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Abstract 

The current study described the synthesis of H-ZSM-5 zeolites with hierarchical micro-meso- porosity (HM-ZSM-5-

x) via the soft-templating route, employing organosilane surfactant, 3-[(trimethoxysilyl) propyl]octyldimethyl-

ammonium chloride, as the mesoporous template. The catalytic performance was examined in the isomerization of 

o-xylene in a fixed-bed reactor at atmospheric pressure. Many techniques were conducted to characterize the cata-

lysts. The X-ray diffraction (XRD) and Fourier Transform Infra Red (FTIR) results affirmed that all mesoporous 

zeolites possess the characteristic MFI structure, as well as good crystallinity. The N2 physisorption measure-

ments signified that all HM-ZSM-5-x samples have higher surface areas and pore volumes than the micro-ZSM-5 

sample, with the mesopores accounting for the vast majority of the total surface areas and pore volumes of HM-

ZSM-5-x samples. Moreover, the mesoporosity of the obtained HM-ZSM-5-x zeolites can be simply tuned via the 

variation of the amount of TPOAC used. Compared with classical micro-ZSM-5, the HM-ZSM-5-0.15 sample pos-

sessed a higher o-xylene conversion and p-xylene yield that was attributed to its remarkable textural characteris-

tics in terms of higher surface area and prevailing mesoporous character that led to a reduced diffusion limitation. 

Importantly, the catalyst manifested superb operational stability within 50 h, indicating high resistance against 

deactivation through coke deposition. 
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1. Introduction 

The three isomers of xylene, ortho-xylene 

(1,2-dimethyl benzene, ox), meta-xylene (1,3-

dimethyl benzene, mx), and para-xylene (1,4-

dimethyl benzene, px), are potential starting 

materials in the petrochemical industry since 

they are used for the production of a wide varie-

ty of industrially important products. These 
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compounds are produced mostly from reformate, 

pyrolysis gasoline (pygas), and coke-oven [1–3]. 

o-xylene is used for manufacturing phthalic an-

hydride, which is used widely as a plasticizer. 

m-xylene is converted into isophthalic acid, a 

raw material for the production of unsaturated 

polyester resins, while p-Xylene, is oxidized to 

terephthalic acid, which is used in producing 

polyethylene terephthalate (PET) [1–3]. Among 

the three xylene isomers, p-xylene is the most 

demanded in the market, accounting for approx-

imately 83 percent of the worldwide demand for 
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xylenes [1,4–6]. The world demand for p-xylene 

has enormously increased over the past few 

years and is expected to increase in the future 

further [7]. Accordingly, isomerization of the 

low-valued of o- and m- xylene to p-xylene has 

attracted a great deal of attention in recent 

years [7]. 

Conventional HZSM-5 has been deemed an 

exceptional catalyst for xylene isomerization 

because of its high surface area, high 

(hydro)thermal stability, high acidity, and 

shape selectivity [6,7,8]. Though the mi-

croporous structure endows the zeolitic cata-

lysts with properties that are highly advanta-

geous to catalytic applications, it induces se-

vere mass transport limitations, prohibiting 

the bulky reactant molecules from diffusion in-

to the internal voids of zeolite to access the ac-

tive sites, thus lowering the overall catalytic 

activity [9–13]. Additionally, the pure mi-

croporosity in zeolites may also make them 

more prone to rapid deactivation during cataly-

sis arising from coke deposition [13–15]. 

