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ABSTRACT: In this paper, a series of alkaline-treated ZSM-22
zeolite samples were prepared by treating the parent ZSM-22
zeolite using NaOH aqueous solution with different concen- Bimolecular

. ) i . . reaction pathway
trations. By investigating the effects of alkaline treatment on the
parent ZSM-22 zeolite, we discovered that the alkaline treatment
contributed to the reduction of Brensted acid sites due to the ~ >
coverage of extra-framework Al on its external surface. In addition,
it was found that the alkaline-treated samples were favorable to the
improvement of the isobutene yield and selectivity, while these
features appeared to be low for the subsequent acid-washed
counterparts in the skeletal isomerization reaction of 1-butene.
These results indicate that the catalytic performance of ZSM-22
zeolite is related to reduced amounts of Brensted acid sites in it. To further reveal the reasons for the promoted catalytic
performances of the alkaline-treated ZSM-22 series zeolites, we studied the properties of coke deposited on the two series of samples
using Raman spectroscopy and thermogravimetric analysis and mass spectrometry (TG/MS-TPO). It was shown that the carbon
deposited on the alkaline-treated series samples was mainly distributed at the outer surface, while the coke was distributed to a
relatively lesser extent at the exterior surface for the acid-washed series samples. Moreover, by partially passivating outer acid sites of
the parent zeolite, the selected alkaline-treated zeolite, and acid-washed zeolite, their isobutene selectivities were all improved with
the decrease in outer acid sites. These phenomena confirmed that the improved catalytic performances of the alkaline-treated
samples are related to their decreased external Bronsted acid site density, which further demonstrated that the high isobutene yield
and selectivity in the skeletal isomerization reaction of 1-butene is realized via the monomolecular reaction pathway of 1-butene.

Monomolecular
reaction pathway

NaOH-treated
ZSM-22 zeolite

ZSM-22-P

1. INTRODUCTION economically. Thus, the skeletal isomerization reaction of 1-
butene became the most promising method for increasing the
production of isobutene.

So far, many types of catalysts have been studied for the
skeletal isomerization of 1-butene. Houzvicka et al.'” and Gao
and Moffat'' prepared catalysts possessing isomerization
activities by loading phosphoric acid and 12-tungstophosphoric
acid onto silica, respectively. In addition, halogen-modified
alumina catalysts can also induce the skeletal isomerization
reaction of 1l-butene.'”'® Also, materials with ordered
mesoporous pore structures such as MCM-41 and KIT-1
have been investigated.'® However, as for the catalysts
mentioned above, either their selectivities are not high or
their stabilities are poor. Compared with most amorphous and

Isobutene is an important organic chemical raw material
mainly used for the production of methyl tert-butyl ether
(MTBE), butyl rubber (IIR)," poly-isobutene (PIB),” tert-
butyl alcohol,” methyl methacrylate (MMA)," and so on. Up to
now, extensive research has been carried out on the production
technology of isobutene using the isomerization method. The
major techniques include the addition of isomerization
components into the cracking catalyst to improve the
isobutene yield in pyrolysis gas,” the dehydroisomerization of
n-butane,® and the skeletal isomerization of 1-butene.’
Although the isobutene yield can be greatly improved in the
first process, this technology is highly dependent on the
processing conditions and overall layout of the refinery plants,
and so its practical application is limited. The direct formation
process of isobutene from n-butane involves two reactions: the
dehydrogenation of n-butane and the skeletal isomerization to
butene. Dehydroisomerization has to be performed at high
temperatures because of its endothermicity,” but high
temperature is prone to cause side reactions leading to
deactivation,” and so it is difficult to achieve this process
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mesoporous catalysts, zeolite can trigger the skeletal isomer-
ization reaction of 1-butene to isobutene at a lower reaction
temperature.'> Moreover, zeolite catalysts are also believed to
be capable of ad}'usting the target product selectivity by tuning
their pore sizes.'® It has been found that zeolite catalysts with
10-ring pore structures are especially suitable for the skeletal
isomerization of 1-butene because they could facilitate the
diffusion of isobutene and inhibit the formation of dimers.'”
For example, FER,'"*"” MFL** MTT,”' AEL,** and TON*
types of topologies with 10-ring channels have been reported
for the skeletal isomerization reaction of 1-butene. Among
them, FER zeolite is the most widely used in the reaction of 1-
butene into isobutene.”*”?° However, FER zeolite is
confronted with the problem of a low isobutene selectivity in
the initial reaction stage.'””” The advantage of the ZSM-22
zeolite with a TON-type topology is that it exhibits high
isobutene selectivity in a short time under appropriate reaction
conditions.”® However, it is noteworthy that the high
isobutene selectivity of the ZSM-22 zeolite can be achieved
only when operating at harsh conditions, e.g,, reactant diluted
with an inert gas, high space velocity,””*" and high reaction
temperature.”’ Therefore, when ZSM-22 zeolite is applied to
the skeletal isomerization reaction of 1-butene in industrial
manufacturing, if satisfies the requirement of high isobutene
selectivity, but entails an increase in separation cost, reaction
energy consumption, and bed pressure drop. Therefore, it is
necessary to improve the isobutene selectivity of ZSM-22
zeolite in the skeletal isomerization reaction of 1-butene under
relatively mild conditions.

Up to now, methods for improving the isobutene selectivity
of ZSM-22 zeolite have been reported in numerous studies.
Asensi et al.”>” found that the isobutene selectivity of ZSM-22
zeolite depended on its Bronsted acid strength. Byggnings-
backa et al.”’ prepared Fe-ZSM-22 zeolite with weaker acid
strength by isomorphous substitution, and the results showed
that Fe-ZSM-22 zeolite exhibited higher isobutene selectivity.
In addition, phosphorus and boron can also poison the strong
acid sites of ZSM-22 zeolite by the impregnation method, and
boron modification only poisoned the strong acid sites, which
avoided the occurrence of side reactions and then improved
isobutene selectivity.31 Moreover, the acid contents of ZSM-22
zeolite also affect the selectivity of isobutene. The isobutene
selectivity of Mg-ZSM-22 zeolite was improved by reducing
the acid contents using steam treatment or nitric acid
treatment.”® The isobutene selectivity can also be improved
by partially passivating the external acid sites of ZSM-22
zeolite.* Noteworthily, although the above-mentioned mod-
ification methods can improve the isobutene selectivity to a
certain extent, remarkable isobutene selectivity was either
achieved under more demanding conditions or accompanied
by the loss of isobutene yield. To overcome these drawbacks,
we tried to improve the isobutene selectivity of ZSM-22 zeolite
under mild reaction conditions and without the reduction of
isobutene yield and then explore the reason for improving
isobutene selectivity.

