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Silicalite-1 zeolite acidification by zinc modification
and its catalytic properties for isobutane

Guodong Liu, @2 Jiaxu Liu, @2 Ning He,? Cuilan Miao,? Jilei Wang,? Qin Xin®

and Hongchen Guo*?

A series of Zn-modified Silicalite-1 (S-1) zeolites (Zn,/S-1) were prepared by the wetness-impregnation
method and applied in the catalytic conversion of isobutane. The structure and location of Zn species in
Zn,/S-1 were investigated using UV-Vis and N, physical adsorption. The acidity and origin of the acid
sites in Zn,/S-1 were studied by NHsz-temperature programmed desorption and Fourier-transform

infrared analysis. The catalytic performance of Zn,/S-1 for isobutane conversion was investigated in

a fixed-bed microreactor. In the experiments, the acidity of S-1 zeolite was dramatically increased by
modification with Zn, with both Lewis and Brgnsted sites identified in Zn,/S-1. The relationship between
Bronsted acid sites and Zn—OH groups on ZnO clusters of Zn,/S-1 was also revealed for the first time.

Furthermore,
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Zn,/S-1 catalysts exhibited excellent
dehydrogenation and butene isomerization reactions. A high selectivity of total butene products ranging

catalytic performances in both isobutane

from 84.6 to 97.2 was achieved on the catalysts with different Zn loadings. Moreover, the linear
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1 Introduction

Silicalite-1 (S-1) zeolite is an aluminum-free crystalline silicate
with the same MFI topological framework as the Al-containing
ZSM-5 zeolite. Generally, crystalline S-1 zeolites are chemically
inert because their interior structure contains only unreactive
siloxane (Si-O-Si) bridges.! The presence of defective sites in
their lattice can facilitate the formation of weak acidic centers
(derived from silanol groups), which have been reported as
active Beckmann rearrangement catalysts.>* Although the
amount of weak acid sites and, to some extent, the acidic
strength of S-1 zeolite can be modulated by changing the crys-
tallization conditions or through post-synthesis treatment,>*¢
its catalytic properties remain limited. In contrast, ZSM-5 is
a strongly acidic zeolite that can catalyze several reactions,
including olefin oligomerization, aromatic alkylation, toluene
disproportionation, methanol-to-hydrocarbon conversions
(including MTG, MTO, MTP), and light hydrocarbon cracking
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correlation between isobutane conversion and the acid amount (determined by NHz-TPD) confirmed
that the weak-to-medium acid sites in Zn,/S-1 should play a key role in isobutane conversion.

and aromatization.”* This clearly indicates that the acidity of S-
1 zeolite needs to be increased to broaden its catalytic
applications.

The conversion of light alkanes, such as propane and
isobutane, into their corresponding value-added alkenes has
received much attention. Currently, Pt/Al,O; and Cr,03/Al,0;
catalysts are employed industrially to produce propylene and
isobutene from the non-oxidative dehydrogenation of propane
and isobutane, respectively.’> However, these catalysts have
drawbacks because Pt is expensive and has limited availability,
while Cr,03/Al,0; is not environmentally friendly owing to its
toxicity.”® Therefore, the development of novel catalysts with
superior catalytic efficiency for light alkane non-oxidative
dehydrogenation is highly desirable. It has been accepted that
Zn-containing catalysts were active in the dehydrogenation of
alkanes.'***'*2! Zn-modified HZSM-5 zeolites (Zn/ZSM-5) have
been reported to be effective catalysts for low-temperature
activation of light alkanes, with the modified Zn species play-
ing a key role in light alkane dehydrogenation.™'® However,
their commercial use in such processes is impeded by their poor
alkene selectivity with respect to the formation of large amounts
of cracked dry gas byproducts (C; and C, hydrocarbons),
resulting from the strong acidic character of HZSM-5 zeolite."”**
Moreover, zinc titanate catalysts in the form of hydrogels or
mixed oxides have also been mentioned in the dehydrogenation
of light alkanes.'? Zinc titanate is an environmentally friendly
material and of low cost. However, the overall activity of the
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catalyst was found to be limited or the selectivity declined
rapidly as a function of reaction time. Recently, isolated Zn>*
species deposited on a silica support were found to be active in
propane dehydrogenation.** The high propylene selectivity was
attributed to the absence of Bronsted acid sites on the Zn/SiO,
catalyst. However, the catalyst is not so stable enough that its
activity only remained half of the initial activity in 12 h.

