CH method slightly enhanced from 60 to 90 min, but became constant after
the reaction time of 120 min. The faster reaction rate in glucose isomerization to fructose
by MH could result from the overheating of the surface catalyst generated by the dielectric
property of the solid catalyst absorbing microwave radiation [13,15]. This remark may be
possible because NaX zeolite contains the defect sites of the hydroxyl (-OH) group, with the
dielectric property acting as a microwave absorber serving heat to promote the adjacent Mg
species [41]. This assumption agrees well with the report of Yu and coworkers (2019) [15]
that oxygen-containing groups on pristine GIO/GO including carboxyl, hydroxyl and
epoxy groups acting as microwave absorbers could be conducive to generate microwave-
active Al active sites for glucose isomerization to fructose. The result leads to a fructose
yield of 34% with a reaction time of 20 min, compared to CH with a fructose yield of
2% and at a similar reaction time. This evidence suggests that the application of the MH
method instead of the CH method essentially promotes a faster reaction rate. However,
fructose yield and selectivity achieved the highest values with the reaction time of 15 min
and then dramatically dropped with the extended reaction time of 30 and 60 min, along
with a small increase in glucose conversion, respectively. This is certainly evidence that the
by-products, probably mannose and HMF (seen in Figure S2 in Supplementary Materials),
are generated from the further transformation of fructose, as suggested by Graca et al.
(2017) and Marianou et al. (2018) [8,10]. Additionally, Xiouras et al. (2016) [42] suggested
that prolonged residence times from 10 min to 15 min of microwave-assisted catalytic
xylose to furfural in a homogeneous catalyst of NaCl (5 wt.%) decrease the yield of furfural
because this may promote a side reaction. Similarly, Hirano et al. (2020) [6] have recently
found that a high fructose yield and selectivity are observed in the reaction time of around
10–15 min on Ni–graphene oxide hybrid catalysts in the production of HMF by the MH
method. Therefore, the suitable time for glucose isomerization into fructose in the present
work is 15 min due to providing the highest fructose yield and moderate selectivity. On
the other hand, one should note that the largest fructose yield in 6Mg/NaX at the reaction
time of 15 min may cause the effect of resonant microwave fields in liquid phase batch
processing in vessels. The result could provide non-uniform heat in space and time [43,44].
Consequently, the temperature of the liquid phase inside the vessel at 15 min might be
higher than that at other varied times. The observation is in good agreement with several
reports in the literature [43–45]. However, this effect should be studied in more detail in
terms of the heterogeneous catalyst in future work.

Figure 6. Effect of reaction time in the catalytic performance of microwave-assisted glucose isomer-
ization into fructose on 6Mg/NaX catalyst at 90 ◦C with the triplicate-repeated reaction.
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2.4. Catalyst Regeneration and Reuse

Regeneration and reuse catalysts are also important factors correlating the more cost-
effective of catalytic testing processes. Accordingly, Graca et al. (2017) [8] have suggested
that fructose yield and selectivity on the reuse of 5% MgNaY zeolite combined with catalyst
regeneration give much greater than that without catalyst regeneration due to the removal
of carbonaceous species (coke) deposited on the catalyst and zeolite surface.

