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Abstract

Tin incorporation in high-silica ZSM-12 zeolite was evaluated using different concentrations of tin and different structure-directing
agents (SDA), in order to be used in the glucose isomerization reaction in fructose. The tetracthylammonium hydroxide SDA
successfully formed the structure of the high silica zeolite ZSM-12; however, in this system, the addition of Sn prevented the
formation of the ZSM-12 zeolite. Therefore, tetraecthylammonium bromide was used as SDA, but the syntheses of high-silica ZSM-
12 zeolite without and with tin incorporation were not effective. Then methyltriethylammonium chloride was used as SDA, and
the high-silica ZSM-12 structure was formed only with the incorporation of tin. The samples with ZSM-12 structure and different
concentrations of tin were evaluated in reaction of glucose conversion to fructose. It was found that the sample with the lowest tin
content (Sn/Si=0.005) achieved the highest glucose conversion and the highest fructose yield.
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Resumo

Aincorporagdo de estanho na zedlita ZSM-12 de alta silica foi avaliada utilizando diferentes concentragées de estanho e diferentes
agentes direcionadores de estrutura (ADS), a fim de ser utilizada na reagdo de isomerizacdo da glicose para frutose. A sintese com
hidroxido de tetraetilamoénio como ADS formou a estrutura da zedlita ZSM-12 de alta silica, entretanto, neste sistema, a adi¢do de
Sn impediu a formagdo da zedlita ZSM-12. Portanto, o brometo de tetraetilaménio foi utilizado como ADS, mas as sinteses com e
sem a incorporagdo de Sn ndo produziram a zeolita ZSM-12. Em seguida, o cloreto de metiltrietilaménio foi utilizado como ADS e a
estrutura ZSM-12 de alta silica foi formada apenas com a incorporagdo de estanho. As amostras com estrutura ZSM-12 e diferentes
concentragoes de estanho foram avaliadas na reagcdo de conversdo de glicose em frutose. Verificou-se que a amostra com menor
teor de estanho (Sn/Si=0,005) obteve a maior conversdo de glicose e o maior rendimento de frutose.

Palavras-chave: MTW, zedlitas, alta silica, isomerizacdo, aclicares.

INTRODUCTION

The possibility of oil becoming a scarce resource has
motivated the search for alternative sources of energy,
with emphasis on the use of lignocellulosic biomass.
Therefore, most research investigates the production of
petroleum products through this source. The big challenge
is to produce similar petroleum products utilizing renewable
sources. Fructose produced in glucose degradation can be
used in industries as a renewable source for the production
of raw materials for the manufacture of polymers, drugs, and
foods [1]. The glucose isomerization reaction in fructose has
greatly expanded due to investigations to convert biomass
into energy and petroleum-based chemicals and the large

*ivo.silva@penedo .ufal .br
®hittps://orcid.org/0000-0002-3134-9999

production of high-fructose corn syrups [2]. Authors report
the ease of converting fructose into chemicals due to their
high selectivity, getting high yields [3,4]. However, the high-
cost of fructose makes its use impossible in the industrial
scale isomerization reaction [5]. The isomerization reaction
of glucose in fructose is an alternative route since glucose is
abundant in nature and presents low cost [6].

Due to the properties of high acidity, high thermal
stability, and selectivity, zeolites have been successfully
used in various catalytic reactions such as catalytic cracking
[7], ethanol dehydration reaction [8], hydrogenation reaction
[9], oxidation reaction [10], and isomerization reaction [11].
Homogeneous catalysts and zeolites of basic active sites
were used in the isomerization reaction of the glucose in
fructose and were not successful [12, 13]. Heterogeneous
acid site catalysts have high selectivities and yields in the
isomerization reaction of the glucose in fructose [14]. In
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addition to acid sites, another feature of zeolites that perform
optimally in isomerization reaction of the glucose in
fructose is pore size. Large pore zeolites demonstrated better
performance in isomerization reactions than medium pore
zeolites. Conversely, the mesoporous materials presented
little activity of glucose isomerization [2].

