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14 ABSTRACT: Hierarchical ZSM-48, a one-dimensional pore system zeolite with the presence of mesopores, was obtained by
15 post-synthesis alkaline and acid treatments. Hierarchical ZSM-48 exhibited excellent hexane cracking activity compared to parent
16 ZSM-48, which can be attributed to better di usion as a result of the created mesoporosity. Moreover, the post-synthesis
17 treatment allowed for manipulation of the distribution of active sites. Consequently, better stability and higher propylene
18 selectivity were accomplished. The spent catalyst was regenerated by removing the deposited coke from the pores, and the
19 regenerated catalyst was characterized again to investigate the recyclability of the hierarchical structure achieved. Parent ZSM-48
20 showed the same textural and acidic properties after regeneration, while the structure of the post-treated sample su ered from
21 serious defects. The defects severely decreased the number of active sites as measured by pyridine Fourier transform infrared
22 spectroscopy and caused major structural collapse as observed by scanning electron microscopy and transmission electron

23 microscopy.

1. INTRODUCTION

24 The demand of light ole ns, especially ethylene and propylene,
25 is growing fast because they represent the raw materials for
26 di erent petrochemical industries.” * Naphtha cracking is the
27 major process, which supplies the requested amounts of these
28 ole ns.* The catalytic cracking of naphtha is a more promrsrng
29 technology to boost the selectivity toward desired products

30 Zeolites are representing the most favorable catalyst in such a
31 type of reaction as a result of their cost-e ectiveness and good
32 cracking performance.®® One-dimensional zeolites, which have
33 rarely been used because of their quick deactivation problem
34 are given higher selectrvrty toward light ole ns compared to
35 three-dimensional zeolites.*° The main cause of deactivation
36 in one-dimensional zeolites is due to di usion limitation, which
37 gives a chance for severe naphtha crackmg and, consequently,
38 deposition of coke inside the pores. Therefore, many
39 groups applied post- synthesis desilication and dealumination to
40 enhance the di usion and create more mesogorosrty and
41 developed what is called as hierarchical zeolites."

42 ZSM-48 (MRE) is one-dimensional zeolite with a 10-
43 membered ring pore system with a pore opening of 5.3 x 5.6 A.
44 It is known as a high-silica zeolite with a disordered structural
45 framework of ferrierite sheets connected together.?>?* ZSM-48
46 showed interesting catalytic performance in di erent reactrons
47 such as hexane hydrocrackrng,21 hexane cracking,® and
48 methanol to hydrocarbons.?”

7 ACS Publications  © xxxx American Chemical Society

Fluid catalytic cracking (3FCC) is the second most major unit 49
of propylene production.”® Catalyst bed uidization is one of so
the successful process design solutions to overcome the quick s1
catalyst deactivation.*** In this process, the catalyst is s
continuously regenerated to preserve a certain level of s3
performance.?®> The regenerator part is simp 6y a furnace used s4
to burn the formed coke over the catalyst.?® Therefore, it is s5
highly important to study the e ect of the regeneration process s6
on the properties of the catalyst to ensure the same s7
performance when the catalyst is reused again. 58

The main scope of this work is to investigate the changes in s9
physiochemical properties of the regenerated post-synthesis- 6o
treated ZSM-48 catalyst after they were evaluated in hexane s:
cracking. Hexane is commonly used as a model compound for 2
light naphtha.?"?® This work will be helpful to judge and assess 63
the stability and durability of the post-synthesis-treated route in 64
preparing hierarchical zeolites, especially because the structure es
of these hierarchical zeolites is su ering from serious defects. 66
The durability and preservation of zeolite properties are highly 67
required for the catalyst, which will be used in FCC or any es
process because the calculations of material balance of 69
separation units will be based on product selectivity. 70
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2. EXPERIMENTAL SECTION

2.1. Synthesis of Parent ZSM-48. A crystalline phase of ZSM-48
was synthesized by dissolving 0.48 g of NaOH in 54 mL of deionized
water. A total of 0.08 g of Al(OH); was added to the solution as a
source of Al. After the solution became homogeneous, 0.91 g of
hexamethonium bromide was added as an organic structure-directing
agent (OSDA). Later, 9 g of fumed silica was added slowly to the
solution as a source of silica. The gel was stirred for 6 h in room
temperature before it was transferred to a Te on-lined stainless-steel
autoclave. The nal gel composition was SiO,/0.0033Al,0,/0.08
NaO,/0.0167HMBr/20H,0. The polytetra uoroethylene (PTFE)
holder was placed in a conventional oven for 72 h at 190 °C. The
Si/Al ratio of the gel was 150. The products were then washed several
times with distilled water to normalize the pH to 7.