In this paper, we adopted the method of alkaline treatment
to reduce the external Bronsted acid site density of ZSM-22
zeolite, and also, the reason for this decrease in alkaline-treated
ZSM-22 zeolite was revealed. It was found that the alkaline-
treated ZSM-22 zeolite can effectively improve the yield and
selectivity of isobutene. Finally, the effect of external acid sites
of the ZSM-22 zeolite on its catalytic performance was
discovered by evaluating the catalytic performance of the

subsequent acid-washed ZSM-22 series samples, exploring the
coke properties of the used samples and partially passivating
the outer acid sites of ZSM-22 series samples, respectively.

2. EXPERIMENTAL SECTION

2.1. Parent ZSM-22 Zeolite. The as-synthesized ZSM-22
zeolites preserving the template agent were supplied by
Zhuoran Environmental Protection (Dalian) Co., Ltd. They
were first calcined in static air at 600 °C for 6 h to remove the
template agent. The H-form ZSM-22 zeolite was then
produced by two consecutive ion exchanges with 1 mol-L™"
NH,Cl solution at 80 °C for 4 h and calcined again in static air
at 600 °C for 6 h. The resulting product was designated as
ZSM-22-P.

2.2. NH4-Form Uncalcined ZSM-22 and H-Form
Calcined ZSM-22 Zeolites. In order to obtain NH,-form
uncalcined ZSM-22 zeolites, the as-synthesized ZSM-22
zeolites preserving the template agent were directly treated
by two consecutive ion exchanges with NH,Cl solution. H-
form calcined ZSM-22 zeolites were obtained by calcining the
NH,-form uncalcined ZSM-22 zeolites directly. The ion
exchange or calcination procedure involved in the preparation
process of these two samples was consistent with that
described in Section 2.1.

2.3. Post-Treatments. 2.3.1. Alkaline Treatment of the
Parent ZSM-22 Zeolite. The alkaline treatment conditions of
the parent ZSM-22 zeolite (ZSM-22-P) are described as
follows. First, the template agent was removed by calcination
treatment under static air at 600 °C for 6 h. Subsequently, the
calcined samples were blended with NaOH aqueous solution
(10 mL-g”", 0.1-1.5 mol-L™") for 2 h at 80 °C, followed by
filtration, washing with deionized water, and drying at 100 °C
for 12 h. The obtained solids were converted into the H-form
by ion exchanges twice in 1 mol-L™' NH,CI solution at 80 °C
for 4 h, followed by calcination in static air for 6 h at 600 °C.
The resulting product was denoted as ZSM-22-x, where x
represents the concentration of NaOH aqueous solution.

2.3.2. Sequential Acid Washing of Alkaline-Treated ZSM-
22 Series Zeolites. Each NaOH-treated sample was subjected
to acid washing in 0.1 mol-L™" HCl aqueous solution at 60 °C
for 2 h, with 10 g-L™". The resulting product was washed with
distilled water until neutral pH and dried at 100 °C for 12 h.
The samples subjected to the acid-washing treatment were
denoted with the suffix H. As an example of the sample
notation, the NaOH-treated samples treated with acid washing
were denoted as ZSM-22-x-H. All of the acid-washed samples
were converted to the protonic form, as described in Section
2.1.

2.3.3. Partial Passivation of the Outer Acid Sites of ZSM-
22 Series Zeolites. The partial passivation of the outer acid
sites of ZSM-22 series zeolites was carried out by the chemical
liquid deposition (CLD) method adapted from the literature.*
First, 1.5 g of H-form ZSM-22 zeolite (or NH,-form
uncalcined ZSM-22 zeolite) was mixed with 250 mL of
cyclohexane at 30 °C for 10 min under stirring. Then, 3 mL of
tetraethyl orthosilicate (TEOS) was added to the mixture, and
the reaction was continued for 1 h under agitation.
Subsequently, cyclohexane was removed by evacuation at 70
°C. The resultant powder was dried at 100 °C for 12 h,
followed by calcination in air at 550 °C for 3 h. The resulting
solid samples were denoted with the prefix M. For example,
M—-ZSM-22-P implied that the ZSM-22-P sample was
subjected to partial passivation of external acid sites.