The activation of propane over Zn-modified S-1 zeolite
(denoted as Zn/S-1) has been studied by employing in situ **C
MAS NMR and IR spectroscopic techniques in 2006."* It was
proposed that propane was activated through dissociative
adsorption over zinc oxide species, followed by propene evolu-
tion and recombinative desorption of dihydrogen. On the other
hand, the acidity of Zn-modified HZSM-5 zeolite (Zn/HZSM-5)
was reported to play a key role in the transformation of light
alkanes. However, few study related to the effect of acid sites of
Zn/S-1 on alkane dehydrogenation was reported, probably
because the acidity of S-1 zeolite is negligible compared with
that of HZSM-5 zeolite. Moreover, the influence of Zn modifi-
cation on the acidity of S-1 zeolite and the role of these acid sites
in light alkane conversion is yet unclear. Therefore, a series of
Zn-modified S-1 catalysts was prepared in this work. The acidity
and origin of acidity of these Zn/S-1 catalysts were characterized
by NHj-temperature programmed desorption (TPD) and
Fourier-transform infrared (FT-IR) spectroscopy analysis.
Furthermore, the catalytic properties of these Zn/S-1 catalysts in
isobutane conversion were investigated using a fixed-bed
microreactor.

2 Experimental
2.1 Catalyst preparation

S-1 zeolite was synthesized according to a reported procedure
for the synthesis of TS-1,>> except that no titanium source was
used. Typically, tetraethyl orthosilicate (TEOS; Sinopharm
Chemical Reagent Co., Ltd), tetrapropylammonium hydroxide
(TPAOH; 25 wt% aqueous solution, Sinopharm), and distilled
deionized water were mixed to form a clear solution with a SiO,/
TPAOH/H,O0 ratio of 1 : 0.3 : 30. The solution was hydrolyzed at
60 °C in a water bath for 3 h with magnetic stirring to give
a homogeneous sol that was then transferred to a Teflon-lined
autoclave and crystallized at 170 °C for 24 h. The as-
synthesized precipitate was collected by filtration, washed
several times with deionized water, and dried at 110 °C over-
night. The zeolite products were then calcined at 550 °C for 6 h
for further characterization or use.

Zn-modified zeolite catalysts were prepared using a wetness-
impregnation method. The calcined S-1 zeolite was impreg-
nated with an aqueous solution of Zn(NO;),-6H,O (Sinopharm
Chemical Reagent Co., Ltd) in a water bath at 80 °C for 3 h. The
impregnated zeolite was then dried at 110 °C for 12 h and
calcined at 550 °C for 6 h to obtain the Zn/S-1 samples. The
desired Zn loadings were achieved by adjusting aqueous solu-
tion of Zn(NOj3),-6H,0 with the appropriate concentration. The
modified S-1 zeolites with different Zn loadings were denoted as
Zn,/S-1, where x is the Zn loading amount in wt%. For
comparative catalytic tests in isobutane conversion, a 6.0 wt%
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Zn-modified HZSM-5 zeolite (crystal size, 100-200 nm; SiO,/
Al,0; molar ratio, 26 : 1) was also prepared using the same
impregnation method (denoted as Zng (/ZSM-5).

2.2 Catalyst characterization

Powder X-ray diffraction (XRD) patterns were collected on
a Rigaku D/max-2004 diffractometer with a Cu Ko radiation
source (40 kV, 100 mA). Measurements were conducted in the 26
range of 5-80° with a scanning speed of 2° min~". X-Ray Fluo-
rescence spectrometry (XRF) was conducted on a Bruker SRS
3400 instrument. Field emission scanning electron microscopy
(FE-SEM) images of crystal morphologies were obtained using
a Hitachi S-4800 microscope. The distribution of Zn species on
the modified catalysts was examined by UV-Vis spectropho-
tometry, conducted on a JASCO V-550 spectrometer with BaSO,
as the reference. High resolution transmission electron
microscopy (HRTEM) measurements were taken on a JEM-
2100F electron microscope with an acceleration voltage of 200
kv.