An efficacious tactic to address the issues 

associated with zeolite microporosity is to in-

corporate a secondary mesoporous system in-

side the microporous zeolite framework, the so-

called hierarchical meso-microporous zeolite 

[9,10,12,13,16,17]. The resultant hierarchical 

mesoporous catalyst will not only have an im-

proved diffusion of the bulky m- and o-xylene to 

the catalytically active sites, and hence higher 

isomerization activity, but also maintain the 

shape selectivity of the microporous catalyst, 

which is responsible for high p-xylene selectivi-

ty. Moreover, the hierarchical zeolites present 

higher resistance to coke deposition [13,18]. For 

example, in 2010, Fernandez and co-workers 

[19] synthesized ZSM-5 zeolite with a hierar-

chical micro-mesoporous structure and scruti-

nized its catalytic performance for the shape-

selective isomerization of o-xylene. The hierar-

chical ZSM-5 catalyst, which was obtained by 

post-synthesis desilication with NaOH followed 

by mild HCl washing, exhibited an approxi-

mately twofold increase in p-xylene yield com-

pared to the conventional microporous counter-

part. In a recent study by Zhou et al. [20], hier-

archical mesoporous ZSM-5 zeolite was synthe-

sized by steam-assisted crystallization and 

used for the o-xylene isomerization. The meso-

porous ZSM-5 catalyst revealed a higher con-

version of o-xylene than the conventional mi-

croporous catalyst due to the reduced diffusion 

limitation. However, the hierarchical ZSM-5 ze-

olite possessed a decreased selectivity to p-

xylene in the products due to the lower shape 

selectivity of external acid sites. 

Over the past few years, several strategies 

for the preparation of hierarchical mesostruc-

tured zeolites have been reported. Generally, 

these methods can be categorized into three 

classes, namely, assembly, demetallization, 

and mixed methods. Among these strategies, 

the assembly approach has enticed notable at-

tention. The assembly methods involve the us-

age of mesopore templates to introduce the de-

sired mesoporosity into zeolite crystals, in ad-

dition to the conventional zeolite structure di-

recting agents responsible for micropore gener-

ation [14]. The assembly methods can further 

be sub-categorized into two types based on the 

physical state of the mesopore forming agent, 

viz., hard templating when the mesopore crea-

tor is insoluble in the synthesis gel and soft 

templating with soluble ones [10]. The hard or 

soft mesopore creators are incorporated into ze-

olite crystals during crystallization and then 

removed by means of combustion or acid disso-

lution leading to the formation of a hierarchical 

mesoporous zeolite. Compared to the hard tem-

plate method, the soft-template one is simpler, 

faster, and relatively cost-effective [10].   

In the soft templating approach, flexible 

species, such as surfactants and polymers, are 

used as mesopore-directing agents 

[10,16,21,22]. Materials need to satisfy the fol-

lowing prerequisites to be used as soft tem-

plates to synthesize hierarchical mesoporous 

zeolites [23]: (1) be chemically stable under the 

strong basic hydrothermal conditions in which 

zeolites are prepared, (2) be able to effectively 

interact with the silica species, (3) be cheap in 

order to make the large-scale production of 

mesoporous zeolites economically viable, and 

(4) have fiber-like morphology in aqueous solu-

tion. Throughout the last few years, several 

materials have been used as soft templates to 

synthesize hierarchical mesoporous zeolites 

[24–28]. Nevertheless, it was found that, in 

most cases, during the soft templating synthe-

sis, the conventional structure directing agent 

and the soft mesopore creators operate compet-

itively, leading to the formation of a separated 

mixture consisting of amorphous mesoporous 

siliceous material and crystalline zeolite with 

no mesoporosity [13,29]. 

To solve this situation, in 2006, Ryoo and 

co-workers [30], in their seminal work, pro-

posed the usage of rationally designed am-

phiphilic organosilane surfactants as novel soft 

mesopore-forming agents. Templates of this 

class are constructed from three main compo-

nents [14,31,32]: (1) hydrolysable alkoxysilane 

moiety that can effectively interact with the 

SiO2 and Al2O3 species via strong covalent link-

https://doi.org/10.1016/j.micromeso.2021.111640
https://doi.org/10.1016/j.jclepro.2016.08.001
https://doi.org/10.1016/j.jcat.2009.03.014
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ages, (2) one or more hydrophilic quaternary 

ammonium group that can function as zeolite 

structure directing agent, and (3) flexible hy-

drophobic long alkyl tail group, with an adjust-

able length, which facilitates the creation of 

mesoscale micelles. In this work, the am-

phiphilic organosilane (3-(trimethoxysilyl pro-

pyl)) hexadecyl dimethyl ammonium chloride 

(TPHAC) was directly added to the MFI syn-

thesis gel comprising the tetrapropylammoni-

um ion as a structure directing agent for the 

MFI zeolite. Thereafter, the resulting mixture 

was hydrothermally treated before being cal-

cined to get rid of the organosilane and the zeo-

lite structure directing agent, leading to the 

formation of a tailored mesoporous MFI zeolite. 

