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Abstract
A novel hierarchical ZSM-5 zeolite was successfully prepared by utilizing soft mesotemplate by hydrothermal treatment. 
TPAOH was used as a structure directing agent to create micropores and anionic surfactant HDSS were used to generate 
additional mesopores in the zeolite framework. The synthesized catalysts were characterized by using XRD, FT-IR, 27Al 
and 29Si NMR, SEM, TEM,  NH3-TPD, TGA and  N2 adsorption methods. XRD and FT-IR analysis shows that the synthe-
sized catalyst possesses pronounced crystallinity with characteristics MFI structure. Development of micro/mesoporosity 
in the samples was noted by SEM and is complementary to TEM and BET analysis. The thermal stability and acidity of the 
synthesized samples were confirmed by TGA and  NH3-TPD technique. Catalytic activity of the synthesized ZSM-5 zeolites 
was examined for the oxidation of benzyl alcohol in presence of hydrogen peroxide. The results reveal that the surfactant 
assisted samples offer higher conversion and selectivity compared to conventional zeolites.
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1 Introduction

Benzaldehyde (BzH) is one of the useful compounds which 
have been extensively exploited by pharmaceutical, perfum-
ery, food and dye industries. It is commercially synthesized 
from conventional approaches such as oxidation of toluene 
or hydrolysis of benzyl chloride. However, these approaches 
are associated with drawbacks such as low selectivity and 
chlorine contaminant BzH and thus are not suitable for bulk 
preparation of BzH [1–4]. It is previously reported that the 
liquid phase catalytic oxidation of benzyl alcohol with oxi-
dants is more suitable to synthesis BzH [5]. Various inor-
ganic oxidants such as  MnO2, pyridinium dichromate, Jones 
reagent etc. were successfully used as oxidant for carrying 
out oxidation reaction [6, 7]. Perhaps, in recent years the 
usage of these oxidant is limited in view of its toxic and 
expensive nature; leading to the precipitous increase in the 
utilization of green oxidant, hydrogen peroxide for oxida-
tion reaction [8, 9]. Researchers have employed both homo-
geneous and heterogeneous catalysts for the liquid phase 

oxidation of benzyl alcohol with hydrogen peroxide. Much 
interest is given to the fabrication of heterogeneous catalyst 
in liquid phase reactions, owing to its several advantages 
such as ease of product recovery, reusability, less corrosion 
etc. [10–13].

ZSM-5 zeolites are porous, crystalline aluminosili-
cates with well-defined microporosity and tunable prop-
erties [14–19]. Presence of high acid centre and shape 
selective nature make it an attractive catalyst in organic 
synthesis especially in cracking reactions. They also find 
application as an adsorbents and ion-exchangers [20, 21]. 
Besides these conventional applications, zeolites have 
been recently exploited in various sustainable processes 
such as fuel cells [22], water purification [23], air pollu-
tion control [24], thermal energy [25] etc. It is known that 
zeolite exhibit better catalytic performance than conven-
tional solid catalyst [26]. However, the small micropo-
res in them restrict their utilization in reactions involving 
bulkier reactants. One promising approach to overcome 
this problem was the development of hierarchical zeolites. 
Wide range of porosity (micro/meso/macro) in hierarchical 
zeolite reduces the diffusion limitations of conventional 
microporous zeolite and thus promotes large molecular 
reaction [27, 28]. Two major strategies adopted to tailor 
the pore size of zeolite are top down (demetallization) 
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and bottom up (hard/soft templating) methods. [29–31]. 
In demetallisation method either aluminium (dealumina-
tion) or silicon (desilication) is extracted from the zeolite 
framework by leaching or steaming. Although this method 
is widely employed to induce mesoporosity in zeolite, it 
often results in mass loss and decline the catalytic perfor-
mance of zeolite. Hence considerable research has been 
devoted to templating method in which hard (carbon aero-
gel, carbon nanotubes, polystyrene bead,  CaCO3 etc.) or 
soft (surfactants, silytaled polymer etc.) mesotemplates 
were introduced to the reaction mixture and later removed 
by calcination or extraction to develop large pore zeolites 
[32–37].