2.2. Preparation of Hierarchical ZSM-48. Post-synthesis
treatments were applied on calcined ZSM-48 crystals, which were
obtained in section 2.1. Typically, 1 g of parent ZSM-48 was treated
with 30 mL of solution of 0.15 M NaOH at 75 °C for 30 min. The
powder was then separated and washed. The sample was named as
ZM-0.2. Another hierarchical sample was prepared by expose the
alkaline-treated sample to one-step acid treatment by nitric acid. A
total of 1 g of alkaline ZSM-48 was added to 30 mL of 2 M HNO,.
The treatment was performed at 75 °C for 20 min. The remaining
powder was separated and washed by distilled water several times. The
protonated form of the parent and post-treated samples were obtained
by ion exchange with 2 M NH,NO; at 80 °C for 30 min. The nal
calcination was performed at 550 °C for 12 h to obtain the H form of
the zeolite.

2.3. Catalytic Performance Evaluation. Catalytic cracking of n-
hexane was performed in a xed-bed reactor connected online to
Shimadzu GC-2014. Typically, 100 mg of the catalyst was pelletized in
the range of 300 500 nm, loaded in a quartz tube supported over glass
wool, and placed inside the furnace. Hexane was fed to the reactor by a
syringe pump at a rate of 1.2 mL/h derived by nitrogen as a carrier gas
with a rate of 20 mL/h. The weight hourly space velocity (WHSV)
was adjusted to 8 h 1. Before starting the reaction, the catalyst was
calcined for 30 min at 650 °C in air ow with a rate of 20 mL/h. The
reaction was performed at 650 °C.

2.4. Characterization. MiniFlex, a Rigaku di ractometer with Cu
K radiation, was used to record X-ray di raction (XRD) patterns of
the dried solid powder products. The analysis was performed in the
range of 5 50° of 2 with a scan step of 0.03° and a counting time of
4 s for each step. Field-emission scanning electron microscopy (FE-
SEM) was used to study the morphology and chemical composition of
the samples (LYRA3 dual beam, TESCAN) equipped with energy-
dispersive X-ray spectrometry (EDX, Oxford Instruments) operated at
an acceleration voltage of 30 kV. N, adsorption desorption was
measured using a Micromeritics ASAP 2020 porosimeter. Prior to
measurement, the samples were degassed at 623 K for 12 h to remove
any possible adsorbed gases. Thermogravimetric analysis and di er-
ential scanning calorimetry (TGA/DSC) experiments were carried out
under argon gas using a heating rate of 10 K/min up to 973 K.
Pyridine adsorption was followed by infrared (IR) spectroscopy
(Nicolet 6700 spectrometer) in transmission mode. Spectra were
recorded at 4 cm ! spectral resolution, an undersampling ratio of 4,
and a speed of 20 kHz. Samples of fresh catalysts were rst pressed
into thin wafers and then activated in situ in the IR cell under
secondary vacuum (10 ® mbar) at 773 K. After that, the sample cooled
to 423 K and pyridine was introduced to the cell for 30 min.

Solid-state 2’Al magic angle spinning nuclear magnetic resonance
(MAS NMR) was performed in a Bruker Avance 400 MHz. A 4000
spinning rate was used for the treated samples. Aluminum sulfate was
used as a standard for the aluminum peak.

Transmission electron microscopy (TEM) was carried out ina eld
emission gun FEI F30 electron microscope, equipped with a STEM-
HAADF module, an EDAX EDS detector, and a Gatan Tridiem energy

Iter (EELS/EFTEM) with a charge-coupled device (CCD, 2000 x
2000). Prior to observation, the samples were dispersed in ethanol and

a few drops of the suspension were placed onto a carbon-coated 138
copper microgrid. 139

3. RESULTS AND DISCUSSION

3.1. Changes in ZSM-48 Crystallinity. 3.1.1. Changes in 140
ZSM-48 Crystallinity, Morphology, and Composition as a 141
Result of Post-Synthesis Treatments. The post-synthesis 142
treatments, which were applied on ZSM-48, resulted in some 143
structural defects, as noted in XRD patterns in Figure 1. 14411
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Figure 1. XRD patterns of parent and hierarchical ZSM-48 catalysts
before reaction and after regeneration.