The authors declared that the mesopore diame-

ter of the obtained mesoporous MFI zeolite can 

be finely adjusted, typically in the range of 2–7 

nm, based on the length of the organosilane 

surfactant alkyl chain (C12 to C18) and the 

synthesis temperature. Likewise, hierarchical 

mesoporous zeolites with diverse framework to-

pologies, such as MFI, LTA, FAU, MEL, MTW, 

BEA, AFI, and CHA were successfully pre-

pared. 

With the above in mind, in this article, hier-

archical mesoporous ZSM-5 zeolites (HM-ZSM-

5-x) were synthesized via the soft-template ap-

proach, employing organosilane surfactant, 3-

[(trimethoxysilyl) propyl]octyldimethyl-

ammonium chloride, as a mesopore-forming 

agent, in the presence of the conventional mi-

cropore template, TPAOH. The molecular 

structure of TPOAC is provided in Figure 1. 

The impact of the addition amounts of OPAC 

on the structural and porous properties of the 

synthesized samples was assessed. Moreover, 

the catalytic performance was reckoned for the 

isomerization of o-xylene and compared to that 

of the microporous counterpart. The hierar-

chical structure and the consequent facile ac-

cessibility of active sites inside the ZSM-5 

structure endowed the obtained HM-ZSM-5-

0.15 catalyst with relatively higher o-xylene 

conversion and p-xylene yield compared with 

the conventional microporous ZSM-5 zeolite.  

 

2.  Materials and Methods 

2.1 Chemicals 

Tetrapropylammonium hydroxide (TPAOH, 

25 wt% in water) was purchased from Acros 

Organics. Tetraethyl orthosilicate (TEOS, 98 

wt%), aluminum isopropoxide (AIP, ≥98 wt%) 

and 3-[(trimethoxysilyl) propyl]octyldimethyl-

ammonium chloride (TPOAC, 42 wt% in meth-

anol), were supplied by Aldrich. All chemicals 

were used as received without any further pu-

rification. Bidistilled water was used in all ex-

periments. 

 

2.2 Catalyst Preparation 

Hierarchical mesoporous ZSM-5 zeolites 

were synthesized via the hydrothermal meth-

odology employing TPOAC as a mesogenous 

template. In a typical synthesis, initially, cer-

tain amounts of AIP and TPAOH were dis-

solved in bidistilled water in a polypropylene 

bottle under vigorous stirring at room tempera-

ture for about 1 h till complete dissolution. Af-

Figure 1. The molecular structure of TPOAC. 

Figure 2. Synthesis process for the preparation 

of HM-ZSM-5-x zeolites using TPOAC. 
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ter appropriate amounts of TPOAC were added 

to the above solution under strong stirring, TE-

OS was added drop by drop over a period of 30 

min. The resulting mixture was allowed to stir 

for 3 h a room temperature before being trans-

ferred into a 100 mL Teflon container inside a 

stainless-steel autoclave. Then, the autoclave 

was tightly sealed and heated for 72 h at 180 ºC 

under autogenous pressure before it was cooled 

down naturally to room temperature. The re-

sulting white product was isolated from the so-

lution via centrifugation at 10000 rpm/min for 

5 min, washed several times with bidistilled 

water, dried at 70 °C overnight and finally cal-

cined at 550 °C in airflow (100 ml/ min) for 10 h 

in a tube furnace with a heating rate of 5 

°C/min. Figure 2 displays a schematic illustra-

tion summarizing the recipe adopted for the 

preparation of mesoporous ZSM-5 zeolites. For 

comparison purposes, we also prepared a con-

ventional microporous ZSM-5 sample following 

a nearly identical synthetic route to that of the 

hierarchical mesoporous ZSM-5 zeolites except 

that no TPOAC was added and was named mi-

cro-ZSM-5. Additionally, a microporous ZSM-5 

molecular sieve, termed micro-ZSM-5, was fab-

ricated as per the reported method of Sabarish 

and Unnikrishnan [33]. 