https://doi.org/10.1021/acsomega.2c05478
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2.4. Characterization Methods of ZSM-22 Series
Zeolites. The crystal structure of ZSM-22 series samples
was determined with a TD-3500 X-ray diffractometer
operating at 35 mA and 40 kV and using Cu Ka radiation.
The relative crystallinities of all ZSM-22 series zeolite samples
were obtained by calculating the total intensities of peaks (20 =
8.14 + 0.14, 20.34 + 0.14, 24.24 + 0.12, and 25.70 + 0.18°),
where ZSM-22-P was used as a reference sample. The Si/Al
molar ratios were measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES, ICPS-7510). Before
ICP-OES measurements, about 20 mg of ZSM-22 series
samples was dissolved in HF and then diluted using deionized
water to 500 mL. A Zeiss SIGMA field-emission scanning
electron microscope (FE-SEM) was used to observe their
morphologies. Transmission electron microscopy (TEM) was
performed with a Tecnai G2 F30 instrument operated at 200
kV. Their textural properties were obtained from N,
adsorption—desorption isotherms measured at —196 °C
using a 3H-2000PM1 specific surface and pore size analyzer
after the test samples were degassed under vacuum at 200 °C
for 3 h. The specific surface area was calculated according to
the Brunauer—Emmett—Teller (BET) method. The total pore
volume was dependent on the adsorbed N, volume at a relative
pressure of approximately 0.99. The external specific surface
area and micropore volume were obtained using the t-plot
method. The BJH method was used to determine the
mesopore size distribution. The acidity properties of H-form
ZSM-22 series samples were determined by temperature-
programmed desorption of ammonia (NH;-TPD). Specific
experimental details are presented in the literature.® To
distinguish the type of acid sites, FTIR spectra were recorded
at 4 cm™' resolution using a Bruker TENSOR27 in-situ
spectrometer. Prior to measurements, the samples were
pretreated at 400 °C for 3 h. Then, FTIR spectra in the
vOH regions were recorded at 150 °C. Subsequently, pyridine
vapor was exposed to wafer at ambient temperature for 10 min
and equilibrated for 20 min; next, it was outgassed at 150 °C
for 30 min to remove excess pyridine molecules. Then, the
pyridine-adsorbed infrared spectra (Py-IR) were recorded at
150 °C. FTIR spectroscopy experiments of the adsorbed
collidine (2,4,6-trimethylpyridine) were performed on a
Thermo fisher Nicolet iS50 spectrometer. The test conditions
were the same as those for Py-IR, except that the pretreatment
temperature was 350 °C. X-ray photoelectron spectroscopy
(XPS) measurements were performed with a Thermo
Scientific K-Alpha photoelectron spectrometer with Al Ko
irradiation (1486.6 eV). The C 1s peak at a binding energy at
284.8 eV was used to calibrate the binding energy scale. All of
the obtained XPS spectra were split using XPS PEAK software,
and deconvolution was realized by Gaussian—Lorentzian band
shapes. The Raman spectra were obtained on a LabRAM HR
Evolution Raman spectrometer using an excitation source of
532 nm. Thermogravimetric analysis (TGA) was performed on
a PerkinElmer TGA4000 instrument with a heating rate of 20
°C-min~! under air or helium flow rate of 20 mL-min™". The
products released by coke or the template were detected by a
combination of thermogravimetric analysis and mass spec-
trometry (TG/MS-TPO).

2.5. Catalytic Performance Evaluation of ZSM-22
Series Zeolites. Evaluations of all of the tested ZSM-22
series zeolite catalysts were performed using 1-butene (99.99%
purity) as the reactant at atmospheric pressure, 400 °C, and 14
h™. Typically, 0.5 g of zeolite catalyst (40—60 mesh) was

loaded between layers of 40—60 mesh quartz sand in a 1 cm
id. X 40 cm stainless steel reactor tube. Then, the zeolite
catalyst was routinely activated under flowing N, (40 mL-
min~") at 400 °C for 0.5 h. Then, a pure 1-butene stream was
fed into the reactor containing the zeolite catalyst at the same
temperature. After passing through the gas—liquid separator,
the gaseous products were analyzed in a GC-8A gas
chromatograph (20% sebacic dinitrile/APW (80—100 mesh)
packed column, 9 m X 3 mm, FID detector). Considering that
the double-bond shift and cis—trans isomerization of n-butenes
achieve equilibrium before the skeletal isomerization,*® and
isobutene could also be produced by cis-2-butene,’” all linear
butenes were regarded as reactants. Thus, the 1-butene
conversion was calculated from the consumed n-butenes and
the selectivity to isobutene from the mass of produced
isobutene divided by the mass of consumed n-butenes.

3. RESULTS AND DISCUSSION

3.1. Effects of NaOH Treatment. 3.1.1. Structure,
Composition, and Morphology. X-ray diffraction (XRD)
patterns of the parent ZSM-22 zeolite (ZSM-22-P) and
NaOH-treated series zeolite samples (ZSM-22-x) are shown
in Figure 1. All of the tested samples have a typical TON

2% |, ZSM-22-1.5
—, \\ N ‘,__;_,_.,.V‘ e/ ¥ “—‘———_n WO W UV NSO
| 90% ZSM-22-0.9
N wm_‘ NV SN P R W,

91% A ’lbkmj ZSM-22-0.6
JLJL__A.,...A—.) (WL U VS, VRO
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H 100% \ ‘H | ZSM-22-P
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20 (degree)
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Figure 1. XRD patterns of ZSM-22-P and ZSM-22-x series samples.

topological structure.”®*” Clearly, the samples treated with a
low-concentration NaOH aqueous solution preserved good
TON:-type topologies, but severe treatment resulted in their
lower crystallinities. In order to further study the effect of
alkaline treatment on the ZSM-22-P sample, the morphologies
of ZSM-22-P and ZSM-22-x series samples were characterized
by SEM. As shown in Figure 2, the morphologies of all samples
comprised agglomerates of individual rod-shaped crystals.
However, it should be noted that with the increase of alkaline
aqueous concentration, the agglomerated crystals of ZSM-22-P
sample began to dissolve, especially for ZSM-22-0.9 and ZSM-
22-1.5 samples. In the TEM images shown in Figure 3, the
presence of intracrystalline mesopores (average size: 6.7 nm)
was clearly observed for ZSM-22-0.9 and ZSM-22-1.5 samples
with respect to the ZSM-22-P sample, and the crystal edges of
ZSM-22-0.9 and ZSM-22-1.5 samples became rougher. These
phenomena indicate that the desilication of the ZSM-22-P

https://doi.org/10.1021/acsomega.2c05478
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Figure 2. SEM images of ZSM-22-P and ZSM-22-x series samples: (a) ZSM-22-P, (b) ZSM-22-0.1, (c) ZSM-22-0.3, (d) ZSM-22-0.6, (e) ZSM-

22-0.9, and (f) ZSM-22-1.5.

mesopore
erage

100 A 200inm

100inm

S50 nm

5 )p(?l(:‘ . -
e size: 6.7 nm >

Figure 3. TEM images of ZSM-22-P and ZSM-22-x series samples. (a, b) ZSM-22-P, (c, d) ZSM-22-0.9, and (e, f) ZSM-22-1.5.