N, physical adsorption-desorption isotherms were
measured on a Micromeritics ASAP 2020 instrument at —196 °C
to determine the textural properties. Prior to measurement, the
samples (sieve fraction, 380-830 um) were degassed under
vacuum at 350 °C for 6 h. The specific surface area was calcu-
lated by the Brunauer-Emmett-Teller (BET) method using the
adsorption branch in the P/P, range 0.10-0.15. The pore
volumes were estimated at the P/P, point of 0.99. The micro-
porosity and mesoporosity of the samples was discriminated
using the #-plot method.

NH;-TPD was performed on a Quantachrome ChemBet 3000
chemisorb instrument to investigate the total acidity of the
catalysts. Sample pellets (150 mg; sieve fraction, 380-830 pm)
were pretreated under helium (He) at 600 °C for 1 h. After
cooling to 100 °C, a mixed gas of 5% NH; in He was passed
through the catalyst bed to allow ammonia adsorption for
30 min. The cell was then purged with He flow (50 mL min ")
for 30 min to remove all NH; not chemically adsorbed. The NH;-
TPD profiles were recorded by heating the cell to 600 °C at
a ramping rate of 16 °C min~ .

FT-IR of adsorbed NH; (FT-IR-NH;) was used to determine
the Lewis and Brensted acidities of the catalysts. FT-IR-NH;
spectra were collected on a Nicolet 6700 FT-IR spectrometer
(4 cm ™" optical resolution with one level of zero-filling for the
Fourier transform). First, about 15 mg of sample was pressed
into a self-supporting wafer (diameter, 13 mm) and then treated
in a cuvette in situ under vacuum (10> Pa) at 400 °C for 4 h. NH,
adsorption was conducted with admittance of an ammonia flow
of 30 mL min~" into the cuvette for 30 min at ambient
temperature. The wafer was then subjected to vacuum treat-
ment at 150, 300, and 450 °C for 30 min each. Finally, the
measured spectra were collected.

To determine the catalyst acidity of the surface hydroxyl
groups, FT-IR spectra of surface hydroxyl groups with ammonia
absorption (OH-FT-IR-NHj;) were recorded using a Nicolet iS10
FT-IR spectrometer. The samples were pressed into self-
supporting thin wafers (approximately 15 mg) and

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns (A) and the magnified patterns (B) of S-1 (a), Zn; o/S-1 (b), Znso/S-1 (c), Zne o/S-1 (d), Zngo/S-1 (e) and Zny, o/S-1 (f). (The
asterisk labels show the diffraction peaks of ZnO crystal with wurtzite structure).

decontaminated at 400 °C under vacuum (10> Pa) for 4 h in
a quartz IR cell equipped with CaF, windows. An ammonia gas
stream (30 mL min~") was passed through the sample cell at
150 °C for 30 min to allow ammonia adsorption. Evacuation
treatment (10~ Pa) was conducted for 30 min at the same
temperature. After cooling to room temperature, OH-FT-IR-NH;
spectra were recorded by subtracting the blank background
spectrum (recorded using an empty IR cell without sample).
Spectra were recorded in the range 4000-400 cm ™" with a reso-

lution of 4 cm ™.

2.3 Catalytic tests

Isobutane conversion tests were performed in a fixed-bed
microreactor (i.d., 6 mm) under atmospheric pressure. The
catalyst loading for each run was about 200 mg. Prior to activity
tests, catalysts (dj, = 20-40 mesh) were activated in situ at 550 °C
for 1 h under nitrogen flow, and then prereduced under 5% H,
in N, gas flow (50 mL min~ ", standard temperature and pres-
sure) at 500 °C for 30 min. The isobutane feedstock was diluted
with nitrogen (employed as a calibrating gas) to give a 50 : 50 (v/
v) mixture. The flow rates of isobutane and nitrogen were
controlled separately using mass flow meters. For catalytic
activity tests, the mixing gas was fed at a gas hourly space
velocity (GHSV) of about 1200 h™*, with the reaction conducted
at 550 °C and atmospheric pressure. Effluent hydrocarbon
products were analyzed using on-line gas chromatography (GC;
Shimadzu GC-14B, OV-1 capillary column 50 m x 0.20 mm,
flame ionization detector).