2.2 Catalyst Characterizations 

X-ray powder diffraction patterns were ob-

tained with a Brucker AXS-D8 Advance dif-

fractometer using nickel-filtered with Cu-

Kαradiation (λ = 1.5405Å) at 30 Kev and 40 

mA with a scanning speed of 4° min−1 over dif-

fraction angle range. The textural properties of 

the obtained zeolites were determined from N2 

adsorption-desorption isotherms measured at 

liquid nitrogen temperature (−196 °C) using a 

Quantachrome Nova 3200S instrument. 

HRTEM imaging was conducted on a JEOL 

JEM-2100F microscope operated at an acceler-

ating voltage of 200 kV. Fourier transform in-

frared (FT-IR) spectra, in the range of 4000–

400 cm−1, were obtained on an ATI Unicam 

(Mattson 936) Bench Top spectrometer using 

pressed KBr pellets. 

The Brönsted acid sites of the ZSM-5 zeo-

lites were estimated via cationic exchange, 

adopting NaCl as an exchanging reagent, fol-

lowing the procedure previously described by 

Serrano et al. [34]. Typically, a certain amount 

of zeolite was placed in 20 g of 1M aqueous 

NaCl solution and stirred at 60 ºC for 12 h. Af-

terward, the liberated protons were titrated 

with 0.01 M aqueous NaOH solution.  

Figure 3. A schematic diagram for the fixed bed flow reactor. 1: Mass flow controller; 2: non-return 

valve; 3: Tee, 4: pump; 4: three-way valve; 5:  stainless steel reactor; 6: temperature indicator; 7: tem-

perature controller; 8: thermocouple; 9: quartz wool; 10: catalyst bed; 11: heating tap; 12: hot box; 13; 

sample loop; 14: six-port valve; 15: furnace controller (Adapted  from [4], Copyright (2022) with permis-

sion from Springer Nature). 
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2.3 Catalytic Tests 

 The catalytic isomerization of xylene was 

carried out in a fixed-bed reactor at atmospher-

ic pressure in the temperature range of 250-400 

°C. A detailed scheme of this unit is shown in 

Figure 3. 0.5 g of zeolite catalysts (20-50 mesh) 

were packed in the center of a stainless-steel 

reactor (i.d. 1 cm, length 25 cm) and heated by 

using a tubular furnace. o-Xylene was fed 

(WHSV = 1 h−1) by a syringe pump. The reac-

tion products were analyzed by an online Ag-

ilent 780B GC apparatus equipped with an FID 

detector and an DB-WAX capillary. The sample 

inlet temperature was 230 °C and 

FID temperature was 280 °C. The column tem-

perature was initially kept at 80 °C for 7 min 

and was then heated to 120 °C with a heating 

rate of 10 °C/min. Nitrogen was used as carrier 

gas at a flow-rate of 1 mL/min.  

The o-xylene (OX)  conversion, p-xylene (PX) 

yield and p-xylene selectivity were defined as 

below [35–37]: 

 

(1) 

 

 

(2) 

 

 

(3) 

 

 

3. Results and Discussion 

3.1 Catalyst Characterizations 

In the current investigation, hierarchical 

mesoporous ZSM-5 zeolites were synthesized 

using the co-templates of TPAOH and TPOAC 

by adding different quantities of TPOAC in the 

conventional ZSM-5 synthetic gel. The X-ray 

diffraction diffractograms of the as-obtained 

HM-ZSM-5-x samples are shown in Figure 4. 