Research demonstrates that tin(IV), when incorporated
into the zeolite structure, has an active acid character center
for isomerizing aldoses and demonstrated better performance
among metals for isomerization reaction of the glucose in
fructose [2, 15]. ZSM-12 or MTW is considered a large pore
zeolite [16], so the present research synthesized Sn(IV) in
the structure of high-silica ZSM-12 zeolite and evaluated
different concentrations of tin in the catalyst applying in
the glucose isomerization reaction in fructose at 120 °C at
different reaction times. The catalysts were characterized by
X-ray diffractometry (XRD), thermal analysis (TG/DTG),
N, physisorption, scanning electron microscopy (SEM), and
energy-dispersive X-ray fluorescence spectroscopy (EDX).
Glucose and fructose were quantified by high-performance
liquid chromatography (HPLC).

MATERIALS AND METHODS

Reagents: the following reagents were used as sources
of inorganic materials: sodium metasilicate hydrate (24.5%
Na,0, 47.5% Si0,, Carlo Erba), silica gel (93%, Merck),
tetraethyl orthosilicate (98 %, Aldrich),and sodium hydroxide
(99%, Merck). The structure-directing agents (SDA)
evaluated were: solution of tetraecthylammonium hydroxide
(40% in water, Sigma-Aldrich), methyltriethylammonium
chloride (97%, Sigma), and tetracthylammonium bromide
(98%, Aldrich). The carbohydrates glucose (99%, Exodo)
and fructose (99%, Sigma) were used in experiments to
evaluate catalytic activity.

Synthesis of high-silica zeolite ZSM-12: by ahydrothermal
method, employing the tetracthylammonium hydroxide
(TEAOH) as SDA and without adding seed crystals. The
synthesis methodology was similar to that reported in [17].
The procedure for preparing the reaction mixture used in
the synthesis consisted of the following steps: 1) sodium
metasilicate was solubilized in 30% of the water required
for synthesis; 2) addition of the TEAOH solution, followed
by stirring for 3 h; 3) the silica gel was dispersed in the
remaining 70% of the water; and 4) the solution obtained in
step 2 was added slowly to the dispersion formed by silica
gel in water, followed by 3 h of stirring. The hydrogel formed
was separated into several portions, transferred to stainless
steel autoclaves lined with polytetrafluoroethylene (PTFE),
and hydrothermally treated at 175 °C under autogenous
pressure in static conditions for 10 h.

Synthesis of Sn-ZSM-12 zeolite: the adaptation of the
synthesis method reported in [17] for the crystallization of
high-silica zeolites ZSM-12 with the incorporation of tin in
the structure resulted in the formation of a mixture of a-quartz
and magadiite, instead of materials with the MTW structure
containing Sn (Sn-ZSM-12). Thus, another methodology

was necessary to synthesize this type of material. The study
[18] describes the methodology of the synthesis of high-silica
ZSM-12 with tin incorporation in the crystalline structure,
using a highly specific SDA, synthesized in a laboratory,
identified as 1,6-hexamethylenebis(benzyl hydroxide
dimethyl ammonium). This methodology was adapted here,
replacing the SDA reported in [18] with the commercial
SDAs tetracthylammonium bromide (TEABr) and
methyltriethylammonium chloride (MTEACI), as an attempt
to synthesize Sn-ZSM-12 more easily and economically.
The procedures for obtaining the synthesis gels consisted of
the following steps: 1) sodium hydroxide was solubilized
in 30% of the water required for synthesis; 2) TEABr or
MTEACI was dissolved in 30% of the water required and
added a solution from step 1, followed by stirring for 1 h;
3) the tetraethyl orthosilicate was added to form a hydrogel,
followed by stirring for 3 h; 4) the tin source (SnCl,.5H,0)
was dissolved in 30% of the water required in the synthesis;
and 5) the seed crystals were dispersed in the remaining 10%
of the water and added to the gel formed in step 4 and stirred
for 30 min. The reactional mixture resultant was divided
into several portions, transferred to stainless steel autoclaves
lined with PTFE, and hydrothermally treated at 160 °C,
under autogenous pressure in static conditions, for periods
of 24 to 96 h. Other synthesis experiments were carried out
to obtain materials with varying Sn/Si molar ratio. These
materials had the following molar gel composition: 0.133
R:x Sn0,:0.117 Na,0:30 H,0, with R= TEABr or MTEACI
and x=0.005,0.010, and 0.015.