Table 1. Composition and Textural Properties of ZSM-22-P and ZSM-22-x Series Samples

sample Si/Al" Sper (m*g™)" Sexter (g7
ZSM-22-P 53 140 31
ZSM-22-0.1 63 85 39
ZSM-22-0.3 56 84 46
ZSM-22-0.6 57 145 46
ZSM-22-0.9 44 108 52
ZSM-22-1.5 25 140 79

Viiero (mLeg™)° Vioa (mL-g™)? Vineso (mL-g™")*

0.06 0.23 0.17
0.03 0.20 0.17
0.02 0.21 0.19
0.05 0.26 0.21
0.03 0.25 0.22
0.03 0.34 0.31

“Silicon-to-aluminum (Si/Al) molar ratios were measured by ICP-OES. “Determined by BET equation. “Determined by the t-plot method applied
in the thickness range of 0.43—0.64 nm. Calculated from the N, volume adsorbed at P/P, = 0.99. “Determined by subtracting the microporous

volume from the total pore volume.

sample was caused by alkaline treatment. The decreased Si/Al
ratios of ZSM-22-0.9 and ZSM-22-1.5 samples shown in Table
1 also confirm this conclusion. However, the Si/Al ratios were
almost unchanged for the alkaline-treated samples modified by
NaOH aqueous solution with low concentration, and so
further investigation is needed.

The nitrogen adsorption and desorption isotherms of ZSM-
22-P and ZSM-22-x series samples are shown in Figure 4a. The

uptake of nitrogen at P/P, < 0.1 reflects their limited
microporosity. For the alkaline-treated ZSM-22 series samples,
the nitrogen adsorption—desorption isotherms in the range of
moderate to high relative pressures showed obvious hysteresis
loops, as exhibited in Figure 4b, which indicates that alkaline
treatment induced the appearance of mesopores,3’8 consistent
with TEM results. The nitrogen load at P/P, = 0.99 increased
with the severity of alkaline treatment. In addition, the pore

https://doi.org/10.1021/acsomega.2c05478
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Figure 4. (a) N, adsorption and desorption isotherms, (b) hysteresis loops, and (c) pore size distributions of ZSM-22-P and ZSM-22-x series

samples.

size distributions centered at 3.8 nm (slightly lower than the
results from TEM images) of ZSM-22-P and ZSM-22-x series
samples presented in Figure 4c also demonstrated the
appearance of mesopores induced by alkaline treatment.
Textural parameters of ZSM-22-P and ZSM-22-x series
samples presented in Table 1 indicate that their external
specific surface areas increased with the increase of alkaline
aqueous concentration. In addition, the mesoporous volumes
increased from 0.17 mL-g™' (ZSM-22-P) to 0.21 mL-g™!
(ZSM-22-0.6) and 0.31 mL-g™' (ZSM-22-1.5). Conversely,
the micropore volumes of alkaline-treated zeolite samples
decreased to different extents with the severity of alkaline
treatment. In fact, the reduced microporosity of zeolites after
alkaline treatment has been reported in other studies.””*' The
most direct explanation for this phenomenon is that the debris
removed from the framework during alkaline treatment
integrated with the outer surface of the solid sample and
then blocked the pore mouth. Considering that the removal of
framework Si during alkaline treatment will inevitably affect
neighboring framework Al and thus affect the acidity of ZSM-
22 zeolite, it is necessary to study the effect of alkaline
treatment on the acidity of ZSM-22 zeolite.

3.1.2. Acidity. Full NH;-TPD profiles of ZSM-22-P and
ZSM-22-x series samples are given in Figure 5. Apparently, all
tested samples exhibited two desorption peaks, where the low-
temperature peak was considered to be caused by the weak
acid sites, while the high-temperature peak was generally
believed to be induced by the desorption of ammonia adsorbed
on the strong active sites."” For ZSM-22 zeolite, only its strong
acid sites exert an influence on the skeletal isomerization
reaction of 1-butene, so only high-temperature peaks were
studied in this study. Compared with the ZSM-22-P sample,
the high-temperature peak areas of ZSM-22-x series samples
reduced sharply, as shown in Figure 5, indicating that alkaline
treatment led to a decrease in the acid content of the ZSM-22-
P sample. Figure 6a shows the IR spectra of the hydroxyl
region of ZSM-22-P and ZSM-22-x series samples. With the
severity of the alkaline treatment, the intensity of the band at
3735 ecm™, attributed to isolated silanol located on the external
surface of ZSM-22 zeolite,” also increased, corresponding to
the increased external specific surface areas of ZSM-22-x series
samples (Table 1). Analogous observations were also made in
other studies.*>** Moreover, the bands at 3583 cm™, related
to SiOHA i.e., Bronsted acid sites,” also displayed difterent
extents of changes. In order to quantitatively determine the
effect of alkaline treatment on the amounts of Brensted and
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Figure S. NH;-TPD profiles of ZSM-22-P and ZSM-22-x series
samples.

Lewis acids for ZSM-22-P, pyridine adsorption followed by
infrared spectroscopy was implemented for ZSM-22-P and
ZSM-22-x series samples. The spectra in the 1400—1600 cm™
region are shown in Figure 6b, and the quantitative results of
Py-IR are shown in Table 2. The peak at 1545 cm™' is
attributable to Brensted acid sites, and the peak at 1454 cm™
is related to Lewis acid sites.”*® Essentially, alkaline treatment
resulted in the reduction of the Bronsted acid content and the
simultaneous formation of Lewis acid sites. This phenomenon
ensures that there is no significant change in the Si/Al ratio, as
shown in Table 1, due to simultaneous desilication and
dealumination during the process of ZSM-22 zeolite treatment
with low NaOH aqueous concentration.

3.1.3. Evidence of the Coating Effect of Extra-Framework
Al on the External Surface. The next question is how did the
alkaline treatment decrease the amounts of Bronsted acid sites
and increase the Lewis acid site contents of ZSM-22-P
samples. To solve this problem, ZSM-22-x series samples were
subjected to acid-washing treatment due to the dealumination
effect of acid. The XRD patterns shown in Figure S1 indicate
that ZSM-22-x-H series samples still present the pure TON
phase. Interestingly, increased crystallinities of ZSM-22-0.6 and
ZSM-22-0.9 samples were observed after the acid-washing
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Figure 6. (a) IR spectra in the region of 3800—3500 cm™" and (b) Py-IR spectra in the region of 1600—1400 cm™" of ZSM-22-P and ZSM-22-x

series samples.