The diffractogram of the microporous counter-

part is also presented in the same figure for 

comparison purposes. All samples displayed 

diffraction lines at 2θ of 7.86°, 8.78°, 14.78°, 

23.18°, 23.90° and 24.40°, which can be readily 

attributed to ZSM-5 zeolite (JCPDS no. 43-

0321), suggesting that all samples have the 

MFI framework topology [9,38]. No extra dif-

fraction lines related to other zeolitic phases or 

amorphous silica were detected in the diffract 

grams, indicating the high phase purity of the 

synthesized zeolites. Moreover, it is obvious 

that the intensity of XRD peaks characteristic 

of ZSM-5 decreases with the increase of 

TPOAC to SiO2 molar ratios, suggesting that 

more organosilane in the synthesis gel results 

in a decrease in the crystallinity of the ob-

tained hierarchical zeolites. Several previous 

studies have reported a lowering in the crystal-

linity of zeolite crystals upon the introduction 

of a secondary mesopore network [8,11]. The 

decrease in the crystallization degree would re-

sult in an enhancement in the degree of pore 

connectivity of the synthesized mesoporous ze-

olite, making the diffusion of the bulk reacting 

species through the zeolite channels easier, 

which is beneficial for catalytic applications.  

The surface chemistries of the hierarchical 

mesoporous and microporous ZSM-5 zeolite 

samples were dissected using the FTIR tech-

nique, and the obtained spectrograms are pre-

sented in Figure 5. A broad peak can be noticed 

at the range of 3200-3450 cm−1 and was reck-

oned to arise from the stretching vibration of 

the siloxane as well as −OH groups [9,39]. The 

peaks identified at approximately 1225 and 

1102 cm−1 are most likely a sign of the external 

and internal asymmetric stretching vibration 

Figure 4. XRD patterns of the micro-ZSM-5 and 

the hierarchical HM-ZSM-5-x zeolites with dif-

ferent TPOAC to SiO2 molar ratios. 

Figure 5. FT-IR spectra of the micro-ZSM-5 and 

the hierarchical HM-ZSM-5-x zeolites with dif-

ferent TPOAC to SiO2 molar ratios. 
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of the Si−O−T in ZSM-5, respectively [39,40], 

while that perceived at 1644 cm−1 denoted 

physically adsorbed water on the surface of the 

zeolite [9,38]. Besides, the spectrum revealed a 

prominent peak at 792 cm−1, which may be des-

ignated to the symmetric stretching of the si-

loxane groups [40,41]. The stretching vibra-

tions five-member ring and the bending vibra-

tions of tetrahedral units of the molecular sieve 

produced the obvious absorption peaks at 

around 545 and 447 cm−1 [39,41−43]. This fur-

ther verified that both the micro-and mesopo-

rous zeolites possess the characteristic MFI 

structure, in line with XRD results. 

To entirely understand the porous features 

of the synthesized zeolites, nitrogen sorption 

Sample 
Surface area (m2/g)   Pore volume (cm3/g) 

Acidity, mmol/gg 
SBETa SMicrob SMesoc   VTotald VMicroe VMesof 

micro- ZSM-5 311 280 31   0.15 0.135 0.015 0.61 

H-ZSM-5-0.05 427 218.5 208.5   0.29 0.106 0.184 n.d. 

H-ZSM-5-0.1 472 179.1 292.9   0.32 0.085 0.235 n.d. 

H-ZSM-5-0.15 485.64 120.9 364.74   0.422 0.055 0.367 0.41 

Table 1. Textural properties of the micro-ZSM-5 and the hierarchical HZSM-5 zeolites with different 

with different TPOAC to SiO2 molar ratios. 

a BET surface area; b Micropore surface area evaluated via t-plot method; c Mesopore surface area = SBET-SMicro; d Total pore vol-

ume at P/P0 = 0.99; e Micropore volume evaluated via t-plot method; f Mesopore volume = VTotal-VMicro; g Determined by titration 

with NaOH solution. 