Product recovery after crystallization: after the reaction
time in the oven, the autoclaves were cooled to room
temperature. The solid resulting from the crystallization
process was separated from the supernatant by vacuum
filtration, washed several times with distilled water (to
neutral pH), and dried at 100 °C for 24 h. Calcination of
samples: the samples, before adsorption analysis and catalytic
evaluation, were calcined using the following procedure: i)
initially subjected to a heating rate of 2 °C.min"' from room
temperature to 450 °C in a dynamic atmosphere of air (400
mL.min™); and ii) after reaching 450 °C, it was kept under
these conditions for 4 h. This final calcination temperature
was defined based on the thermal decomposition data of the
samples obtained by thermogravimetry.

Physicochemical characterizations: the synthesized
samples were initially characterized by XRD technique.
These results were used as a qualitative way of identifying
the formed zeolitic phases and the presence or not of
contaminating materials. The samples with the highest
crystallinity were characterized by complementary
techniques of thermal analysis (TG/DTG), N, physisorption,
X-ray fluorescence, and scanning electron microscopy
(SEM).

Catalytic conversions of glucose: the reactions were
conducted in PTFE pots inserted into stainless steel
autoclaves. These vessels were placed in a device installed
inside an oven (Tecnal, TE028), which allowed rotation by
rolling at 60 rpm. The reaction was conducted at 120 °C, and
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the progress of the reaction was analyzed by taking samples
atintervals of 1,2, and 3 h. After the pre-established reaction
time, the autoclave was removed from the oven and cooled to
room temperature. Then the reaction mixture was centrifuged
at 2500 rpm for 10 min. The liquid mixture was analyzed
on HPLC to determine the concentration of glucose and
products formed. In the catalytic selection tests, the reaction
mixture was composed of 10 mL of 5 wt% glucose aqueous
solution and 0.1 g of catalyst. An additional experiment
was also carried out using the same solution containing 5
wt% glucose, but without the addition of a catalyst. Based
on the results of fructose yield, the catalyst with the highest
activity was selected to perform additional experiments with
glucose solutions of concentrations of 10, 20, and 40 wt%.
Characterization and quantification of reaction products:
the liquid mixture recovered from the autoclave was filtered
through a Millipore 0.45 um pore size membrane and then
injected into a high-performance liquid chromatograph
(HPLC, Shimadzu, UFLC) containing a refractive index
detector (RID). The chromatograph was equipped with
a pump (Shimadzu, LC 20AD SP), an automatic 20 uL
loop injector, and was operated at an isocratic method. The
chromatographic column utilized for the determination of
the carbohydrates was a Shodex Sugar SC1011 (8.0x300
mm), operating under the following conditions: 80 °C,
mobile phase ultra-pure Milli-Q water with a flow rate of 1
mL/min, and run time of 20 min.

RESULTS AND DISCUSSION

The main results obtained from the synthesis and
characterization of zeolites ZSM-12 and Sn-ZSM-12 with
different Sn/Si ratios and the application of catalysts in
isomerization reaction of the glucose in fructose is presented
and discussed, highlighting the conversion rate, selectivity,
and yield.