Table 2. Acidity Properties of ZSM-22-P and ZSM-22-x
Series Samples

acid amounts in Py-IR (umol-g™")

sample Bronsted acid Lewis acid
ZSM-22-P 55§ 102
ZSM-22-0.1 357 94
ZSM-22-0.3 418 123
ZSM-22-0.6 272 118
ZSM-22-0.9 358 174
ZSM-22-1.5 208 175

treatment (Figures 1 vs S1). A similar phenomenon was also
observed for the Y zeolite after dealumination using
ammonium fluorosilicate as the dealumination agent due to
the removal of amorphous species.”’ As expected, the acid-
washing treatment contributed to the restoration of the
micropore volume of ZSM-22-x series samples with respect
to the ZSM-22-P sample (Figure S2 and Table S1 vs Figure 4a
and Table 1). In addition, the acid-washing treatment did not
cause obvious changes in their morphologies (Figures S3 vs 2).
According to the infrared spectra of ZSM-22-x-H series
samples shown in Figure S4 and their quantitative results
shown in Table S2, the acid-washing treatment caused a
decrease of their Lewis acid site density and an increase in the
number of Bronsted acid sites for ZSM-22-x series samples.
These phenomena led us to conclude that the extra-framework
Al generated during the alkaline treatment covered the partial
Bronsted acid sites of the ZSM-22-P sample.

The external Lewis acid sites of ZSM-22 series samples were
detected by infrared spectroscopy of adsorbed collidine. As
shown in Figure 7, compared with ZSM-22-P samples, the
peak intensities at 1639 cm™', related to the adsorption of
collidine on the Lewis acid sites,** enhanced to varying degrees
after the alkaline treatment. In contrast, the intensities of bands
at 1639 cm™' decreased for the acid-washed samples. We
attributed this to the fact that a fraction of extra-framework Al
species produced in the process of the alkaline treatment was
accessible to collidine and most of them can be removed by the
acid-washing treatment.

In order to further study the variation in the type and
quantity of surface Al species after the alkaline treatment,
typical ZSM-22 series samples were characterized by XPS.
Figure 8 shows Al 2p XPS spectra of selected ZSM-22 series
samples, and Table 3 lists the surface Al contents of selected
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Figure 7. IR spectra of collidine adsorption in the region of 1800—
1500 cm™" of typical ZSM-22 series samples.

ZSM-22 series samples and the respective proportions of
framework Al and extra-framework Al species on their surface.
The alkaline treatment caused the enrichment of surface Al
species, while acid-washing treatment removed Al species from
the surface to some extent. Moreover, the Al 2p spectra of
different samples were decomposed into two peaks. The
decomposition peaks with binding energies of 75 and 74 eV,
respectively, correspond to the framework Al* and extra-
framework Al like AI(OH); or AIOOH species.”””" Appa-
rently, the amounts of extra-framework Al, e.g, Al(OH); or
AIOOH species, increased after the alkaline treatment, while
decreased contents of extra-framework Al species can be
observed for the acid-washed samples. Combined with the
infrared spectra of adsorbed pyridine and collidine, it can be
confirmed that the alkaline treatment results in the occurrence
of dealumination and then some of the removed framework Al
like AI(OH); or AIOOH species are redeposited on the
external surface of ZSM-22-x series samples, which sub-
sequently covers their partial external Bronsted acid sites.
3.1.4. Summary of Effects of Alkaline Treatment on ZSM-
22 Zeolites. The attack of OH™ on the Si—O—Si bond in the
zeolite framework caused by alkaline treatment frequently
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Figure 8. Al 2p XPS spectra of the typical ZSM-22 series samples: (a) ZSM-22-P, (b) ZSM-22-0.3, (c) ZSM-22-0.3-H, (d) ZSM-22-0.9, and (e)

ZSM-22-0.9-H.

Table 3. Quantified Results of Al 2p XPS Spectra of the
Typical ZSM-22 Series Samples

surface
Al percentage of percentage of
content framework Al in extra-framework Al in
sample (%) surface content (%)  surface content (%)
ZSM-22-P 1.32 47.98 52.02
ZSM-22-0.3 1.67 42.83 57.17
ZSM-22-0.3-H 1.43 52.68 47.32
ZSM-22-0.9 2.47 36.10 63.90
ZSM-22-0.9-H 1.26 45.44 54.56
. .. . 52—-54
results in desilication. Several factors affect the

desilication efficiency, among which the Si/Al ratio of the
parent zeolite is an important parameter.”> >’ A low Si/Al
ratio inhibits the attack of OH™ ions on the framework Si,
while high-density silicon tends to be overdissolved. Many
research groups took advantage of this principle to prepare
hierarchical zeolites®”*®* and hollow crystals.””"*” In  the
process of desilication, in addition to framework Al, extra-
framework Al also plays a certain protective role.’® For

example, some Al debri formed during desilication are
redeposited on the external surface of zeolite,””** which
further form Al-rich layers and thus plug micropores.

Based on the previous characterization results and the above
analysis, we proposed the following mechanisms of alkaline
treatment and the subsequent acid-washing treatment. As
shown in Scheme 1, after alkaline treatment, the framework Si
in the nanorod-like ZSM-22 crystals was selectively removed to
generate inter- and intracrystalline mesopores. However, the
disordered propagation of some intracrystalline mesopores
resulted in the fragmentation of ZSM-22-P zeolite crystals,
which resulted in an increase in the external surface of the
alkaline-treated samples. At the same time, in the process of
alkali treatment, part of the extra-framework Al was deposited
on the external surface of the crystals, covering part of the
Bronsted acid sites and thus blocking their pore mouths. After
the subsequent acid-washing treatment, the extra-framework Al
on the external surface of ZSM-22 zeolite crystals was
removed, and then the acidic sites on the external surface
and micropore volumes were partially recovered.