Figure 6. N2 sorption isotherms and BJH pore size distribution plots (inset) of the micro-ZSM-5 (a), and 

the  hierarchical HM-ZSM-5-x zeolites with different TPOAC to SiO2 molar ratios (b-d) (a: Reprinted  

from [9], Copyright (2021) with permission from Elsevier). 

https://doi.org/10.1016/j.arabjc.2022.103754
https://08101nqdu-1104-y-https-doi-org.mplbci.ekb.eg/10.1016/j.fuel.2022.126783
https://doi.org/10.1016/j.arabjc.2022.103754
https://08101qgfp-1106-y-https-www-sciencedirect-com.mplbci.ekb.eg/topics/earth-and-planetary-sciences/tetrahedron
https://08101np1m-1104-y-https-www-sciencedirect-com.mplbci.ekb.eg/topics/chemistry/molecular-sieve
https://doi.org/10.1016/j.arabjc.2022.103754
https://08101qgfp-1106-y-https-doi-org.mplbci.ekb.eg/10.1016/j.fuel.2022.124679
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analysis at −196 °C was conducted. The ob-

tained isotherms and the Barrett-Joyner-

Halenda (BJH) pore size distribution plots are 

depicted in Figure 6. Additionally, the textural 

features of the obtained solids are compiled in 

Table 1. The isotherm of the micro-ZSM-5 sam-

ple belongs to the type I (Figure 6(a)), signify-

ing the microporous characteristic of this sam-

ple. According to the BJH pore distribution 

curve (Figure 6(a)), micro-ZSM-5 is a mi-

croporous material with a mean pore diameter 

of ∼1.6 nm with a small number of mesopores, 

mainly in the 2–4 nm pore size range. Further-

more, as demonstrated in Table 1, the specific 

surface area and total pore volume of the mi-

cro-ZSM-5 were 311 m2.g−1 and 0.155 cm3.g−1, 

respectively, with a very small contribution of 

mesoporosity.  

As for the HM-ZSM-5-x samples, the result-

ant N2 sorption isotherm is clearly different 

from that of the conventional microporous 

counterpart. It displayed a mixed type I–

IV isotherms, illuminating that the synthe-

sized HM-ZSM-5-x samples have a complex hi-

erarchical porous structure containing mi-

cropores and mesopores (Figure 6(b-d)) [44–46]. 

Indeed, the isotherms unveil two N2 uptake 

steps; the first, in the low-pressure range, is 

fast and is attributed to micropore filling, and 

latter slower step, which was assigned to the 

presence of mesopores in the HM-ZSM-5-x ma-

terials. Additionally, a distinctive hysteresis 

loop, which can be seen in the P/Po region from 

0.4 to 1.0 bar, represented the filling of the 

mesopores by capillary condensation. Agreeing 

with this result, the BJH pore-size distribution 

plots (Figure 6(b-d)) revealed that HM-ZSM-5-x 

samples possessed both micro- and mesopores. 

As can be seen in Table 1, all HM-ZSM-5-x 

samples have higher surface areas and pore 

volumes than the micro-ZSM-5 sample. Such 

improvement in the surface area and pore vol-

ume could presumably be ascribed to the pres-

ence of mesopores in HM-ZSM-5-x samples. It's 

worth mentioning that, in contrast to the mi-

cro-ZSM-5 sample in which the mesoporous 

surface area and pore volume constitute only a 

small portion of the total surface area and pore 

volume, the vast majority of the total surface 

area and pore volume of HM-ZSM-5-x was em-

anated from the mesopores. The dominant 

mesoporous character of the HM-ZSM-5-x al-

lows the fast diffusion of bulky adsorbate mole-

cules through its interior porous system to ac-

cess the active binding sites and consequently 

would be beneficial for catalytic applications, 

especially those involving large substrates [47]. 