X-ray diffractometry: XRD was utilized as the main
characterization technique to samples in as-synthesized form,
because it detected whether or not the sample originated the
desired crystalline phase. When the formation of the desired
zeolitic phase was verified, additional characterizations
were performed by other techniques. Fig. 1 shows the X-ray
diffractograms of the high-silica samples ZSM-12 and
Sn-ZSM-12 synthesized with different SDAs. It appears
that the high-silica ZSM-12, synthesized according to the
methodology presented in [17], using TEAOH as SDA (Fig.
la), presented the main diffraction peaks at positions and
intensities similar to those reported for a typical sample of
ZSM-12 in the structure database of International Zeolite
Association [19]. This indicated that there was the formation
of zeolite ZSM-12 as the only crystalline phase, but there
was no formation of the ZSM-12 phase in the experiments
with tin addition using TEAOH as SDA. New syntheses were
performed for the crystallization of ZSM-12 and Sn-ZSM-12
replacing TEAOH with TEABT, but the use of this SDA also
did not result in the formation of the zeolite ZSM-12 and Sn-
ZSM-12, as evidenced by the diffractograms shown in Figs.

Ibl and 1b2. Other experiments using MTEACI as SDA
(Fig. Ic) resulted in a material with peaks possibly related
to ZSM-12, but of low intensity that indicated the presence
of large amounts of amorphous phases. A more detailed
analysis of the diffractograms of the samples that did not
produce the pure ZSM-12 phase (Figs. 1bl, 1b2, and 1c),
allowed to identify peaks related to other crystalline phases.
In the samples with TEAOH as SDA (Figs. 1bl and 1b2), a
peak attributed to the condensed a-quartz phase (JCPDS 46-
1045) was identified. The tin-containing sample showed still
additional diffraction peaks attributed to the lamellar phase
kenyaite (JCPDS 20-1157). In the sample with MTEACI
(Fig. 1c), it was possible to identify an additional peak
related to the lamellar phase magadiite (JCPDS 42-1350).
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Figure 1: XRD profiles of the synthesized high-silica ZSM-
12 zeolite samples using as SDA TEAOH (a), TEABr (bl), and
MTEACI (c), and Sn-ZSM-12 sample with Sn/Si=0.010 using
TEABr as SDA (b2). k - kenyaite; q - a-quartz.

[Figura 1: Perfis de DRX das amostras de zedlitas ZSM-12 de alta
stlica utilizando como agentes direcionadores de estruturas (ADS)
TEAOH (a), TEABr (bl) e MTEACI (c), e amostra Sn-ZSM-12 com
Sn/Si=0,010 usando TEABr (b2). k - kenyaita, q - quartzo-a.]

Yoo et al. [20] reported the synthesis of ZSM-12 utilizing
TEABr as SDA and concluded that the structure formed was
similar to the structure of zeolite ZSM-12 obtained with
TEAOH as SDA. The influence of the OH/SiO, ratio on
the crystallization of ZSM-12 was established for samples
containing aluminum [20], but this behavior may be
different in our syntheses. The reaction medium used here
did not contain Al and aimed to obtain high-silica ZSM-
12 zeolites with the incorporation of Sn in the structure.
Since the synthesis of ZSM-12 from tin-containing gels
employing TEABr as SDA was not effective, new syntheses
were performed using MTEACI as SDA. In these tests, it
was possible to verify that the Sn-ZSM-12 sample presented
typical reflections of the zeolite ZSM-12 (Fig. 2). Additional
experiments to produce high-silica ZSM-12 without Sn
impregnation utilizing MTEACI under the same molar ratio,
time, and temperature conditions as Sn-ZSM-12 zeolite
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were unsuccessful. Even with variations in crystallization
time, contamination by the kenyaite lamellar phase (JCPDS
20-1157) still occurred at 144 and 168 h, while with 48 h
of treatment, there was no formation of crystalline phases
(Fig. 2).
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Figure 2: XRD profiles of the samples of high-silica ZSM-12
crystallized at different times with MTEACI as SDA.

[Figura 2: Perfis de DRX das amostras de ZSM-12 de alta silica
cristalizadas em diferentes tempos com MTEACL como ADS.]