Successful extraction of some Si species from the framework of 145
ZSM-48 was achieved as a result of the treatment with 0.2 M 146
NaOH. This Si extraction was con rmed by EDX results, which 147
show that the Si/Al ratio in parent ZSM-48 decreased from 150 148
to 83 after alkaline treatment, as shown in Table 1. However, 14911

Table 1. Si/Al Ratios and Crystallinities of Fresh and
Regenerated ZSM-48 Samples

sample Si/Al relative crystallinity
parent ZSM-48 150 100
ZM-0.2 83 76
ZM-0.2-HNO, 173 94
parent ZSM-48 R 91
ZM-02 R 69
ZM-0.2-HNO; R 62

excessive Al removal was observed after sequential acid 150
treatment for the desilicated sample. Upon the literature 151
survey, it appears that the desilication treatment of one- 152
dimensional zeolites leads to the removal of some Al from the 153
framework.**° Removed Al does not have the a nity to stay 154
in the alkaline solution; therefore, it favors to be redeposited 1s5
again on the outer pores of the crystals, as some researchers 1s6
called realumination.>*° The deposition of this amorphous 157
layer of non-framework Al usually causes a reduction in zeolite 158
crystallinity, which explains the reduction in the crystallinity of 159
ZM-0.2 to 76% compared to parent ZSM-48, besides the 160
structural defects caused by desilication. Consequently, to 161
remove extra-framework Al (EFAI) species, the previous 162
alkaline treatment of ZSM-48 was followed by an acid 163
treatment. E ectively, the acid treatment recovered the 164
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165 reduction in crystallinity of ZM-0.2 because it has again
166 increased to 94% in ZM-0.2-HNO3, which makes it possible to
167 claim the 6% reduction in the crystallinity to the demetalation
168 defects. In fact, the e ect of acid treatment was not limited only
169 to EFAI species but also reached framework Al because the
170 EDX result of ZM-0.2-HNO; shows that the Si/Al ratio is 173,
171 which is even higher than the parent sample.

172 The change in morphology of parent and treated ZSM-48
173 was examined by a SEM micrograph, as presented in Figure 2.

Figure 2. SEM micrographs of parent and hierarchical ZSM-48
catalysts before reaction and after regeneration.

174 The parent ZSM-48 image shows typical cylindrical crystals of
175 ZSM-48 in an average length of 400 500 nm. After the
176 desilication treatment, sample ZM-0.2 shows more agglomer-
177 ation, which can be explained by the deposition of amorphous
178 Al in the space between the crystals. However, this
179 agglomeration was not observed in the ZM-0.2-HNO; sample,
180 Which con rms the previous hypothesis.

181 The created mesoporosity on treated sample ZM-0.2-HNO4
182 was observed clearly on TEM images, as shown in Figure 3.
183 Mainly, intercrystalline mesopores was observed in the range of
184 10 20 nm.

1865 3.1.2. Changes in Crystallinity as a Result of Catalyst
186 Regeneration. Relative crystallinity was measured after all of
187 the tested samples were calcined to reactivate the catalyst by

Figure 3. TEM and scanning transmission electron microscopy
(STEM) images of parent and hierarchical ZSM-48 before reaction
and after regeneration.

removing the coke. Crystallinity is an important indication for 1ss
zeolite structural quality. The decrease in relative crystallinity is 189
usually due to either the presence of the amorphous phase 19
together with the crystalline phase, structural collapse, or both 191
reasons together. The relative crystallinity of parent ZSM-48 192
was decreased to 91% after the testing and regeneration, which 193
is acceptable as a result of the high temperature used in the 194
reaction, which was 650 °C. The relative crystallinity of the 195
desilicated sample ZM-0.2 was extremely decreased, as 19
discussed before; furthermore, it was subjected to decrease 197
more to reach 69% after coke removal. Surprisingly, after the 198
relative crystallinity of ZM-0.2-HNO; was recovered by acid 199
treatment, as discussed previously, it was signi cantly decreased 200
from 94 to 62% after the reaction and regeneration (Figure 4). 201 14
De nitely, this decrease is not a good sign for catalyst stability, 202
and major changes in textural and acidic properties are 203
expected. 204

Figure 4. Nitrogen adsorption desorption isotherms of parent and
hierarchical ZSM-48 catalysts before reaction and after regeneration.