The isobutane conversion (Cigoputane) @nd product selectivity
(S;) were calculated using the following equations:

Cisobulane = (ZAi - Aisobutane)/ZAi x 100% (1)
Si = AI/(ZAI - Aisobutane) x 100% (2)
where 4; and Ajsobutane are the corrected chromatographic areas

of a specific compound and residual isobutane, respectively.

This journal is © The Royal Society of Chemistry 2018

3 Results and discussion
3.1 Catalyst characterization

SEM, XRD, and N, physical adsorption-desorption isotherms
were measured to assess the effect of the Zn dopant on the
structures of the Zn,/S-1 catalysts. The SEM images (see
Fig. S11) showed that the mean size of parent S-1 zeolite was
around 100 nm. The introduction of Zn species by impregna-
tion has little influence on the crystal size and the morphology
of parent S-1 zeolite. Structural changes in Zn,/S-1 catalysts were
also analyzed using XRD patterns. As shown in Fig. 1, five
characteristic diffraction peaks of MFI structure were found at
20 = 7.9, 8.8, 23.1, 23.8 and 24.3 in all catalysts. No diffraction
signal for Zn species was observed at Zn content below 8.0 wt%,
indicating that Zn species were highly dispersed. Nevertheless,
characteristic peaks of the ZnO phase with a wurtzite structure*
(denoted with asterisks in Fig. 1A and B) were presented in
Zn;,0/S-1. When the amount of Zn added was too high, Zn
species seemed not to be uniformly dispersed in the zeolite
channels, but formed large wurtzite-structured ZnO particles on
the zeolite surface. The average particle size of ZnO particles
was estimated to be 4.8 nm by using the Scherrer's equation.
Fig. S21 shows the HRTEM images of Zne o/S-1 and Zn;, ¢/S-1
catalysts. There are a number of ZnO particles reside on the
external surface of Zn;, (/S-1 catalyst, while no clear pattern of
ZnO particles has been observed on the outside surface of Zng o/
S-1. Moreover, in comparison with parent S-1 zeolite, the rela-
tive crystallinity of Zn,/S-1 catalysts gradually decreased (see
Table S271), which was probably attributed to the high X-ray
absorption coefficient of impregnated metal species.”*** The
textural properties of Zn,/S-1 catalysts were determined from N,
physical adsorption-desorption, as summarized in Table 1. At
low Zn loadings (1.0 wt% and 3.0 wt%), the specific surface area
of Zn,/S-1 decreased slightly with increasing Zn loading. This
indicated that subnanometric ZnO clusters inside the zeolitic
pores or channels only had a small effect on the textural prop-
erties of the S-1 zeolite. However, at high Zn loadings (above

RSC Adv., 2018, 8, 18663-18671 | 18665
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Table 1 N, adsorption—desorption data of Zn,/S-1 catalysts
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Zn loading

(Wtc%)) SBET (mZ gil) SMicro (mZ gil) Sextern (mZ gil) Vpores (Cm3 gil) Vmicro (Cm3 gil) Vmeso (Cm3 gil)
0.0 390 239 150 0.27 0.11 0.16

1.0 383 239 143 0.27 0.11 0.16

3.0 370 228 141 0.26 0.10 0.15

6.0 325 245 80 0.20 0.10 0.10

8.0 290 217 72 0.20 0.10 0.10

12.0 269 195 73 0.21 0.09 0.12

6.0 wt%), the specific surface area of Zn,/S-1 declined rapidly
with increasing Zn loading, mainly due to decreases in external
surface area (from 150 m”> g ' to 72 m” g~ ') and mesoporosity
(from 0.16 m®> ¢! to 0.10 m® g~ '). Furthermore, the micro-
structure characteristics were slightly disrupted. These data
showed that large ZnO particles were mainly deposited on the
external surface and blocked mesopore openings in S-1 zeolite.