Figs. 3a to 3¢ show the X-ray diffractograms of samples
synthesized with different Sn/Si ratios using MTEACI as
SDA. The highest crystallinity was observed in the sample
with an Sn/Si molar ratio of 0.005 (Fig. 3a). The increase of
the concentration of tin in the synthesis gel (increasing the
Sn/Si ratio) caused a reduction in the degree of crystallinity
of the sample obtained. This was evidenced by the decrease
in the intensity of the diffraction peaks (Figs. 3b and 3c) and
indicated that the incorporation of tin in the ZSM-12 zeolite
network is a difficult process, being possible only in low
concentrations. Although all samples showed typical peaks
of the ZSM-12,an additional peak was also observed (marked
with m in Fig. 3), which was related to a contaminating
phase identified as magadiite (JCPDS 42-1350). Figs. 3d to
3f show the X-ray diffractograms of Sn-ZSM-12 samples
obtained with MTEACI as SDA after the calcination process
to remove MTEACI. The main modification observed in
relation to the samples in the non-calcined form was the
disappearance of the peak of the magadiite contaminating
phase. This was already expected since magadiite has low
thermal stability, and when heated to high temperatures, its
structure collapses and converts to amorphous materials.

The first report of Sn incorporation in high-silica zeolite
ZSM-12 was described by Mal et al. [18], researching the
oxidation reaction of phenol, cresol, and xylene in H202
solution. In the same year (1995), Mal et al. [21] evaluated
the incorporation of tin in zeolites ZSM-12, MFI, and
MEL, for the oxidation reaction of phenol, toluene, cresol,
xylene, naphthalene, and 2-methylnaphthalene. Since then,
there have been few reports of Sn incorporation in zeolite
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Figure 3: XRD profiles of the non-calcined (a-c) and calcined (d-
f) samples of Sn-ZSM-12 synthesized with MTEACI as SDA and
containing different Sn/Si molar ratios: a,d) 0.005; b.e) 0.010; and
¢,f) 0.015. m - magadiite.
[Figura 3: Perfis de DRX das amostras ndo calcinadas (a-c) e
calcinadas (d-f) de Sn-ZSM-12 sintetizadas com MTEACI como
ADS e contendo diferentes razoes molares Sn/Si: a,d) 0,005; b,e)
0,010; e cf) 0,015. m - magadiita.]

ZSM-12. However, tin has been incorporated into other
zeolites to perform catalytic conversions. Jennings et al.
[22] incorporated tin into the beta zeolite to apply to lignin
depolymerization reactions. Bayu et al. [23] impregnated tin
in high-silica beta zeolite utilizing tin chloride and choline
chloride and applied in the glucose isomerization reaction.
Thermogravimetric analysis (TG/DTG): Fig. 4 shows
the TG/DTG curves of the high-silica ZSM-12 zeolite
obtained with TEAOH at 10 h of crystallization and Sn-
ZSM-12 samples synthesized with MTEACI as SDA
and different concentrations of tin. In the samples of Sn-
ZSM-12 synthesized with MTEACI, the crystallization
time was 96 h. In the case of high-silica ZSM-12 sample,
the mass derived curve (DTG) indicated that the TEAOH
decomposition reaction (event II) occurred in a single step;
the event I represented the removal of water on the external
surface and inside the pores of the zeolite, whereas event
IT was attributed to the slow oxidation of carbonaceous
compounds (coke) formed from the decomposition of the
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SDA. For samples containing tin, it was observed that the
decomposition of MTEACI occurred in a single step (event
IT) in a similar way to that observed in the case of TEAOH
for the sample of high-silica ZSM-12. Event III attributed
to the removal of coke also showed similar behavior in both
materials. On the other hand, the event I associated with the
removal of water from the structure showed very different
behavior in the samples with tin, with an intense peak being
observed in the DTG curve that indicated an outflow of
larger amounts of water. This can be confirmed by the mass
loss data shown in Table I related to this event. The low
amount of water released by the high-silica ZSM-12 sample
is typical of siliceous zeolitic materials, such as silicalite,
and indicated that these have a highly hydrophobic surface.
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Figure 4: TG/DTG curves of the sample high-silica ZSM-12 (a)
and samples of Sn-ZSM-12 synthesized with MTEACI as SDA and
Sn/Si molar ratio of 0.005 (b), 0.010 (c), and 0.015 (d).