Thus, the 6Mg/NaX catalyst was regenerated by calcination in air for 1 h before use
in each cycle, as demonstrated in Figure 7. The glucose conversion and fructose yield and
selectivity could nearly preserve the original activity of the first run; the conversion and
yield slightly declined with the number of reaction cycles, up to the third cycle, but the
fructose selectivity gradually improved. There are several factors that could lead to the
presence of such behavior in catalyst reusability: (i) magnesium species might gradually
leach into the liquid phase in each consecutive run, causing a decrease in basicity; (ii) the
agglomeration of magnesium particles might occur during each calcination step in catalyst
regeneration; and (iii) partial collapse of the zeolite structure during each regeneration cycle
might occur due to calcination at a high temperature (600 ◦C for 1 h) resulting in changes in
catalyst interaction and dispersion [8,46]. Importantly, it was noticed that significant drops
in the conversion, yield and selectivity were observed in the fourth run. The assumptions
seem consistent with the presence of a trace amount of Mg leaching into the liquid phase
in each cycle run, as demonstrated in Table S2 in Supplementary Materials. In addition,
the XRD intensity and relative crystallinity of NaX zeolite from the spent catalyst in the
fourth run were dramatically poor, mostly structure-damaged, compared with the other
cycles (as shown in Figure S2 in Supplementary Materials). This evidence may suggest
that the deactivation of the catalyst in the present study is mainly from the overextended
collapse of the NaX zeolite structure. Noticeably, the gradual partial collapse of the zeolite
structure seems beneficial for the fructose selectivity, as presented in the gradual increase
in the percentage of selectivity from the first run to the third run. Therefore, the result
suggests that Mg (6 wt.%) impregnated on NaX zeolite synthesized from cogon grass silica
has high stability up to three cycles, and that it could be a useful and promising catalyst for
glucose isomerization into fructose.

Figure 7. Regeneration and reuse catalyst in the catalytic performance of microwave-assisted glucose
isomerization into fructose on 6Mg/NaX catalyst at 90 ◦C for 15 min.

2.5. Comparison of Catalytic Performances of the Best Catalyst in the Present Work to the Relevant
Literature

Compared to other relevant literature, based on the determination of fructose yield,
productivity and reaction time, the catalyst in the present work provided the highest
fructose productivity rate ((g fructose/g catalyst/h) with a shorter reaction time, as shown in
Table 2. Thus, an improvement in the performance of fructose production via microwave-
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assisted catalytic glucose isomerization using magnesium impregnated on NaX from
cogon grass (6Mg/NaX) was accomplished. Moreover, a renewable bio-silica source,
namely, cogon grass, was used as the silica source for NaX zeolite synthesis, which is
another advantage to the environment. Overall, this suggests that 6Mg/NaX catalysts in
the present work could be considered promising catalysts for glucose isomerization into
fructose, especially in terms of fast fructose production with an environmentally friendly
strategy.

Table 2. Comparison of glucose conversion, fructose yield and selectivity using microwave-assisted catalytic glucose
isomerization in the present work to relevant literature.

Catalyst Temp.
(◦C)

Time
(h)

Catalyst Amount
(g)

Fructose Yield
(%)

Fructose Productivity
(g fructose/g catalyst/h) Ref.

NaX 95 1 1 17 0.57 [20]
Hydrotalcite (Mg/Al = 2.5) 95 1 1 20 0.84 [20]

10% MgNaY 100 0.5 0.1 31 6.20 [8]
Fe/beta-zeolite (0.060) 150 1.5 0.1 22 1.46 [11]

Natural-MgO 90 0.75 1 33.4 3.56 [10]
Sodium titanate nanotubes 90 0.5 0.15 30.8 6.41 [42]

NaX from cogon grass 90 0.25 0.15 12.5 3.22 This work
6Mg/NaX from cogon grass 90 0.25 0.15 25.8 6.88 This work

3. Materials and Methods
3.1. Silica Production from Cogon Grass

Silica from cogon grass was obtained by acid leaching the dried cogon grass from a
method modified from the work of Bunmai et al. (2018) and Kulawong et al. (2018) [23,24].
Shortly, dried cogon grass was cut into small pieces (1–3 cm), cleaned with deionized
water (DI) and dried at 90 ◦C for 120 h. Afterward, the dried grass (30.5 g) was treated in
400 mL of hydrochloric acid (37% HCl, Carlo Erba, CARLO ERBA Reagents S.A.S., Chau.
du Vexin, France) solution (2.0 M) in a round bottom flask of 1000 mL size connected
with a condensor at 90 ◦C for 3 h. Then, the treated grass was separated by filtration and
subsequently washed with DI several times. Then, it was kept at room temperature for one
day and calcined at 550 ◦C for 6 h. Finally, silica powder was obtained and the yield was
quantified following Equation (1) [23].