Scheme 1. Schematic Representation of (a) ZSM-22-P, (b) ZSM-22-x Series, and (c) ZSM-22-x-H Series Samples

N ZsM-22 framework

(b)
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14355

PURO VU T & T
p V) YV & V7 UV U
WAL AAEm
AR AR
R\ VSRV YV
0)3( b.o'o: . )o'. ol : *‘
(©)
~7\_~ Al-rich layer

https://doi.org/10.1021/acsomega.2c05478
ACS Omega 2023, 8, 14349—-14364


https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

3.2. Catalytic Performances of ZSM-22-x and ZSM-22-
x-H Series Samples. The 1-butene conversions of ZSM-22-P
and ZSM-22-x series samples are shown in Figures 9 and S5a,
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Figure 9. Results of 1-butene conversion of ZSM-22-P, ZSM-22-x,
and ZSM-22-x-H series samples vs TOS in the skeletal isomerization
of 1-butene to isobutene.

respectively. The 1-butene conversion of ZSM-22-P at 0.5 h
was 78%, and its activity at 10 h was 70%. In contrast, the
overall activities of ZSM-22-x series samples were significantly
lower than those of ZSM-22-P samples during the reaction
time of 10 h. It is generally considered that the activity of the
zeolite catalyst, especially the initial activity, is related to its
acid strength,65’66 the accessibility of its acid sites,”” ™% the
existence of Lewis acid sites,"®”%”" and its acid content.”””
The NH;-TPD results shown in Figure 5 showed that the acid
strength of ZSM-22-x series samples was similar to that of the
ZSM-22-P sample. Therefore, the influence of acid strength of
ZSM-22-x series samples on their activities can be excluded in
this study. According to SEM, TEM, and N, physical
adsorption results, compared with the ZSM-22-P sample,
ZSM-22-x series samples possessed higher external specific
surface areas and mesopore volumes. In principle, 1-butene
molecules were more easily accessible to their acid sites and
they should have higher activities, but it was not the case with

the experimental results, and so the influence of increased
mesopore volumes and external specific surface areas in ZSM-
22-x series samples can be ruled out. In addition, the high
contents of extra-framework Al in ZSM-22-x series samples
were also noteworthy. It has been reported that the spatial
proximity between extra-framework Al and framework Al of
zeolite will cause a partial transfer of electrons from acidic OH
bonds to extra-framework Al species, thus increasing the acid
strength of zeolite by reducing the strength of OH bonds.”"”*
As mentioned above, the activities of ZSM-22-x series samples
did not reflect the effect of their acid strength, indicating that
there were no synergistic effects between the extra-framework
Al produced by desilication and the pristine Bronsted acid
sites. According to the results shown in Scheme 1, extra-
framework Al only served to cover the outer acidic sites of
ZSM-22-x series samples. Therefore, it was assumed that the
effect of alkaline treatment on the activity of the ZSM-22-P
sample was mainly attributed to the reduced amounts of
Bronsted acid sites (Figure 6b and Table 2). After evaluating
the activities of ZSM-22-x-H series samples under the same
conditions, it was observed that the activities of ZSM-22-x-H
series samples were higher than those of the corresponding
alkaline-treated samples (Figures 9 and SSa), which further
confirmed the influence of the Bronsted acid contents of ZSM-
22 zeolite on its activity.

It is generally believed that there are three main reaction
pathways involved in the transformation of 1-butene into
isobutene: bimolecular reaction mechanism, monomolecular
reaction mechanism, and pseudo-monomolecular reaction
mechanism,">?*7*77 as shown in Scheme 2. In the
bimolecular reaction mechanism, two 1-butene molecules
dimerize to form Cg molecules such as dimethylhexene
(DMH) and trimethylpentene (TMP), and then they undergo
isomerization and cracking reactions to form isobutene. In
addition, Cg molecules also further crack to produce
byproducts such as propylene and pentene. In terms of
monomolecular and pseudomonomolecular mechanisms, 1-
butene can be selectively converted to isobutene. According to
the above-mentioned reaction mechanisms, we emphatically
analyzed the yields of isobutene and propylene to study the
effect of alkaline treatment on the catalytic performances of
ZSM-22 zeolite. As shown in Figures 10 and SS, the overall
isobutene yields of ZSM-22-x series samples were about 40%.
The isobutene yield of the ZSM-22-P sample was 29% at 0.5 h
and 38% at 10 h. Conversely, the propylene yields of ZSM-22-
x series samples were all much lower than that of the ZSM-22-

Scheme 2. Simplified Reaction Mechanisms of 1-Butene Skeletal
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Figure 10. Results of (a) isobutene yield, (b) propylene yield, and (c) isobutene selectivity of ZSM-22-P, ZSM-22-x, and ZSM-22-x-H series
samples vs TOS in the skeletal isomerization of 1-butene to isobutene.

P sample. As a result, the isobutene selectivities of ZSM-22-x
series samples were higher than that of the ZSM-22-P sample.
These results showed that the overall catalytic performances of
the alkaline-treated ZSM-22 series zeolites were better than
that of ZSM-22-P zeolite. Moreover, information related to the
catalytic performances of ZSM-22 zeolite in the 1-butene
skeletal isomerization reaction at a reaction temperature of 400
°C in other studies is presented in Table 4. Clearly, except that

Table 4. Comparison of Catalytic Properties of ZSM-22
Zeolites Evaluated at 400 °C

reaction WHSV  isobutene isobutene
sample pressure (h7")  yield (%) = selectivity (%) refs
1 0.5 atm 150 <30 80—90 28
2 0.6 atm 200 <30 70-85 29
3 0.5 atm 150 <37.5 <70 30
4 0.5 atm 44 <37.5 74
S atmospheric 14 ca. 40 ca. 60-75 in this
pressure study”

“Alkaline-treated ZSM-22 series samples.

the isobutene selectivities of samples 1 and 2 were higher than
those of ZSM-22-x series samples, the overall catalytic
performances of samples studied by other groups were lower
than those of the ZSM-22-x series samples in this study. It is
clear that the space velocities used in other studies were higher
than that applied in this study, and their reaction pressures
were lower than the atmospheric pressure. Considering that a
higher reactant pressure and lower space velocity easily lead to
the dimerization reaction of 1-butene and then reduce the yield
and selectivity of isobutene,”® ZSM-22-x series samples
showed relatively better catalytic properties under the reaction
conditions that were unfavorable to gain high isobutene
selectivity with respect to the catalytic performances of ZSM-
22 zeolites obtained in other studies at a reaction temperature
of 400 °C.