[Figura 4: Curvas de TG/DTG da amostra ZSM-12 de alta silica
(a) e das amostras Sn-ZSM-12 sintetizadas com MTEACI como
ADS e razdao molar Sn/Si de 0,005 (b), 0,010 (c) e 0,015 (d).]

The TG curves of the high-silica ZSM-12 of our study
seem to differ from the results reported by Kasunic et al. [24],
who chose a calcination temperature of 550 °C to remove
TEAOH from the zeolite structure. However, their samples
have different chemical compositions than those synthesized
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in our study. Results similar to those obtained in our study
were reported in [25] even for samples of different chemical
composition and obtained with others crystallization time.
The analysis of the TG curves of the samples of Sn-ZSM-12
containing different tin concentrations indicated that the
addition of tin occasioned reduction in the total mass loss
(Table I) probably due to the increase in structural defects
caused by the incorporation of tin in the structure. Knudsen
et al. [26] reported the incorporation of tin in the ferrierite,
mordenite, and silicalite zeolites in different molar ratios
(0.001, 0.005, and 0.01) and concluded that the higher tin
concentration caused lower mass loss due to the formation
of tin oxide and chloride due to excess tin on the surface of
the zeolites.

Determination of specific surface area and pore volume:
the adsorption and desorption isotherms of the samples
of high-silica ZSM-12 and Sn-ZSM-12 were obtained
with P/P ranging from 0.01 to 1 (Fig. 5). The adsorption/
desorption isotherms of all samples were identified as
being type I according to the IUPAC classification, which
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Figure 5: Isotherms of N, adsorption/desorption at -196 °C of the
samples high-silica ZSM-12 (a) and Sn-ZSM-12 with Sn/Si of
0.005 (b),0.010 (c), and 0.015 (d).

[Figura 5: Isotermas de adsorgaoldessorcdo de N, a -196 °C das
amostras ZSM-12 de alta silica (a) e Sn-ZSM-12 com Sn/Si de
0,005 (b), 0,010 (c) e 0,015 (d).]

Table I - Thermal events and mass loss quantification of the samples high-silica ZSM-12 and Sn-ZSM-12 with different

Sn concentration.

[Tabela I - Eventos térmicos e quantificacdo da perda de massa das amostras ZSM-12 de alta silica e Sn-ZSM-12 com
diferentes concentragoes de Sn.]

) Temperature range (°C) TG (wt%) >
Sample Sn/Si
I I 1T I I 1T (wWt%)
ZSM-12 - 30-190 190-445 - 1.0 9.0 1.6 11.6
Sn-ZSM-12a 0.005 30-210 210-460 410-670 1.3 3.1 2.9 73
Sn-ZSM-12b 0.010 30-190 190-445 445-555 4.0 4.5 1.3 9.8
Sn-ZSM-12¢ 0.015 30-210 210-460 410-455 4.0 4.5 1.3 9.8




|. da Silva et al. / Ceramica 66 (2020) 221-228 226

is characteristic of microporous materials. But the sample
of high-silica ZSM-12 presented type H4 hysteresis loop,
while the samples containing tin presented hysteresis loop
that can be classified as type H3, indicating pores of the
type wedge-shaped, cone-shaped, or parallel-plated. Table
IT summarizes the data of specific surface area obtained by
Brunnauer-Emmet-Teller method (A ), external area (A ),
microporous area (A . ), total volume (V), microporous
volume (V . ), and mesoporous volume (V__ ) from the
samples ZSM-12 and Sn-ZSM-12. The high-silica ZSM-12
sample presented a typical surface area of the conventional
ZSM-12 zeolite. The samples containing tin presented a
reduction of surface area, external area, and microporous
areain relation to ZSM-12 sample; however, the microporous
volume of 0.11 cm?®.g”! from the samples in this research was
similar to the values reported in the literature for the zeolite
ZSM-12 [27,28].