The hierarchical samples displayed much larg-

Figure 7. TEM images of HM-ZSM-5-0.15. 

a 

b 

Figure 8. XRD of H-ZSM-5-0.15 sample before 

(a) and after (b) submersion in boiling water for 

5 days. 
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er mesoporous surface area and pore volume as 

compared to the conventional micro-ZSM-5. As 

observed in Table 1, the increase in the 

amounts of the mesopore-gene (TPOAC) led to 

a remarkable increase in the surface areas, 

mesopore volumes, and mesopore areas of HM-

ZSM-5-x samples, demonstrating that the mes-

oporosity of the obtained HM-ZSM-5-x zeolites 

can be simply tuned through the variation of 

the amount of TPOAC used. On the contrary, 

the micropore volumes and micropore areas of 

HM-ZSM-5-x samples are less than that of the 

conventional ZSM-5 sample and were found to 

decrease gradually with the increase of the 

amount of TPOAC. 

Figure 7 exhibits the TEM images of HM-

ZSM-5-0.15. HM-ZSM-5-0.15 was selected since 

it has the largest mesoporosity among the hier-

archical zeolite samples, as demonstrated by N2 

sorption measurements. The TEM images re-

vealed the creation of a 3d mesoporous network 

within the mesoporous zeolite crystal. This 

continuous mesoporous network would allow 

for the easy diffusion of the reactants and prod-

ucts through the network during the catalytic 

process and hence is expected to boost the 

isomerization performance of the catalyst [48]. 

Moreover, to check the hydrothermal stabil-

ity of the synthesized hierarchical zeolites, the 

HM-ZSM-5-0.15 sample, after submersion in 

boiling water for 5 days, was characterized by 

XRD. The XRD patterns of the HM-ZSM-5-0.15 

sample before and after soaking in boiling wa-

ter are shown in Figure 8. Inspection of this 

figure revealed that the XRD pattern of the 

HM-ZSM-5-0.15 after soaking was essentially 

identical to that of the pristine one, confirming 

that HM-ZSM-5-0.15 was hydrothermally sta-

ble. 

The thermal behavior of micro-ZSM-5 and 

HM-ZSM-0.15 samples was assessed by the 

thermal gravimetric analysis (TGA), and the 

(a) 

(b) 

Figure 9. TGA curves of the micro-ZSM-5 (a), and the H-ZSM-5-0.15 sample (b). 

https://08101ku32-1106-y-https-www-sciencedirect-com.mplbci.ekb.eg/science/article/pii/S0378382011004528#f0020
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resultant TGA thermograms are shown in Fig-

ure 9. As seen in Figure 9, the TGA thermo-

grams for the two samples manifested only one 

thermal event of weight loss in the range of 25 

to 150 °C, related to the thermodesorption of 

physically adsorbed water. For both samples, 

there were no other thermal events at tempera-

tures exceeding 150 °C. Based on these results, 

it can be deduced that both the micro-ZSM-5 

and the hierarchical molecular sieves have al-

most the same thermal stabilities and seem to 

be thermally stable in the temperature range 

where the isomerization reaction is performed. 

 

3.2 o-Xylene Isomerization 

The catalytic properties of the HM-ZSM-5-

0.15 sample were evaluated in the isomeriza-

tion of o-xylene to p-xylene. All isomerization 

experiments were conducted in a continuous-

flow reactor under the following conditions: 

temperatures of 250-400 °C, pressure of 1 bar, 

and a space velocity of 1 h−1. The isomerization 

reaction was also conducted using the conven-

tional micro-ZSM-5 catalyst under the same ex-

perimental conditions in order to clarify the 

role of the mesoporosity in the HM-ZSM-5-0.15 

catalyst in the isomerization of o-xylene. The 

main reaction products of the o-xylene conver-

sion were: the other two xylene isomers 

(isomerization products), along with low 

amounts of the trimethylbenzenes and toluene 

(disproportionation products), regardless of the 

catalyst used. Figure 10(A) presents the profile 

of o-xylene isomerization with reaction temper-

ature using the same amount of zeolite cata-

lyst. Results unveiled that catalyst mesoporosi-

ty had a profound effect on the catalytic activi-

ty. Under the applied conditions, the micro-

ZSM-5 sample manifested lower activity at all 

reaction temperatures. For example, at 400 ⁰C, 

for HM-ZSM-5-0.15 zeolite, the initial o-xylene 

conversion was 57.0%, while the initial conver-

sion for micro-ZSM-5 was only nearly 39.2%. 