UV-Vis spectra of Zn,/S-1 catalyst are shown in Fig. 2.
Generally, the modification of S-1 with Zn leads to the appear-
ance of two new bands at about 265 and 365 nm, corresponding
to subnanometric ZnO clusters inside zeolitic pores and large
ZnO crystals on the external zeolite surface, respectively.'*?* For
Zn, ¢/S-1 and Zn;,/S-1 samples, the band at 265 nm was
significant, while the band at 365 nm was almost nonexistent,
suggesting that the two catalysts mainly comprised sub-
nanometric ZnO clusters. In contrast, both bands were present
in samples with Zn loadings above 6.0 wt%. Increasing Zn
loading in these catalysts enhanced both bands, with the
intensity of the band at 365 nm increasing much faster. These
observations showed that the Zn,/S-1 samples with higher Zn
loadings (x = 6.0-12.0) contained not only ZnO clusters inside
S-1 zeolitic pores, but also large ZnO crystals located on the
external surface. The increased Zn loading mainly facilitated
the formation of large ZnO crystals.

3.2 Acidity enhancement by Zn modification

The acid amount and strength of S-1 and Zn-modified sample
Zne o/S-1 were investigated using NH;-TPD. For comparison, the
acidities of HZSM-5 (SiO,/Al,03; molar ratio, 26 : 1) and Zng ¢/
HZSM-5 were also tested. As shown in Fig. 3A, the whole NH;
desorption profile for the parent S-1 zeolite was approximately
a straight line. Almost no NH; molecules were adsorbed on S-1,
demonstrating its weak acidic character compared with that of
HZSM-5. Notably, the NH; desorption peak of the Zngo/S-1
sample was quite strong, although the acid amount remained
much lower than that of HZSM-5 and Zng o/HZSM-5. This clearly
showed that impregnation with Zn significantly enhanced the
acidity of the S-1 zeolite. We also compared the NH;-TPD
profiles of the Zn,/S-1 catalysts, which exhibited two distinct
desorption peaks at 267 and 375 °C (see Fig. 3B), corresponding
to weak and medium acidic sites, respectively. Furthermore, it
was also feasible to gradually increase the amount of acid sites
in the S-1 zeolite by increasing the loading of Zn until the
maximum value was reached, as shown in Fig. 4. Detailed
information on the calculated statistical results of acid amount

18666 | RSC Adv., 2018, 8, 18663-18671

is shown in Table S3.f For the parent S-1 used herein, the
maximum Zn loading was around 6.0-8.0 wt%. When the Zn
loading was low (below 3.0%), the increase in Zn loading
dramatically increased the acidity of the S-1 zeolite. However,
when the Zn loading was high (in the range 3.0-8.0 wt%), the
overall acid amount in the modified S-1 zeolite reached its
maximum value, with the increasing trend with Zn loading
becoming marginal.

The acidity of Zn,/S-1 zeolites was further studied using
ammonia-adsorbed FT-IR spectra. As shown in Fig. 5A, the
strong absorption peak at 1620 cm™* was attributed to asym-
metric deformation of ammonia coordinated to Lewis acid
sites, which usually appears in the bending vibration region of
1700-1300 cm ™' and indicates that Zn modification resulted in
the formation of an appreciable amount of Lewis acid sites in
Zn,/S-1.°*° The variation trend in the intensity of this peak was
in agreement with the change in the NH;-TPD results. However,
the existence of Brensted acid sites in Zn,/S-1 required further
confirmation because the IR bands corresponding to ammo-
nium ion deformation vibrations were obscure. In contrast, as
shown in Fig. 5A and the magnified range of 3500-3000 cm ™" in
Fig. 5B, in addition to the apparent bands in the range 3350-
3200 cm ™!, which were attributed to ammonia coordination on
Lewis acid sites, two weak yet clear absorption peaks at 3220
and 3190 cm ™' emerged in the N-H stretching region.?*?® It was
clear that Zn modification not only produced a number of Lewis

- 265
- 365

Absorbance (a.u)

T
200 300 400 500

Wavelength(nm)

Fig. 2 UV-Vis spectra of Zn,/S-1 (x from 0.0 to 12.0).

This journal is © The Royal Society of Chemistry 2018
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acid sites, but also raised some Brgnsted acid sites in Zn,/S-1
catalysts, as disclosed by the two N-H stretching signals.
Furthermore, we further detected variations in the spectra with
heating and evacuation procedures, as shown in Fig. 6. The
bands at 3290, 3220, and 3190 cm ™" almost disappeared after
evacuation at 450 °C for 30 min, suggesting the acid sites of Zn,/
S-1 were mostly weak to medium. This was in good agreement
with the NH;-TPD results.