In order to find the reason for the high isobutene yields and
selectivities of ZSM-22-x series samples, we compared the
isobutene and propylene yields between ZSM-22-x and ZSM-
22-x-H series samples (Figures 10 and SS). It was noticed that
the higher Bronsted acid contents caused a decrease in the
isobutene yield and an increase in the propylene yield and thus
the decrease in the isobutene selectivity. Therefore, combined
with the results of NH;-TPD, Py-IR, and activity, we
concluded that the improved isobutene yields and selectivities
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of ZSM-22-x series samples are derived from their reduced
Bronsted acid contents.

3.3. Relationship between the Location of Carbon
Deposition and Catalytic Performances of ZSM-22
Series Zeolites. In the acid catalytic reactions of hydrocarbon
transformation, zeolite catalysts are often confronted with the
deactivation phenomena originating from the formation of
coke.”” Because carbon deposition is precisely caused by a
series of acid-catalyzed side reactions, its properties can
conversely reflect some characteristics of the acidic sites of
zeolite catalysts. In an effort to gain a better understanding of
the factors affecting the catalytic performances of ZSM-22
series zeolites, it is necessary to study the properties of the
carbon deposition formed during the reaction process.

Figure 11a,)b exhibits the coke contents of used ZSM-22-x
and ZSM-22-x-H series samples, respectively. The results
showed that the contents of coke deposited on used ZSM-22-x
series samples basically remained in the range of 7—9%, except
for the ZSM-22-0.3 sample. The acid-washing treatment did
not significantly affect their coke contents. However, it is worth
noting that the temperatures corresponding to the maximum
change rate of weight loss were overall lower for ZSM-22-x
series samples with respect to ZSM-22-P and ZSM-22-x-H
series samples, as indicated by the differential thermogravi-
metric curves shown in Figure 11c,d. This phenomenon is
attributed, on the one hand, to the property differences of
carbon deposition on the two series of samples,”®”” and on the
other hand, to the location of carbon deposition.*’

To shed light on the chemical nature of the deactivated
species, we utilized Raman spectroscopy to characterize the
used ZSM-22-x and ZSM-22-x-H series samples. As shown in
Figure 12, all of the coked samples exhibited peaks around
1170—1180 and 1390—1400 cm™ corresponding to the C—H
bond vibration of coke species.*"** Additional bands at 1605—
1610 cm™! related to conjugated olefins species® were also
observed. Obviously, the relative intensities of these bands
were similar, which emphasizes the comparable coke properties
for the coked ZSM-22-x and ZSM-22-x-H series samples.
Therefore, it was speculated that the locations of carbon
deposition on the surfaces of ZSM-22-x and ZSM-22-x-H
series samples were different. In order to distinguish the
location of coke deposition on each sample, the TG/MS-TPO
instrument was used. Figure 13 presents the TPO profiles of
the spent ZSM-22-x and ZSM-22-x-H series samples, where
two peaks corresponding to two types of cokes, coke types I
and II, were distinguished. Moreover, significant differences
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Figure 12. Raman spectra of (a) ZSM-22-x and (b) ZSM-22-x-H series samples.

were observed in the relative amounts between coke types I
and II. Clearly, the content of coke type I for ZSM-22-x series
samples was higher than that for ZSM-22-P and ZSM-22-x-H
series samples, while the reverse trend was observed for the
coke type II content (Figure 13 and Table S3). It is widely
recognized that the combustion of coke type II occurs at
higher temperatures due to the constraints imposed by zeolite
micropores. Naturally, coke type I is located on the external
surface.”” Therefore, it was expected that compared with ZSM-
22-P and ZSM-22-x-H series samples, the effective active sites
for the isomerization reaction of ZSM-22-x series samples were
mainly located on the outer surface. Together with the results
of catalytic performances, we can further confirm that the
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improved catalytic performances of ZSM-22-x series samples
were attributed to the fact that the extra-framework Al
extracted from the framework during the alkaline treatment
partially covered the external Bronsted acid sites.

3.4. Relationship between the Amounts of External
Acid Sites and Catalytic Performances of ZSM-22 Series
Zeolites. The above results suggest that the catalytic
performances of ZSM-22 zeolite can be improved by reducing
its external Bronsted acid site density. In order to gain deeper
insights into the relationship between the isobutene yield and
selectivity and external acid site density of ZSM-22-P samples,
and to further elaborate the effect of alkaline treatment on the
reduction of the available outer acid site density of ZSM-22-P
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Scheme 3. Modification of External Acid Sites of ZSM-22 Zeolite
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sample, we explored the dependence of its external acid sites
and its catalytic performances according to the experimental
protocols shown in Scheme 3.

Because the template agent was filled in its microporous
channels (Figure S6 and Table S4) and retained intact under
experimental conditions (Figure S7), it can be assumed that its
active sites were located only on its external surface for the
NH,-form uncalcined ZSM-22 zeolite. Furthermore, consider-
ing that the calcination treatment can reduce the number of
acid sites to a certain extent in the case of zeolite,** the NH,-
form uncalcined ZSM-22 sample was calcined to obtain
samples with fewer external acid sites, i.e, H-form calcined
ZSM-22 sample. In addition, as the size of tetraethyl
orthosilicate (TEOS) (10.3 A*) is much larger than the
pore size of ZSM-22 zeolite (4.6 X 5.7 A%, 10MR),* the
chemical liquid deposition method of TEOS could only
passivate the external acid sites of zeolite.”> Therefore, ZSM-22
zeolite samples with fewer external acidic sites (M-calcined
ZSM-22 and M-uncalcined ZSM-22) can be further prepared
by chemical liquid deposition.