Compared to hard templating method, soft templating 
method is a preferred approach as it possesses good com-
patibility with zeolite precursors, and offers the opportu-
nity to tune the pore size by varying the amount of tem-
plate [38–41]. Liu et al developed a mesoporous ZSM-5 
using a gemini surfactant which acted as a structure direct-
ing agent as well as mesoporous directing template. The 
prepared mesoporous ZSM-5 catalyst exhibited good 
catalytic activity for the aldol condensation of benzalde-
hyde [42]. Vijaya et al. [26] employed non-ionic surfactant 
Triton X-100 to generate hierarchical zeolite. The synthe-
sized catalyst exhibits superior catalytic performance than 
conventional zeolite for oxidation of benzyl alcohol. Xu 
and co-workers elucidated the synthesis of mesoporous 
ZSM-5 using CTAB, which acted as a structure directing 
agent [43]. Meanwhile, Hensen and co-workers reported 
excellent catalytic performance, for methanol to hydrocar-
bon conversion, using hierarchical ZSM-5 zeolite devel-
oped using cetyltrimethylammonium (CTA) hydroxide 
[44]. Recently, Zhu et al prepared hierarchical ZSM-5 
nanosheets with intracrystal mesopores and honeycomb 
morphology in the presence of hexadecyl trimethyl ammo-
nium bromide (CTAB) as a second template [45]. Only a 
few reports are available on anionic surfactant templated 
hierarchical zeolite. Recently, Gomez et al successfully 
utilized anionic surfactant sodium dodecylbenzenesul-
fonates (SDBS) as the template for the preparation of 
mesoporous zeolite and observed improved catalytic per-
formance for deoxygenation reactions, which find applica-
tion in upgrading biofuels processes [46, 47].

The present work highlights the synthesis of a hierarchi-
cal ZSM-5 catalyst using a novel anionic surfactant hexa-
decanesulfonic acid sodium salt (HDSS). The synthesized 
catalysts were characterized by XRD, FT-IR, SEM, TEM, 
 N2 adsorption isotherm,  NH3-TPD and 27Al and 29Si NMR. 
The catalytic performance of the synthesized catalyst was 
assessed using a large molecular reaction: oxidation of ben-
zyl alcohol. The effects of amount of catalyst, reaction time, 
temperature and reusability of the catalyst on the conversion 
rate have also been investigated in detail.

2  Experimental

2.1  Materials

Tetrapropyl ammonium hydroxide [(CH3CH2CH2)4NOH; 
TPAOH], tetraethylorthosilicate  (C8H20O4Si; TEOS), 
aluminium isopropoxide  (C9H21AlO3; AIP) and hexa-
decanesulfonic acid sodium salt  (CH3(CH2)15SO3Na, 
HDSS), were purchased from Sigma Aldrich Co. Ltd 
(India). Sodium hydroxide (NaOH), hydrogen peroxide 
 (H2O2) and benzyl alcohol  (C7H7OH) used were of rea-
gent grade, procured from Merck, and were used without 
further purification.

2.2  Synthesis

Hierarchical ZSM-5 zeolite was synthesized by mixing 
0.03 g of aluminium isopropoxide (AIP) and 2.11 g of 
tetrapropylammonium hydroxide (TPAOH). To the clear 
solution, 3.46 g of tetraethyl orthosilicate (TEOS), 0.15 
g of NaOH and 7 mL of distilled water were added with 
stirring for 5–6 h. To the solution, 0.2 g of the surfactant 
was added and kept for stirring at room temperature. The 
solution was concentrated at 80 °C in a rotavapour for 20 
min to get a transparent sticky solution. The resulting sol 
was transferred into an autoclave, and then kept in an oven 
at 80 °C for 24 h. The sample was later hydrothermally 
treated at 175 °C for 6 h. The obtained product was washed 
with deionized water, dried in air, and calcined at 550 °C 
for 5 h to remove the organic components. The sample 
obtained using surfactant as template has been denoted as 
ZSM-5/HDSS.

For comparison, we have synthesized another ZSM-5 
sample using the same procedure but in the absence of 
surfactants which has been represented as ZSM-5.