3.2. E ects on Physiochemical Properties of ZSM-48. 205
3.2.1. Changes in Textural Properties as a Result of Post- 206
Synthesis Treatments. Typical post-synthesis demetalation 207
treatments that caused di erent changes in textural properties 208
depend upon many factors, such as the strength of the zeolite 209
structure, Si/Al ratio, and treatment conditions. In the case of 210
ZSM-48 here, the treatment with 0.2 M NaOH caused an 211
increase in the mesoporosity surface area from 32 to 45 m?/g as 212
a result of the creation of more mesopores, as presented in 213
Table 2. However, on the other hand, microporosity was 214t
decreased from 201 m?/g in the case of parent ZSM-48 to 191 215
m?/g, which can be attributed to the deposition of EFAI species 216
on the pores. 217

The non-framework Al species were later removed by 218
applying acid treatment, which gave a signi cant increase in 219
microporosity from 191 m?/g in ZM-0.2 to 226 m?/g in ZM- 220
0.2-HNO,, as presented in Table 2. The amount of 221
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Table 2. Textural Properties of Parent, Treated, and
Regenerated ZSM-48 Zeolites

Snry'cru SrEeso Vtgtal \Y S0
sample (m</g) (m</g) (cm*/g) (ecm*/g)
parent ZSM-48 201 32 0.027 0.0015
ZM-0.2 191 45 0.038 0.0092
ZM-0.2-HNO, 126 48 0.043 0.0127
parent ZSM-48 R 100 31 0.027 0.0015
ZM-0.2-HNO; R 125 90 0.057 0.0361

222 microporosity after the sequential alkaline and acid treatments
223 was more than what was observed in parent ZSM-48. This
224 increment in microporosity gave an indication that the parent
225 sample had some amount of non-framework Al species block
226 some of the pores, which were e ectively removed by acid
207 treatment. This assumption was strongly supported by /Al
228 NMR analysis of parent and treated ZSM-48 samples, as shown
229 in Figure 5. The spectra show that the parent ZSM-48 sample

Figure 5. 2’Al NMR of parent and hierarchical ZSM-48.

230 has a small broad peak around O ppm, which is attributed to
231 non-framework Al. This peak becomes bigger in the case of
232 ZM-0.2, which is an indication that more non-framework Al
233 species appeared in this sample. After the acid treatment, this
234 peak totally disappeared, as a de nite sign of removing non-
235 framework Al species. Therefore, both micro- and mesoporos-
236 ities were increased by the acid treatment.

237 The pore size distribution, achieved by applying the Barrett
238 Joyner Halenda (BJH) method, is presented in Figure 6. The
239 pore size distribution is showing that ZM-0.2-HNO; has the
240 highest mesoporosity compared to other samples and the
241 mesopore size is around 25 50 nm.

242 3.2.2. Changes in Textural Properties as a Result of
243 Catalyst Regeneration. The spent samples, after catalytic
244 evaluation testing in hexane cracking of ZSM-48, were calcined
245 at 550 °C for 6 h to study the e ect of regeneration on textural
246 properties. Parent ZSM-48 showed the same micro- and
247 mesoporosities after regeneration. This observation con rms
248 that the structure of parent ZSM-48 was not a ected by coke
249 removal and the porosity was preserved. On the other hand, the
250 hierarchical sample, which was achieved by sequential alkaline
251 and acid treatments of ZM-0.2-HNO,, exhibited dramatic
252 changes in textural properties. A massive decrease in micro-
253 porosity was noted on ZM-0.2-HNO; after regeneration, as a

=

ey

Figure 6. BJH pore size distribution of parent and hierarchical ZSM-

quarter of these pores was lost, as shown in Table 2. In the 254
meantime, the mesoporosity was increased from 48 to 90 m?/g 255
after the calcination and coke removal. These results are in a 256
good agreement with XRD results of crystallinity, which were 257
discussed before. It seems that the majority of microporosity 258
was destroyed and converted to larger pores and the created 259
amorphous silica blocked some of the microporosity. 260