The catalytic properties of the above-mentioned four
samples were all evaluated (because the NH,-form uncalcined
ZSM-22 zeolite was pretreated for 30 min in a N, atmosphere
at 400 °C before reaction (see Section 2.5) and the NH,-form
zeolite will undergo a deamination reaction and then change
into the H-form zeolite at 400 °C,”’~*” NH,-form uncalcined
ZSM-22 zeolite can be directly used to catalyze the reaction).
As expected, their activities at 10 h followed the sequence as
follows: NH,-form uncalcined ZSM-22 > H-form calcined
ZSM-22 = M-uncalcined ZSM-22 > M-calcined ZSM-22
(Figure 14). However, their isobutene yields and isobutene
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Figure 14. Comparison of 1-butene conversion, isobutene yield, and
isobutene selectivity at 10 h of the NH,-form uncalcined ZSM-22, H-
form calcined ZSM-22, M-uncalcined ZSM-22, and M-calcined ZSM-
22.

selectivities were in the opposite order. These results indicated
that the catalytic performances of ZSM-22 zeolite improved
with the decrease of the amount of its external acidic sites,
which indirectly confirms the effect of alkaline treatment on
the external acidic sites of ZSM-22 zeolite. In addition, the
external acid sites of ZSM-22-P, ZSM-22-0.9, and ZSM-22-0.9-
H samples were also passivated by TEOS, respectively. Their
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Scheme 4. Reason for the Improvement in Isobutene Selectivity of ZSM-22 Zeolite by Alkaline Treatment

ctr—=cC

ZSM-22

CH, == CH — CH, —CH,

/ \ / 5\
/ \ J \,
H* H H* 3
o o o .

CHy— C— CH, <—— CH, — C* — CH,

| \
CH,

CH,* —CH — CH,

CH,

cyclopropyl cation

ol l [ ]
desilicated ZSM-22

respective catalytic results at 10 h are shown in Figure 1S.
Similarly, their activities decreased with respect to their
respective unpassivated samples, indicating that some of the
external acid sites were successfully passivated by TEOS. All of
their selectivities for isobutene increased after partial
passivation of their external active sites. Moreover, the
isobutene yield of the M—ZSM-22-0.9-H sample higher than
that the ZSM-22-0.9-H sample, but the isobutene yield of the
M—ZSM-22-0.9 sample was lower than that of the ZSM-22-0.9
sample. These phenomena confirmed again that the improved
catalytic performance of ZSM-22 zeolite originates from its
decreased external acidity, but excessively low contents of
external acid sites will result in its lower isobutene yield. These
results also indirectly demonstrated that the enhanced catalytic
performances of ZSM-22-x series samples were caused by the
partial coverage of the external Breonsted acid sites by
redeposited extra-framework Al in the process of alkaline
treatment.

3.5. Essential Reason for the Improved Catalytic
Performances of ZSM-22-x Series Zeolites. As shown in
Scheme 2, two types of reaction mechanisms lead to the high
isobutene selectivity in the skeletal isomerization reaction of 1-
butene: (i) a pseudomonomolecular mechanism (alkylaro-
matic tertiary carbenium ion acting as the active site) and (ii) a
monomolecular mechanism (proton acting as the active site).
However, according to the results shown in Figures 11 and 12,
the amounts and properties of coke deposited on ZSM-22-P
and ZSM-22-x series samples were similar. In addition, as
shown in Figure S8, the selectivity of isobutene was dependent
only on the contact time between 1-butene and acid sites and
is not affected by the resulting carbon deposition. Therefore,
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the main reaction mechanism resulting in high isobutene
selectivity is the monomolecular reaction mechanism.

In this study, due to the formation of an Al-rich layer in the
desilication process, the acid sites on the outer surface of ZSM-
22 zeolite were partially covered (see Scheme 1). This
phenomenon led to a decrease in its external acid sites. Figure
10 shows that the propylene yield of the parent ZSM-22 zeolite
is 5—7% higher than those of the alkaline-treated ZSM-22
series samples under similar isobutene yields. It was reported
that the closer the distance between the acid sites, the more
conducive it is to the occurrence of dimerization reaction”””’
and then the formation of propylene and other byproducts by
the subsequent cracking reaction. Therefore, we proposed the
following mechanism for the effect of alkaline treatment on
catalytic performances of ZSM-22 zeolite. As shown in Scheme
4, due to the abundant acidic sites distributed on the external
surface of the parent ZSM-22 zeolite, the adjacent protonated
1-butene molecules are prone to dimerize into Cg molecules,
which are further isomerized and cracked into propylene and
other byproducts, thereby reducing the yield and selectivity of
isobutene. For the alkaline-treated ZSM-22 zeolites, the partial
coverage of their external acidic sites resulted in a greater
distance among a part of the effective acid sites, which induced
the occurrence of the selective skeletal isomerization of 1-
butene by the direct interaction of individual 1-butene
molecules with single active sites (ie, the monomolecular
pathway). Therefore, the key to improve the catalytic
performances of ZSM-22 zeolite in the skeletal isomerization
reaction of 1-butene is the proper amount of external acid sites.

https://doi.org/10.1021/acsomega.2c05478
ACS Omega 2023, 8, 14349—-14364


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05478/suppl_file/ao2c05478_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05478?fig=sch4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

4. CONCLUSIONS

By treating the parent ZSM-22 zeolite with different
concentrations of alkaline aqueous solution, it was found that
the alkaline solution could cause partial dealumination, and
then the extracted framework Al debris was redeposited on the
outer surface, thus reducing the Bronsted acid site density. The
subsequent acid-washing treatment can effectively remove the
Al debris. Simultaneously, the amounts of Brensted acid sites
showed an increasing trend. After alkaline-treated samples and
acid-treated samples were respectively applied in the skeletal
isomerization reaction of 1-butene, the catalytic performances
of the alkaline-treated samples were found to be significantly
improved, while the isobutene yield and selectivity decreased
sharply for subsequent acid-washed samples. By evaluating the
coke distribution of coked samples, it was found that the coke
was mainly deposited on the external surface of the alkaline-
treated ZSM-22 zeolite. Moreover, the phenomenon of a lower
content of external acidic sites of ZSM-22 zeolites leading to
their higher catalytic performances was observed by partially
passivating their external acid sites. The overall results of our
work suggest that the reason for the enhanced catalytic
properties of ZSM-22 zeolite is ascribed to the monomolecular
reaction of 1-butene over external diluted acidic sites. The
conclusion obtained is expected to provide a direction to
improve the catalytic performance of other 10-ring channel
zeolites in the skeletal isomerization of 1-butene.
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