3.3 Origin of Zn,/S-1 acidity

3.3.1 Lewis acid sites in Zn,/S-1. It is generally accepted
that Zn species'******' can provide Lewis acid sites in Zn-
modified ZSM-5 or beta zeolite. Similarly, we speculated that
the Lewis acid sites in Zn,/S-1 were also associated with their Zn
species. UV-Vis spectra and FT-IR spectroscopy of adsorbed CO
results showed that Zn/S-1 contained two Zn species: small ZnO
clusters inside the pore and large ZnO crystals on the external
surface.” Therefore, the Lewis acid sites of Zn,/S-1 should be
provided by ZnO clusters or large ZnO crystals. The UV-Vis

Absorbance (a.u.)

T T T
3300 3200 3100

Wavenumber (cm™)

T
3500 3400 3000

Fig.5 Ammonia-adsorbed FT-IR spectra (A) and the magnified spectra in the NH-stretching region (B) of the series Zng o/S-1 Zn,/S-1 samples:
(a) S-1, (b) an_o/S—l, (C) Zn3_o/S—1, (d) Zn6_o/S—1, (e) an_o/s-l and (f) Zﬂlz_o/s—l.
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Fig. 6 Ammonia-adsorbed FT-IR spectra of Zngo/S-1 in the NH-
stretching region after evacuation at 150, 300 and 450 °C for 30 min.
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spectra (Fig. 2) showed that subnanometer ZnO clusters inside
zeolite pores were the primary Zn species in Zn,/S-1 at low Zn
loadings. In addition to ZnO clusters, most large ZnO crystals
were generated on the external surface when the Zn loadings
were much higher. In contrast, as shown in Fig. 5A, the

I
o N .\“I-II-I e H--
P O
;s i
. i,
- Sl._,"“ g

View Article Online

Paper

ammonia-adsorbed FT-IR spectra clearly indicated a similar
change in the quantity of Lewis acid sites of Zn,/S-1 with the
change in peak intensity at 1618 cm ™. The Lewis acid amount
in Zn,/S-1 increased dramatically with increasing Zn loading at
low loadings (below 3.0 wt%). This increasing trend slowed as
the Zn loading was increased from 3.0 wt% to 8.0 wt%, and then
began to decrease when the Zn loading reached 12.0 wt%. From
both UV-Vis and ammonia-adsorbed FT-IR spectra, it was easy
to conclude that subnanometer ZnO clusters inside S-1 zeolite
pores were the major contributors of Lewis acid sites in Zn,/S-1
catalysts.

3.3.2 Breonsted acid sites in Zn,/S-1. As shown in the
hydroxyl stretching vibration region of the FT-IR spectra (Fig. 7),
S-1 zeolite contained isolated silanol groups exposed on the
external surface (3741 cm %), terminal silanol groups located in
the internal cavities (3728 cm ™), abundant H-bonded silanols
in internal defects as linear chains and/or rings of hydroxylated
species (3500 cm ™), and vicinal silanols inside internal pores
(3684 cm™").»? The appearance of these silanol groups indicated
the presence of a large number of defect sites in S-1 zeolite.
When S-1 zeolite was modified with Zn, these internal silanol
groups (bands at 3728, 3684, and 3500 cm ') and some of the
isolated silanol groups (3741 cm ') exposed at the external
surface of S-1 zeolite were found to be dramatically diminished,
suggesting that some Zn species in Zn,/S-1 strongly interacted
with the defect sites. Furthermore, a new band at 3678 cm ™' was
observed in Znj; ¢/S-1, and redshifted to 3670 cm ™" when the Zn
loading was increased from 6.0 to 12.0, which was likely due to
the formation of external Zn-OH groups on the ZnO clusters.”