3.3. E ects on ZSM-48 Acidity. 3.3.1. Changes on 261
Acidity as a Result of Post-Synthesis Treatments. The defects, 262
which were created on the ZSM-48 structure, caused critical 263
variations in acidity distribution between Brgnsted and Lewis 264
active sites, as observed by pyridine Fourier transform infrared 265
spectroscopy (FTIR) analysis (Figure 7). After the desilication 266 7
treatment, the amount of Lewis acidity was considerably 267
increased from 12.2 to 20.4 mmol/g, as shown in Table 3. The 26813
increase in Lewis acidity can be attributed to the formation of 269

Figure 7. Pyridine FTIR adsorption spectra of parent and hierarchical
ZSM-48 hefore reaction and after regeneration.
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Table 3. Acidic Properties and Deposited Coke of Fresh and
Regenerated ZSM-48 Zeolites

Bransted acid  Lewis acid total acidity
sites sites (B+L) coke
sample (mmol/g) (mmol/g) (mmol/g) (%)
parent ZSM-48 327 12.2 449 6.9
ZM-0.2 143 204 34.7 24
ZM-0.2-HNO; 24.9 15.9 408 21
parent ZSM-48 R 29.7 124 421
ZM-02 R 141 25.7 39.8
ZM-0.2-HNO3 R 10.2 95 29.7

270 more EFAI species, besides the removal of some Si from the
271 ZSM-48 structure. Meanwhile, the Bransted acidity of the ZM-
272 0.2 sample was remarkably decreased to reach almost half the
273 amount in the parent ZSM-48 sample. This decrease can be
274 explained by the deposition of EFAI species on the active
275 Brgnsted sites.

276 The sequential acid treatment, which followed the alkaline
277 treatment, removed a considerable amount of non-framework
278 Al, which consequently opens access to the blocked Bransted
279 sites; therefore, Bregnsted acidity was increased from 14.3
280 mmol/g in the case of the ZM-0.2 sample to 24.9 mmol/g in
281 the case of ZM-0.2-HNOs. In the meantime, the Lewis acidity
282 was decreased from 20.4 to 159 mmol/g because of the
283 removal of EFAI species, as con rmed by 2’Al NMR results.
284 3.3.2. Changes in Acidity as a Result of Catalyst
285 Regeneration. The acid active sites were calculated after the
286 spent samples were regenerated, as presented in Table 3. The
287 Lewis active sites did not change after regeneration, while the
288 Bronsted acidity was slightly decreased in the case of the parent
289 ZSM-48 sample, which indicates good structural stability.
200 Interestingly, a considerable decrease in both Lewis and
201 Brgnsted acidities was observed on hierarchical sample ZM-
202 0.2-HNO; after regeneration. Basically, regeneration was
293 performed to reactivate the catalyst by removing the deposited
204 coke, which was attached to the active sites as a result of

excessive cracking. With reference to Brunauer Emmett 205
Teller (BET) and XRD results of the ZM-0.2-HNO; sample, 296
which showed a large increase in mesoporosity and an extensive 297
decrease in microporosity and crystallinity, it will be possible to 208
conclude that the removal of coke in the regeneration step 299
caused a leaching in framework Si and formed non-framework 300
silicon species, which are catalytically inactive. Unfortunately, 3oz
this conclusion is showing that the hierarchical structure of 302
ZSM-48 fabricated by the post-synthesis route was very weak 3o3
compared to the parent ZSM-48 sample because critical 304
transformation of the tetrahedral Si coordination to extra- sos
framework Si species was noted. This extraordinary decrease in 306
both active sites and microporosity is a clear sign for major 3oz
structural collapse. The stable structure of the parent ZSM-48 308
sample was capable of maintaining the same textural and acidic 309
properties after regeneration, even though it was loaded by a 310
higher amount of coke at 6.9% compared to 0.8% on ZM-0.2- 311
HNO; (Table 3). 312