2.3  Catalytic reaction

2.3.1  Oxidation of benzyl alcohol with H2O2

The catalytic oxidation of benzyl alcohol was carried out 
in a 50 mL R.B flask connected with a water condenser 
and thermometer. In a typical run, 0.06 g of catalyst, 10 
mmol of benzyl alcohol, 15 mmol of 30%  H2O2 were 
mixed with 10 mL acetonitrile and the resulting mixture 
was heated at 90 °C for 4 h. After the reaction, the product 
is centrifuged, washed and was analysed using a gas chro-
matograph with an FID detector and a Rtx@5 column (30 
m × 0.25 mm × 0.25 μm) and nitrogen as the carrier gas.
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2.4  Characterization

X-ray diffraction (XRD) patterns were obtained with a 
Rigaku Miniflex 2200 diffractometer using CuKα radia-
tion. FT-IR spectrum was recorded at room temperature 
using an FT-IR spectrometer Jasco 4700 in the range of 
400–4000  cm−1. Scanning electron microscopic images 
were obtained by using a Hitachi SU6600 Variable Pres-
sure Field Emission Scanning Electron Microscope 
(SEM). Transmission electron micrographs (TEM) were 
taken with a JEOL JEM-2100 transmission electron 
microscope operated at an accelerating voltage of 200 
kV. Thermogravimetric (TG) analysis of the uncalcined 
zeolite samples (TG) was done using a TGA Instrument 
Q50 at a heating rate of 10 °C min−1 in nitrogen. BET 
surface area and pore size distributions were inspected by 
 N2 adsorption–desorption using a Micromeritics Gemini 
V-2380 surface area analyzer. MAS NMR spectra were 
recorded on a Bruker Avance AV 300 spectrometer. The 
temperature programmed desorption (TPD) patterns with 
ammonia on the samples were recorded on a Micromeritics 
Chemisorb 2750.

3  Results and discussion

3.1  XRD patterns

XRD patterns of the surfactant modified and unmodified 
ZSM-5 samples are shown in Fig. 1. The synthesized sam-
ples exhibited peaks at 2θ = 7.98°, 8.82°, 14.82°, 23.14°, 
23.96° and 24.44° associated with [011], [020], [031], 
[051], [303] and [313] plane, which is characteristics of MFI 

structure of ZSM-5 zeolite (JCPDS no. 42-0024) [48]. It is 
evident from Fig. 2, that the intensity of the characteristic 
peak in modified samples is comparable with unmodified 
samples indicating that the crystallinity of the sample is 
retained even after modification with surfactant.

3.2  3.2 FT‑IR analysis

The FT-IR spectra of the surfactant modified and unmodified 
ZSM-5 recorded from 400 to 4000  cm−1 range is presented 
in Fig. 2. Absorption bands at 455  cm−1 (T–O bending), 795 
 cm−1 (external symmetric stretching), 1100  cm−1 (internal 
asymmetric stretching) and 1220  cm−1 (external asymmetric 
stretching) correspond to siliceous materials. The peak at 
3600  cm−1 is attributed to the stretching frequency of iso-
lated silanol groups, Si–O–H bond while the peak at 1630 
 cm−1 is attributed to adsorbed water. The band appears at 
546  cm−1 corresponds to the double five-ring units present 
in pentasil zeolites [49].

3.3  27Al and 29Si NMR

The local coordination environments of surfactant modi-
fied ZSM-5 zeolite were evaluated by 27Al MAS and 29Si 
NMR spectra (Fig. 3). 27Al MAS spectra display an intense 
signal at δ = 54 ppm corresponding to the tetrahedral Al co-
ordination. A weak signal appeared at ~ 0 ppm originates 
from the presence of extra-framework Al species, which is 
commonly reported in mesoporous zeolites [50, 51]. Mean-
while, the 29Si NMR spectra of the sample show a major 
peak at − 113 ppm, corresponding to Si (OSi)4 (Q)4 and a 
weak shoulder peak at − 105 ppm due to (AlO)1 Si-(OSi)3 
(Q)3 respectively [52].Fig. 1  XRD patterns of (a) ZSM-5, (b) ZSM-5/HDSS

Fig. 2  FTIR spectra of (a) ZSM-5, (b) ZSM-5/HDSS
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3.4  NH3 ‑TPD

The temperature programmed desorption of ammonia 
 (NH3-TPD) profiles of the surfactant modified and unmodi-
fied ZSM-5 samples are shown in Fig. 4. Both samples 
exhibit two desorption peaks: one at 300–400 °C (low 
temperature peak) and the second one at 500–700 °C (high 
temperature peak) respectively. The peak located at the low 
temperature region can be assigned to the desorption of  NH3 
molecules from the weak acid sites, and the high tempera-
ture peak represents the strong acid sites. A slight decrease 
in the intensity of surfactant modified sample is attributed 
to the formation of mesoporosity in the framework [53–57]. 
TPD analysis thus suggests that HDSS is a suitable template 

for the development of hierarchical zeolite without signifi-
cantly sacrificing the acidity of the zeolite.