Based on the titration results in Table 1, the 

acidity of the hierarchical mesoporous zeolite 

was lower than that of the conventional mi-

croporous zeolite, indicating that catalyst acidi-

ty was not the main parameter governing the 

isomerization process. So, the low activity of 

the micro-ZSM-5 sample was mainly due to the 

sole presence of micropores that imposed diffu-

sion limitation, leading to low utilization of the 

catalyst active centers and fast coke deposition. 

In other words, the higher catalytic activity of 

the HM-ZSM-5-0.15 catalyst than the micro-

ZSM-5 catalyst can be ascribed to the decrease 

of diffusion limitation such that o-xylene mole-

cules can readily access the acidic active cen-

ters within the zeolite catalysts [49]. On the 

contrary, the initial p-xylene selectivity over 

hierarchical ZSM-5 zeolite was very slightly 

lower than that of the micro-ZSM-5 zeolite, in-

dicating that the introduced mesoporosity had 

Figure 10. The effect of reaction temperature on xylene conversion (A), p-xylene yield (B), and p-xylene 

selectivity (C). 

https://pubs.rsc.org/en/content/articlehtml/2017/gc/c7gc01395g#imgfig3
https://08101du38-1106-y-https-doi-org.mplbci.ekb.eg/10.1016/S1872-2067(12)60602-0
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a slight negative effect on p-xylene selectivity, 

Figure 10(B) [49,50]. Therefore, HM-ZSM-5-

0.15 gave a higher p-xylene yield than the mi-

cro-ZSM-5. Figure 10(C). Zhou et al. [48] suc-

cessfully prepared hierarchical mesoporous 

ZSM-5 zeolite via steam-assisted crystalliza-

tion. The catalyst was utilized for the isomeri-

zation of o-xylene. The catalyst achieved an o-

xylene conversion of 51.6%, p-xylene yield of 

11.6%, and p-Xylene selectivity of 22.4% when 

the reaction was conducted at a temperature of 

500 °C with a catalyst mass of 0.1 g and nitro-

gen flow of 50 mL.min-1. 

Importantly, the catalyst manifested superb 

operational stability within 50 h (Figure 11). 

The o-xylene conversion was decreased from an 

initial value of 57.9% to 48.61% after the time 

of stream of 50 h. Meanwhile, the p-xylene 

yield remained virtually constant at 12.61%. 

The excellent stability of the catalyst can be as-

cribed to the presence of mesopores in its struc-

ture, which endowed the catalyst with high re-

sistance against deactivation through coke dep-

osition.  

 

4. Conclusions 

In conclusion, hierarchical micro-

mesoporous structured ZSM-5 zeolite catalysts 

(HM-ZSM-5-x) for o-Xylene isomerization were 

introduced. These catalysts were prepared via 

the hydrothermal route in the combined pres-

ence of TPAOH and the organosilane surfac-

tant, 3-[(trimethoxysilyl) propyl]octyldimethyl-

ammonium chloride, as micropore, and meso-

pore structure-directing agents, respectively. 

Compared with the classical microporous ZSM-

5, these molecular sieves manifested higher 

surface areas, and pore volumes, with the ma-

jor portion of this porosity being attributed to 

mesopores. Accordingly, the molecular sieve 

with the largest mesoporosity, HM-ZSM-5-

0.15, manifested higher o-xylene conversion 

than the microporous counterpart, which can 

be ascribed to the reduced diffusion limitation 

and the augmented active site accessibility. 

Moreover, the catalyst manifested remarkable 

operational stability within 50 h, suggesting 

good tolerance to deactivation by coke for-

mation due to its abundant mesoporous struc-

ture. In summary, the fabricated hierarchical 

micro-mesoporous structured ZSM-5 zeolite 

catalysts are a promising catalyst for o-xylene 

isomerization, and are expected to have ac-

ceptable performance in diverse chemical reac-

tions, especially those involving large sub-

strates. 
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