3.4. Hexane Cracking over Hierarchical ZSM-48. The s13
catalytic cracking performance of parent ZSM-48 was not 314
exciting because the initial conversion of hexane did not exceed 315
20%, as shown in Figure 8. This modest performance can be 31618
attributed to the entrapping of some products inside the pores 317
and subjected to further cracking, which resulted depositing 318
coke on the pores. This hypothesis was con rmed by the large 319
amount of coke formed on this sample (6.9%), as presented in 320
Table 3. Moreover, the desilicated sample ZM-0.2 showed 321
worse cracking results compared to parent ZSM-48. The initial 322
hexane conversion was ca. 13% and declined to less than 10% 323
after 140 min on stream. These results are in good agreement 324
with di usion results, which were discussed in section 3.2.1, in 325
which the EFAI species eliminated the di usion of the reactant 326
and products through the pores. 327

On the other hand, the sequentially treated sample ZM-0.2- 328
HNO; exhibited signi cant enhancement in the cracking 329
performance compared to the other samples. The initial 330
conversion was 55% and declined to 30% after 140 min time 331

Figure 8. Product selectivity and hexane conversion over parent and hierarchical ZSM-48. Reaction conditions: catalyst weight, 10 mg; WHSV, 8

h L and temperature, 650 °C.

DOI: 10.1021/acs.energyfuels.7b02796
Energy Fuels XXXX, XXX, XXX XXX


http://dx.doi.org/10.1021/acs.energyfuels.7b02796

Energy & Fuels

332 on stream (TOS). The hierarchical structure of ZM-0.2-HNO;
333 0 ered better selectivity toward propylene because the initial
334 yield reached 34% compared to only 13% in the case of parent
335 ZSM-48. The observed improvement in catalyst activity can be
336 explained by the existence of more mesoporosity, which
337 facilitated the di usion. Moreover, the increase in Lewis acidity
338 in ZM-0.2-HNO; compared to parent ZSM-48 enhanced the
339 dehydrogenation of para ns to produce more ole ns, as
30 known by secondary reaction.”” Those two factors together
341 reduced the formation of coke because only 2.4% of coke
342 formed after 140 min. Moreover, the total yield of ole ns
343 increased from 18 to 40%, which gives an important advantage
344 to the created hierarchical structure, as shown in Table 4.

Table 4. Product Yield of Parent and Hierarchical ZSM-48

sample TOS (min) para ns ole ns aromatics
parent ZSM-48 15 122 18.4 04
80 94 134 0.4
140 7.1 10.4 04
ZM-0.2-HNO; 15 230 403 0.0
80 19.3 30.8 0.0
140 151 220 0.0

345 Recently, it is becoming undoubtable that the hierarchical
346 Structure of zeolite gives excellent catalytic results compared to
347 the typical microporous structure. However, this work is raising
348 an important point about the stability of this structure. The
349 characterization results showed a dramatic collapse in the
350 microporous structure, which resulted in a serious decrease in
351 active sites, when the hierarchical sample was regenerated. On
352 the other hand, parent ZSM-48 exhibited the same textural and
353 acidic properties after regeneration. Consequently, regenerated
354 parent ZSM-48 is expected to give the same cracking
355 performance as in the rst cycle. However, regenerated ZM-
356 0.2-HNO; is expected to show worse catalytic performance in
357 the second cycle compared to the rst cycle. Therefore, this
358 Stability issue will be a large drawback in applying the
359 hierarchical zeolites fabricated by the post-synthesis route in
360 real industry.

4. CONCLUSION

361 Despite numerous works on post-synthesis alkaline and acid
362 treatments to design hierarchical zeolites, there was no research
363 work emphasized the stability of the achieved hierarchical
364 structure. In this work, mesoporous ZSM-48 achieved by
365 sequential alkaline and acid treatments showed excellent
366 cracking performance compared to the parent sample. Mean-
367 While, this sample exhibited poor stability after regeneration
368 because signi cant changes were observed in textural and acidic
369 properties. The structural failure of the hierarchical catalyst with
370 @ one-dimensional pore system was even observed without
371 applying the typical conditions of a FCC unit, which required
372 circulating the catalyst between the reactor and regenerator at a
373 high pressure. This circulation even required strong mechanical
374 properties for the catalyst to handle the severe environment of
375 high pressure and temperature. Therefore, to consider
376 hierarchical zeolites, fabricated by the post-synthesis route for
377 real industrial applications, e ective development in structural
378 stability should be achieved.
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