Yield of silica powder =
weight of calcined cogon grass

weight of dried cogon grass
× 100 (1)

Importantly, the extraction procedure was repeated many times to obtain an adequate
silica content for zeolite synthesis.

3.2. Synthesis of NaX Zeolite

The synthesis of NaX zeolite was performed following a method adapted from Jantarit
et al. (2020) [27]. The gel of NaX zeolite with the molar composition of NaAlO2: 4SiO2:
16NaOH: 325H2O was prepared. Firstly, sodium silicate solution (14.68 g) was prepared by
slowly dissolving silica (SiO2) from cogon grass (4.17 g) in a solution of sodium hydroxide
(97% NaOH, Carlo Erba, CARLO ERBA Reagents S.A.S., Chau. du Vexin, France) prepared
from a NaOH pellet (1.65 g) and DI water (8.98 g) in a 250 mL polypropylene bottle and
stirred for 20 h. Then, in another 250 mL polypropylene bottle, sodium aluminate (95%
NaAlO2, Riedel-de Haën®, Honeywell, Seelze, Germany) solution (98.46 g) was obtained
by mixing a sodium hydroxide pellet (9.08 g) and NaAlO2 (1.38 g) into DI water (88.3 g),
and this was stirred for 30 min. Then, the two solutions were immediately mixed and
continuously stirred for 2 h. Subsequently, the gel mixture was crystallized at 90 ◦C for
20 h. Then, the solid product was obtained by filtration, cleaned with DI water and dried
at 90 ◦C for 24 h to obtain NaX as the catalyst support.
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3.3. Catalyst Preparation

xMg/NaX (x = 3, 6 and 9 wt.%) catalysts were prepared by incipient wetness im-
pregnation with a magnesium solution of magnesium nitrate hexahydrate precursor (99%
Mg(NO3)2·6H2O, Sigma-Aldrich, St. Louis, Missouri, USA). Then, the mixture was fur-
ther treated by ultrasonication (Ultrasonic Cleaner, ELMA-E30H, Advance Metrology Co.,
Ltd., Pathumthani, Thailand) using a frequency of 28 kHz and power of 100 W at 30 ◦C
for 10 min modified from the literature [31]. Afterward, the samples were dried at room
temperature for 24 h and 100 ◦C in an oven overnight and subsequently calcined at 500 ◦C
in the air for 3 h. Finally, samples were named according to the magnesium loading:
3Mg/NaX, 6Mg/NaX and 9Mg/NaX, respectively.

3.4. Characterization of Cogon Grass Silica and Catalyst

The phases of NaX and Mg dispersed on NaX were determined by XRD (a Bruker,
D8 Advance, Bruker Corporation, Massachusetts, USA) using Cu Kα radiation. The
current and potential during the measurement were applied at 40 mA and 40 kV [23].
Their surface area and pore volumes were analyzed by nitrogen adsorption–desorption
analysis (a BELSORP-max) at −196 ◦C. Before analysis, the degassed sample was applied
under a vacuum at 300 ◦C for 24 h. The t-plot method was employed to evaluate the
surface area and micropore volume [30]. The basicity of catalysts was studied by CO2-TPD
on Quantachrome; ChemBETTM Pulsar. The active species of the surface catalyst was
determined by XPS (ULVAC-PHI, PHI 500 VersaProbe II, ULVAC-PHI, Inc. Japan) using
Al Kα radiation. Each sample was dried at 90 ◦C for 24 h to remove physisorbed water
and then dispersed on carbon tape. During the measurement, the vacuum at lower than
10−9 mbar was applied in the chamber. A reference spectrum was the C1s photoelectron
line at 284.80 eV. Silica and Mg contents supported on NaX zeolite were detected by using
atomic absorption spectroscopy (AAS, Flame, Varian-55B, Varian, Inc., Palo Alto, CA, USA
according to the method adapted in the literature [23].