Scanning electron microscopy: SEM micrographs of
the high-silica zeolite ZSM-12 synthesized with silica gel
and sodium metasilicate as silica source, using TEAOH as
SDA are shown in Fig. 6. Fig. 6a shows that the material
had the appearance of uniform smooth agglomerated of
flake-shaped crystals. However, at higher magnification
(Fig. 6b), a more homogeneous aspect was observed,
containing well-defined crystals with the appearance of hard
and brittle structure revealing overlapping plates of regular
size. SEM micrographs of samples of Sn-ZSM-12 with
different Sn/Si ratios using MTEACI as SDA are shown in
Fig. 7. Some features visualized in the samples of ZSM-12
of our study revealed different shapes and textures reported

Figure 6: SEM images of the sample high-silica ZSM-12
synthesized with TEAOH as SDA.

[Figura 6: Imagens de MEV da amostra ZSM-12 de alta silica
sintetizada com TEAOH como ADS.]

Figure 7: SEM micrographs of the samples Sn-ZSM-12 with
different Sn/Si molar ratio: a,b) 0.005; ¢,d) 0.010; and e,f) 0.015.
[Figura 7: Imagens de MEV das amostras Sn-ZSM-12 com
diferentes razbes molares Sn/Si: a,b) 0,005; c¢,d) 0,010; e ef)
0,015.]

by Masoumifard et al. [29], who utilized the same SDAs
(TEAOH and MTEACI), but modified the sources of silica
using TEOS, colloidal silica, and silica gel. These results
demonstrated that different sources of silica and different
SDA modify the shape of the ZSM-12 crystals obtained.
Energy-dispersive X-ray fluorescence spectroscopy:
EDX results of the samples ZSM-12 and Sn-ZSM-12 with
different tin ratios are shown in Table III. The results of

Table II - Textural properties of the samples high-silica ZSM-12 and Sn-ZSM-12 with different Sn concentration.
[Tabela II - Propriedade texturais das amostras ZSM-12 de alta silica e Sn-ZSM-12 com diferentes concentracoes de Sn.]

. A A . \Y .
BET ext. micro t micro meso
Sample L g (gl emg)  em'gh)  emtg)  (emig)
ZSM-12 - 326 48 278 0.14 0.11 0.03
Sn-ZSM-12a 0.005 190 18 172 0.09 0.07 0.02
Sn-ZSM-12b 0.010 291 37 254 0.14 0.10 0.04
Sn-ZSM-12¢ 0.015 314 41 273 0.14 0.11 0.03
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Glucose conversion (%)
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Figure 8: Glucose conversion (a) and fructose yield (b) from 5 wt%
glucose solution in the absence (SC) and presence of catalysts with
different tin concentrations at 120 °C at 3 reaction times.

[Figura 8: Conversdo da glicose (a) e rendimento de frutose (b)
a partir de solugdo de 5% em massa de glicose na auséncia (SC)
e na presenca de catalisadores com diferentes concentragdes de
estanho a 120 °C em 3 tempos de reagdo.]

the element ratio analysis confirmed the presence of tin in
the samples of Sn-ZSM-12. A sample containing a higher
tin ratio had a higher proportion of Sn content in the solid
phase; a similar result was also reported in [26].

Catalytic conversions of glucose: the results obtained
from glucose conversion, in the absence and presence
of catalysts prepared with different tin concentration,
are shown in Fig. 8a. The reactions were performed
at 120 °C at 3 different reaction times. The glucose
concentration used was 5 wt%. The samples containing
Sn/Si=0.005 showed higher glucose conversion than
the other samples with higher concentrations of tin and
without a catalyst. The highest glucose conversions
were observed in the longest reaction time, indicating
that the reaction may not yet have reached equilibrium.
Increasing the tin concentration in the catalysts led to a
reduction in glucose conversion. This fact was confirmed
to sample Sn-ZSM-12¢ (Sn/Si=0.015), which presented
lower glucose conversion than the samples with the other
catalysts and without a catalyst.