FT-IR spectra of surface hydroxyl groups with ammonia
absorption were also measured to probe the Brgnsted acid sites
of Zn,/S-1. To avoid disturbance from hydrogen-bonded species
formed by the interaction of NH; and intrinsic hydroxyl groups
in S-1 zeolite, as shown in Scheme 1,' the ammonia-adsorbed
catalysts were evacuated at 150 °C for 30 min. After Zn modifi-
cation, both Lewis and Brgnsted acid sites were found in Zn,/S-1
(x = 1.0-6.0), as shown in the (NH) stretching region in Fig. 8B.
This result was consistent with the ammonia-adsorbed FT-IR
spectra (Fig. 5). In contrast, it was interpreted from Fig. 8A
that the residual signals (v= 3741, 3728, and 3500 cm™ ') of
silicon hydroxyl groups in Zn,/S-1 would hardly be disturbed
after NH; adsorption, indicating that they had no effect on the
acidity of Zn,/S-1. Notably, the bands at 3678 and 3670 cm ™,
corresponding to Zn-OH groups on ZnO clusters, were signifi-
cantly consumed after NH; adsorption. The consumption of
these silanol group bands at 3678 and 3670 cm™ ' clearly
demonstrated that the Zn-OH groups were associated with

i
wH
.-N-
- /H"'w‘ ,H ‘‘‘‘‘ /H" ‘H
-._? ‘_O ~?
. I :
//Sl‘, . //SL._ . //Sl""--.

Scheme 1
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(B) corresponding magnified IR spectra in the »(NH) stretching region.

Bronsted acid sites of Zn,/S-1. To our knowledge, this rela-
tionship between Brensted acid sites and Zn-OH groups on
ZnO clusters of Zn/S-1 is reported here for the first time.

3.4 Catalytic performance

The catalytic conversion of isobutane was tested in a microscale
fixed-bed reactor and the results are shown in Table 2. As an
effective strategy, Zn modification significantly enhanced the
catalytic activity of S-1 zeolite. At 550 °C and atmospheric
pressure, the parent S-1 zeolite was completely inactive for
isobutane transformation. However, under the same reaction
conditions, Zn,/S-1 catalysts exhibited promoted isobutane
conversion rates. In particular, the Zn,,/S-1 and Znj;/S-1
catalysts led to 27.5% and 60.2% isobutane conversion,
respectively. As the Zn content was increased (from 3.0 to
8.0 wt%), the isobutane conversion continued increasing,
reaching a maximum isobutane conversion of 66.7%. However,
a slight downward tendency in isobutane conversion was
observed when the Zn loading reached 12.0 wt%. Despite this,
the Zn,, o/S-1 catalyst still afforded a good isobutane conversion
of 65.5%. Moreover, according to the literature,*” the iso-butane
activity of Zn,/S-1 (27.5-66.7%) obtained under our

View Article Online
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(A) IR spectra in the »(OH) and »(NH) stretching region of Zn,/S-1 (x from 0.0 to 6.0) before and after the adsorption of NHs, respectively;

experimental conditions is close to that of the commercial
Cr,05/Al,03 catalyst (48-65%).

Among the products of isobutane transformation over Zn,/S-
1 catalysts, isobutene was the primary component (about 60%),
indicating that Zn modification imparted the catalysts impres-
sive dehydrogenation functions. Furthermore, the presence of
substantial amounts of 1-butene and cis/¢trans-2-butene among
the products indicated that the Brensted acid sites provided by
the Zn-OH groups in S-1 zeolite also played an important role in
isobutene isomerization. A high selectivity of isobutene and its
isomers ranging from 84.6 to 97.2 was achieved on the catalyst
with different Zn loading. Moreover, a small amounts of
aromatic products (less than 8%), due to aromatization over the
Zn species, and cracked lower hydrocarbon products (C;-Cs,
much less than 8%) were formed because the Bronsted acid
strength of Zn,/S-1 was still relatively weak. In comparison,
when isobutane transformation was conducted over the Zng (/
HZSM-5 catalyst, the isobutane conversion rated was nearly
100%, with aromatics obtained as the major product (more
than 50%). This reaction also produced a large amount of
undesired cracking components (over 40%), which comprised
dry gas (C; + C,) and propane in a 2 : 1 ratio. In contrast, the

Table 2 The catalytic performance of iso-butane transformations over S-1, Zn,/S-1 and Zne o/ZSM-5 catalysts”

Selectivity (%)

Cracking Dehydrogenation Aromatization

Catalyst Conv. (%) C,+C, Cs iCy nCy + cisCy + transCy Total C;~ Aromatic products
S-1 — — — — — — —