3.5. Catalytic Testing for Glucose Isomerization into Fructose

Microwave-assisted catalytic glucose isomerization was tested by employing a microwave
digestion system (Speedwave Xpert, Berghof Products, Eningen, Germany ) in 40.0 mL of
a vessel lined with Teflon (X press Plus, Berghof Products, Eningen, Germany ) [24]. Before
reaction testing, a solution consisting of 0.5 g of D-glucose (≥99.5% C6H12O6, Sigma-
Aldrich, St. Louis, MO, USA) in 10 mL of DI water was prepared and poured into the
Teflon vessel, and already added to the catalyst of 150 mg. Then, nitrogen gas was purged
in the Teflon vessel, which was immediately sealed to avoid air entering the system. Then,
the microwave-assisted catalytic reaction was tested by using a dual microwave system
with two unpulsed regulated magnetrons with a frequency of 2.45 GHz and providing
a maximum power of 2000 W. The desired reaction temperature was set at 90 ◦C for
various times including 5, 15, 30, 60 min, respectively. Time zero of the reaction was
recorded when the reaction temperature reached its set point of 90 ◦C. The pressure
inside the vessel at 90 ◦C was 3 bar, detected by a contactless optical sensor in real-time.
Moreover, the temperature inside the vessel during catalytic testing was monitored by a
patented temperature monitoring system of Speedwave direct infrared control (DIRC). This
system physically determines the temperature radiation emitted by the vessel contents, the
reactant solution. Radiation components emitted by the vessel walls and, in particular, the
exterior of the vessel, were completely filtered out. Therefore, the system determines the
temperature inside the pressure vessels by measuring the direct infrared radiation emitted
by the sample. This information is forwarded to the power control module, which uses the
highest measured temperature to regulate the oven power. Continuous adjustment of the
magnetron output allows the temperature to be regulated on the basis of all vessel contents
(seen in Figure 8) [47]. The actual temperature of each sample was displayed on the screen
in real-time, 90 ∓ 3.0 ◦C, respectively.
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Figure 8. Microwave details of a microwave digestion system (Speedwave Xpert, Berghof Products,
Eningen, Germany) adapted from a manual of Speedwave Xpert microwave [47].

After the reaction, the solution was cooled down to room temperature. Then, the liquid
product and catalyst were separated by centrifugation at 3500 rpm for 10 min. Subsequently,
each liquid sample was diluted in water and determined by high-performance liquid
chromatography (HPLC) using a Hitachi system equipped with a refractive index detector
(RID) to quantify glucose conversion, fructose yield and selectivity. The analysis was
carried out with VertiSep™ SUGAR CMP HPLC column (7.8 × 300 mm internal diameter,
9 µm particle size (Vertical Chromatography Co. Ltd, Nonthaburi, Thailand) as a guard
column. The temperature column was set at 80 ◦C throughout the analysis. In addition,
the mobile phase employed in the analysis was H3PO4 aqueous solution (0.1% (v/v)) with
a flow rate of 0.6 mL/min. Conversion of glucose, yield and selectivity of fructose were
evaluated based on Equations (2)–(4), respectively.

Conversion (%) =
mole of glucoseinput − mole of glucosedetected

mole of glucoseinput
×100 (2)

Selectivity (%) =
mole of fructoseproduced

mole of glucoseinput − mole of glucosedetected
×100 (3)

Yield (%) =
mole of fructoseproduced

mole of glucoseinput
(4)

3.6. Regeneration and Reuse Catalyst

The best catalyst was selected for further study of regeneration and reusability by
four testing cycles. After each cycle of catalytic testing, the catalyst was separated by
centrifugation at 3500 rpm for 10 min and dried at 100 ◦C in an oven overnight and
subsequently calcined at 600 ◦C in the air for 1 h [9]. Then, the calcined sample was further
used for a second run for glucose isomerization at 90 ◦C for 15 min by the microwave-
assisted reaction method. Additionally, the reused catalyst was applied with a similar
process mentioned above for the third and fourth cycles, respectively.