A proposed mechanism for the formation of hierarchical 
ZSM-5 zeolite is shown in Scheme 1. Initially, the zeolite 
precursors along with surfactants are mixed at room tem-
perature. During nucleation and crystallisation, the zeolite 
precursors gets transformed in to zeolite crystals; which get 
embedded in the surfactant micelles. Finally, the surfactants 
and organic templates were removed by calcination process, 
to generate meso and microporosity in the sample.

3.5  SEM and TEM

Scanning electron microscopic i.e. (SEM) and transmission 
electron microscopic i.e. (TEM) images provide informa-
tion about the morphology of the synthesized catalyst as 
shown in Figs. 5 and 6 respectively. The HDSS modified 
zeolite possesses disc or quasi spherical morphology with 
rough surfaces and is in accordance with previous reported 
work [58, 59]. Agglomerated nano particle in the range of 
100–400 nm diameters is also visible in the SEM image. 
TEM micrographs were complementary to SEM analysis 
and confirm the development of pores in the range of micro 
and meso dimensions (Fig. 6a–d). A selected-area electron 
diffraction (SAED) pattern of the corresponding ZSM-5 
zeolites is also provided in the inset of Fig. 6d. The SAED 
pattern implies that the modified ZSM-5 samples possess 
good crystallinity.

3.6  N2 adsorption isotherm

N2 adsorption isotherm of surfactant modified and unmod-
ified ZSM-5 samples are shown in Fig. 7. It can be seen 

Fig. 3  I 27Al and II 29Si NMR spectra of ZSM-5/HDSS sample

Fig. 4  NH3-TPD profiles of: a ZSM-5, b ZSM-5/HDSS samples
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that the unmodified sample exhibits type I isotherm which 
is signature isotherm for microporous material. On the 
other hand, modified sample displays type IV isotherm, 
characteristics of mesoporous materials as defined by 
IUPAC nomenclature [26, 60, 61]. A steep uptake at low 
relative pressure (P/P0 = 0.5–0.9), attribute to capillary 

condensation of  N2 in mesopores, further confirming the 
development of mesoporosity in the surfactant modified 
sample. The pore size distributions of the samples were 
evaluated by Barrett–Joyner–Halenda (BJH) model and is 
shown in Fig. 7(II). The estimated pore sizes for unmodi-
fied and modified sample are < 2 and 10–20 nm respec-
tively. The results thus indicate that the additional mes-
oporosity was generated in ZSM-5 zeolite in the presence 
of HDSS surfactants.

The results of the thermogravimetric analysis of sur-
factant modified and unmodified ZSM-5 samples are given 
in Fig. 8. Both modified and unmodified samples displayed 
weight loss at 100 °C and 400–500 °C, due to the removal 
of physically adsorbed water molecules and decomposi-
tion of structure directing agent TPAOH from the sample 
respectively [62, 63]. An additional weight loss appeared 
in the range of 200–250 °C in the surfactant modified sam-
ple could be due to the degradation of the surfactant. High 
weight loss (22%) for surfactant modified sample together 
with the three DTA peak (Fig. 8b inset) can be taken as an 
evidence for the removal of both micro and mesotemplate 
from the zeolite framework. It can also be noted that the 
thermal stability of ZSM-5 zeolite is intact after modifica-
tion with surfactant template.

Inorganic
Species

Surfactant

Nucleation Aggregation of surfactant micelle 
and inorganic precursors

CondensationHydrothermal 
treatment 

Micro/mesoporous 
formation by template 

Scheme 1  Formation of hierarchical ZSM-5

Fig. 5  SEM images of ZSM-5/HDSS sample
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Fig. 6  TEM images of a–d ZSM-5/HDSS samples

Fig. 7  N2 adsorption isotherms of: I (a) ZSM-5, (b) ZSM-5/HDSS; Pore size distribution of: II (a) ZSM-5, (b) ZSM-5/HDSS
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3.7  Catalytic activity for benzyl alcohol oxidation