Table III - Quantification by EDX of the elements present in
samples ZSM-12 and Sn-ZSM-12.

[Tabela III - Quantificacdo por EDX dos elementos presentes
nas amostras ZSM-12 e Sn-ZSM-12.]

Sample Si (%) Sn (%)

ZSM-12 97.7 nd
Sn-ZSM-12a 96.6 0.32
Sn-ZSM-12b 973 1.14
Sn-ZSM-12¢ 93.7 344

nd - not detected.

Products formed in the glucose isomerization process:
Fig. 8b shows the results of fructose yield for the different
catalysts evaluated and the system without a catalyst. The
incorporation of tin at the Sn/Si molar ratio of 0.005 in zeolite
ZSM-12 caused a significant increase in fructose production,
but as the tin concentration increased in the catalyst, the
fructose yield dropped sharply. Even with the significant
increase in fructose yield when using the Sn-ZSM-12a zeolite
as a catalyst, the obtained yield was considered low to an
industrial scale use; however, conditions can be optimized
to obtain better results. Saravanamurugan et al. [30] using
the zeolites Y, H-USY, and H-beta to convert the glucose
from solutions of 3% and 1.5% of glucose in water and
water/ethanol mixture (1:1) achieved yields of 16% to 40%
of fructose when using zeolite Y, 28% to 30% using zeolite
H-USY, and 23% to 40% fructose using zeolite H-beta.
Bermejo-Deval et al. [31] reported that, when incorporating
Sn in the beta zeolite, a yield of 10.3% fructose was obtained
using methanol as a solvent, while using water as a solvent
the yield was 5%. Xu et al. [32] incorporated iron in the
beta zeolite and obtained 22% fructose yield using water
as a solvent. Xia et al. [33] incorporated iron in different
proportions in the beta zeolite, and the sample containing the
smallest molar ratio showed the best result, as it happened
in the present study.

CONCLUSIONS

The experiments of synthesis with TEAOH as a
structure-directing agent (SDA) successfully formed the
structure of the high-silica ZSM-12, but in this system, the
addition of tin prevented the formation of the Sn-ZSM-12
zeolite. Therefore, TEABr was used as SDA, then again, the
syntheses of high-silica ZSM-12 zeolite without and with
tin incorporation were not effective. When the MTEACI
was used as SDA, high-silica ZSM-12 structure was formed
only with the incorporation of tin. Among the samples
containing Sn, it was observed that the material with the
highest degree of crystallinity was the one obtained with
the Sn/Si molar ratio of 0.005. The increasing of the Sn/Si
ratio in the synthesis gel caused a reduction in the degree
of crystallinity of the sample obtained. This was evidenced
by the decrease in the intensity of the diffraction peaks,
indicating that the incorporation of Sn in the ZSM-12
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zeolite structure is a difficult process, being possible only
in low Sn/Si molar ratios. The calcination of the samples
containing the contamination by magadiite caused the
disappearance of the diffraction peaks related to this phase
indicating the decomposition of magadiite and formation
of amorphous materials. The high-silica ZSM-12 zeolite
synthesized in this study presented a typical surface area of
the conventional ZSM-12 zeolite reported in the literature.
The samples containing tin presented a reduction of surface
area, external area, and microporous area in relation to ZSM-
12. The thermal analysis indicated that the decomposition
reaction of the TEAOH and MTEACI occurred in a single
step, whereas the removal of water on the external surface
and inside the pores of the zeolite occurred differently in
the high-silica ZSM-12 zeolite and the samples containing
tin. This was attributed to the higher hydrophobicity of
high-silica zeolite. The highest glucose conversions were
observed at the longest reaction time, indicating that the
reaction may not yet have reached equilibrium. However,
increasing the tin concentration in the catalysts led to a
reduction in glucose conversion.
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