4. Conclusions

This is the first report on NaX zeolite from cogon grass silica, which was successfully
synthesized and used as a catalyst support for magnesium (Mg) species in the fast pro-
duction of fructose via microwave-assisted catalytic glucose isomerization. The influences
of Mg contents of 3, 6 and 9 wt.% on NaX, reaction time and the reusability of the best
catalyst on the performance of glucose isomerized to fructose were intensively studied. All
catalysts were prepared by the impregnation of magnesium nitrate solution combined with
sonication and subsequently transformed to MgO on NaX by calcination at 500 ◦C for 3 h.
Then, the physicochemical properties of catalysts were characterized by XRD, N2 sorption,
XPS and CO2-TPD. Results from characterizations indicated that crystallinity, surface area
and micropore volume reduced with the Mg content, but basicity increased. The active
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species in all catalysts presented in the form of mixed phases of MgO and Mg2CO3. After
reaction testing on glucose isomerization into fructose at 90 ◦C for 15 min, the glucose
conversion improved with the Mg loading, but the fructose yield reached the maximum
value with the loading of 6 wt.%, probably due to the tuning of high active sites and
surface area. In addition, the use of microwave-assisted catalytic glucose isomerization in
6Mg/NaX catalysts provided the greatest fructose yield of 25.8% with a shorter reaction
time of 15 min as well as better fructose productivity than the reported value in the litera-
ture. The reusability of the catalyst preserves the original catalytic performance up to three
cycles, indicating that it is a promising catalyst for glucose isomerization to fructose.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11080981/s1, Figure S1: XRD patterns of calcined cogon grass with and without HCl
treatment (2.0 M), Figure S2: HPLC chromatogram of the products obtained from 9Mg/NaX catalyst,
Figure S3: XRD patterns of spent 6Mg/NaX catalyst with each consecutive run, Table S1: Solid yield
after calcination based on the weight of dried cogon grass and chemical composition determined by
AAS, Table S2: Relative crystallinity and Mg leaching content of consecutive cycle runs.
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45. Cherbański, R.; Rudniak, L. Modelling of microwave heating of water in a monomode applicator e Influence of operating
conditions. Int. J. Therm. Sci. 2013, 74, 214–229. [CrossRef]

46. Kumar, S.; Nepak, D.; Kansal, S.K.; Elumalai, S. Expeditious isomerization of glucose to fructose in aqueous media over sodium
titanate nanotubes. R. Soc. Chem. Adv. 2018, 8, 30106–30114. [CrossRef]

47. Manual User, Speedwave Xpert Microwave Digestion System. Available online: https://www.berghof-instruments.com/en/
product/speedwave-xpert (accessed on 2 August 2021).

http://doi.org/10.1021/jp073383x
http://doi.org/10.1016/S0926-860X(00)00890-5
http://doi.org/10.1002/1521-379X(200202)54:2&lt;75::AID-STAR75&gt;3.0.CO;2-F
http://doi.org/10.1002/aic.690460410
http://doi.org/10.1002/cssc.201600446
http://www.ncbi.nlm.nih.gov/pubmed/27416892
http://doi.org/10.1016/j.ijheatmasstransfer.2012.02.065
http://doi.org/10.1016/j.ijheatmasstransfer.2012.09.037
http://doi.org/10.1016/j.ijthermalsci.2013.07.001
http://doi.org/10.1039/C8RA04353A
https://www.berghof-instruments.com/en/product/speedwave-xpert
https://www.berghof-instruments.com/en/product/speedwave-xpert

	Introduction 
	Results and Discussion 
	Phase of Silica from Cogon Grass 
	Catalyst Characterization 
	Catalytic Performance of Microwave-Assisted Glucose Isomerization into Fructose 
	Catalyst Regeneration and Reuse 
	Comparison of Catalytic Performances of the Best Catalyst in the Present Work to the Relevant Literature 

	Materials and Methods 
	Silica Production from Cogon Grass 
	Synthesis of NaX Zeolite 
	Catalyst Preparation 
	Characterization of Cogon Grass Silica and Catalyst 
	Catalytic Testing for Glucose Isomerization into Fructose 
	Regeneration and Reuse Catalyst 

	Conclusions 
	References