Znq o/S-1 27.5 0.6 1.6 83.8 13.4 97.2 1.0

Zn; o/S-1 60.2 1.4 2.7 68.2 22.8 91.0 5.0

Zng o/S-1 61.3 2.1 4.0 64.8 22.9 87.7 6.2

Zng o/S-1 66.7 2.7 5.1 59.8 24.8 84.6 7.6

ZN45.0/S-1 65.5 2.7 5.1 61.7 23.6 85.4 6.8

Zne o/ HZSM-5 99.8 27.3 13.7 0.4 1.3 1.6 57.3

“ Catalyst loading 200 mg, reactions temperature 550 °C, GHSV 1200 h™, iso-butane feedstock compositions: iso-butane : N, = 50 : 50 (v/v), the

results were obtained after 1 h of testing.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 The relevance between iso-butane conversion and the acid
amount of S-1(a), Zn, o/S-1 (b), Zns.o/S-1(c), Zne o/S-1(d), Zng o/S-1 (e)
and Zny,0/S-1 (f), respectively. (The acid amounts of catalysts were
determined by NH3-TPD).

sum of dry gas and propane byproducts was efficiently sup-
pressed over appropriately modified Zn,/S-1 catalysts.

The stability of Zn/S-1 catalyst in the conversion of iso-
butane was further investigated. As shown in Fig. 9A, slight
deactivation was observed over Zng,/S-1 catalyst during the
lifespan of 12 h. However, for Zng,/HZSM-5 catalyst, the
conversion decreased from 99.1% to 72.8% after 12 h. On the
other hand, the selectivity of total butene was well-preserved
over Zng (/S-1 catalyst during the 12 h examination (Fig. 9B).
These results indicated that Zn,/S-1 catalysts obtain extraordi-
nary stability in the iso-butane dehydrogenation system.
Furthermore, as previously reported,'>" zinc titanate and Zn/
SiO, catalysts also had been considered as the candidates for
light alkanes dehydrogenation. However, the zinc titanate
catalyst deactivated rapidly when both the selectivity and
conversion were kept at a higher level.”?® Zn/SiO, catalyst
exhibited high propylene selectivity in the dehydrogenation of
propane.** However, the stability is also a big challenge for the

18670 | RSC Adv., 2018, 8, 18663-18671
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industrial applications of Zn/SiO, catalyst since the activity can
only maintain nearly 50% of the initial value during 12 h test.
Therefore, Zn,/S-1 catalysts exhibited both higher activity and
excellent stability in comparison with zinc titanate and Zn/SiO,
catalysts in the dehydrogenation of alkanes.

By correlating the isobutane conversion rates with the acid
amount of Zn,/S-1 (determined by the NH;-TPD method), we
obtained a linear dependence of isobutane conversion on the
total acid amount of Zn,/S-1 (Fig. 10). This meant that the acid
sites of Zn,/S-1 played a critical role in isobutane conversion.
The yield of undesired dry gases was significantly suppressed,
perhaps due to the absence of strong acid sites. Furthermore,
the true role of different categories of acid sites of Zn,/S-1 in
isobutane conversion still needs to be identified, with investi-
gations currently underway in our laboratory.

4 Conclusions

In summary, the inert S-1 zeolite was significantly acidified by
modification with Zn. Both Lewis acid sites and a small amount
of Brensted acid sites were identified in Zn,/S-1 catalysts. Using
UV-Vis and FT-IR analysis, we found that the Lewis and
Bronsted acid sites of Zn,/S-1 were associated with small ZnO
clusters and external Zn-OH groups on ZnO clusters, respec-
tively. Furthermore, the linear relationship between isobutane
conversion and total acid amount suggested that the acid sites
of Zn,/S-1 played a crucial role in isobutene conversion. Zn,/S-1
catalysts exhibited excellent isobutane dehydrogenation and
butene isomerization activities, and the yield of undesired dry
gas (methane and ethane) was significantly suppressed because
strong acid sites were absent. A high selectivity of total butene
products ranging from 84.6 to 97.2 was achieved on the catalysts
with different Zn loading. Therefore, Zn-modified S-1 zeolites
can be applied to the highly efficient transformation of light
alkanes.
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