The catalytic activities of the synthesized samples were 
tested using a model reaction: oxidation of benzyl alcohol 
using hydrogen peroxide as oxidant. Initially, we have varied 
the amount of catalyst from 0.02 to 0.08 g and its influ-
ence on benzyl alcohol conversion is shown in Fig. 9. The 
result shows that with increase in amount of catalyst, the 
conversion of benzyl alcohol also increases; attributed to 
the presence of more active sites on the catalyst. A further 

increase in the amount of catalyst does not result in any 
increase in conversion. Moreover, a decrease in selectiv-
ity has been observed at high amount of catalyst because 
of the further oxidation of benzyl alcohol to benzoic acid 
[64, 65]. Figure 10 shows the temperature effect on benzyl 
alcohol oxidation. It is evident from Fig. 10 that on increas-
ing the temperature from 60 to 90 °C, the conversion of 
benzyl alcohol also increases by retaining the selectivity. 
However elevated temperature adversely affects the selectiv-
ity of benzyl alcohol and is attributed to the decomposition 

Fig. 8  TGA curve of: a ZSM-5, b ZSM-5/HDSS (DTG curves are given at the inset)

Fig. 9  Effect of catalyst amount on the oxidation of benzyl alcohol: a conversion of benzyl alcohol and b selectivity of benzaldehyde. Experi-
mental conditions: benzyl alcohol—10 mmol,  H2O2—15 mmol, temperature—90 °C, time—4 h
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of hydrogen peroxide at high temperature. The result thus 
indicates that 90 °C is ideal for the conversion of benzyl 
alcohol using surfactant modified ZSM-5 catalyst. We have 
also examined the conversion and selectivity of benzyl alco-
hol with different reaction times (Fig. 11). It is evident that 
the conversion of benzyl alcohol increases with reaction time 
and reaches maximum in 4 h; thereafter it becomes stable. 
This is could be due to the progressive consumption of  H2O2 
for oxidation of benzyl alcohol or due to its self-decompo-
sition. The maximum conversion was obtained during the 
first 4 h. A comparison of the catalytic activity of modified 

Fig. 10  Effect of the temperature on the oxidation of benzyl alcohol: a conversion of benzyl alcohol and b selectivity of benzaldehyde. Experi-
mental conditions: benzyl alcohol—10 mmol,  H2O2— 15 mmol, catalyst—0.06 g, time—4 h

Fig. 11  Effect of the reaction time on the oxidation of benzyl alco-
hol: experimental conditions: benzyl alcohol − 10 mmol,  H2O2—15 
mmol, temperature—90 °C, catalyst—0.06 g

Table 1  Reusability of hierarchical ZSM-5 catalyst for oxidation of 
benzyl alcohol

Experimental conditions: benzyl alcohol—10 mmol,  H2O2—15 
mmol, temperature—90 °C, catalyst—0.06 g, time—4 h

Recycle ZSM-5 ZSM-5/HDSS
Conversion of BzOH 
(%)

Conversion of BzOH (%)

1 56 63
2 54 60
3 52 59

Fig. 12  Effect of different catalyst on the oxidation of benzyl alco-
hol: experimental conditions: Benzyl alcohol—10 mmol,  H2O2—15 
mmol, temperature—90 °C, catalyst—0.06 g, time 4—h
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and unmodified sample is depicted in Fig. 12. The higher 
catalytic activity for surfactant modified zeolite could be 
due to additional porosity in sample. Finally, we have tested 
the reusability of zeolite catalysts made with the assistance 
of surfactants. The catalysts displayed high reusability even 
after three recycle (Table 1).

4  Conclusion

Hierarchical ZSM-5 catalyst was successfully developed 
using a novel soft mesotemplate HDSS. The unique penta-
sil structure of the catalyst was confirmed by XRD, FT-IR 
and NMR analysis. The surfactant templated ZSM-5 catalyst 
possesses micro and mesopores which was confirmed from 
 N2 adsorption and TEM techniques. The HDSS modified 
catalyst thus has better mass transfer and consequently accel-
erates the rate of large molecular reactions: liquid phase oxi-
dation of benzyl alcohol with  H2O2 as an oxidant. We have 
also optimized experimental conditions such as the catalyst 
amount, temperature and time for the oxidation of benzyl 
alcohol. Our studies show that high benzyl alcohol con-
version (63%) was achieved for 0.06 g of catalyst at 90 °C 
for 4 h. The recycle studies indicates that catalysts derived 
through surfactant mediated process exhibits better reusabil-
ity and their activity was retained even after three recycle.
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