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Abstract

We report a simple and economical method to synthesis hierarchical ZSM-5 zeolite using a natural polymer, soluble
starch, as a mesotemplate. The synthesized samples were characterized with X-ray diffraction, Fourier transform infrared
spectroscopy, field emission scanning electron microscopy, transmission electron microscopy, nitrogen sorption, ammo-
nia temperature-programmed desorption and thermogravimetric analysis. The crystallinity and Mordenite Framework
Inverted structure of the samples was confirmed by X-ray diffraction and Fourier transform infrared spectroscopy analysis.
Scanning electron microscopy and transmission electron microscopy images revealed the presence of mesopores in the
synthesized samples. The nitrogen adsorption/desorption results of the hierarchical samples have been found to be in
agreement with the scanning electron microscopy and transmission electron microscopy results and support the devel-
opment of mesoporosity. The acidity of the hierarchical zeolite was studied using ammonia temperature-programmed
desorption. The thermogravimetric analysis confirmed the thermal stability of the synthesized samples up to 750 °C. The
catalytic activities of the modified and unmodified zeolites were specifically tested for the esterification of acetic acid
with benzyl alcohol. The results indicate that the hierarchical ZSM-5 catalyst offers a better catalytic yield (76%) than the
unmodified systems.
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1 Introduction

Zeolites are naturally occurring aluminosilicates with crys-
talline microporous structure [1, 2]. The unique structure of
zeolites is responsible for their interesting applications in
catalysis, adsorption, water purification etc. [3-5]. The out-
standing ability of zeolites to catalyse petrochemical pro-
cesses such as cracking, isomerization, aromatization and
alkylation process inspire scientists to explore their fur-
ther catalytic applications [6-9]. One of the drawbacks of
zeolites is the small pores within them, which significantly
limits the diffusion of large molecules through them and
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hence the inability to catalyse large molecular reactions
[10]. Fabrication of zeolites with meso/macroporous is an
ideal strategy to address this issue. The enhanced surface
area and porosity of hierarchical zeolites assist them to
exhibit improved catalytic performance than conventional
zeolites [11, 12].

Different strategies were employed to tune the pore
sizes of zeolites [13, 14]. Templating method, which uti-
lizes different templating agents such as carbon black,
surfactants, polymers, polystyrene bead, tetrapropylam-
monium (TPA*) ions etc. is one of the widely used tech-
niques to synthesis hierarchical zeolites [15-20]. A number
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of reports are available in literature on template-assisted
synthesis of hierarchical zeolites. Jacobsen et al. [21] suc-
cessfully synthesized a mesoporous zeolite using carbon
template and observed higher catalytic performance for
large molecular reactions. Narayanan et al. [22] recently
developed a hierarchical zeolite using a soft surfactant
template (Triton X100).

Tailoring hierarchical zeolites with naturally occurring
templating agents such as chitosan, agricultural wastes,
cellulose, starch etc. is reported in literature. Krishnan and
co-workers developed hierarchical ZSM-5 monolith using
corn and sorghum stem pith as templates [23]. Jin et al.
[24] successfully synthesized mesoporous zeolite using
ammonium-modified chitosan as template and demon-
strated its high catalytic activity for Claisen-Schmidt con-
densation. A few attempts have been made in the past to
use starch as template to introduce mesoporosity in zeo-
lite. Wang et al. [25] successfully fabricated different types
of zeolites (silicalite-1, ZSM-5, TS-1) using soluble starch
and carboxymethyl cellulose as templates using basic
medium NaOH. A facial route to synthesize mesoporous
hierarchical zeolites using starch derived bread as a tem-
plate was reported by Xiao et al. [26]. Recently, Zhang et al.
[27] synthesized ZSM-5 zeolite with intracrystal mesopores
using soluble starch as an in situ template.

Esterification of carboxylic acids with alcohols using
homogeneous and heterogeneous catalysts have been
the subject of investigation by many workers [28, 29].
Generally, the synthesis of esters requires the use of min-
eral acids, which are toxic and hazardous. Researchers
are currently focussing to develop more environmental-
friendly methods for the production of esters. It is a well-
established fact that the zeolites are efficient acid hetero-
geneous catalysts for several organic reactions [30-32].
Attempts are being done, with great enthusiasm, to
enhance their catalytic activity through different routes. In
this work, hierarchical zeolites have been developed from
ZSM-5, using starch mesotemplate. The efficiency of the
modified zeolite has been tested for the esterification of
acetic acid with benzyl alcohol.

2 Experimental
2.1 Chemicals

Tetrapropyl ammonium hydroxide ((CH;CH,CH,),NOH;
TPAOH), tetraethyl orthosilicate (CgH,,0,Si; TEOS) and
aluminum isopropoxide (CgH,;AlO3; AIP) were purchased
from Sigma Aldrich Co. Ltd (India). Acetic acid (CH;COOH),
benzyl alcohol (C;H;CH,OH) and soluble starch (C4H;,05),,
used were of reagent grade, procured from Merck, and
used without further purification.

2.2 Synthesis

The hierarchical ZSM-5 zeolite was synthesized by a hydro-
thermal crystallization route. In a typical synthesis, 0.03 g
of aluminum isopropoxide (AIP) and 2.11 g of tetrapro-
pylammonium hydroxide (TPAOH) were mixed to obtain a
clear solution. 3.46 g of tetraethyl orthosilicate (TEOS) and
7 g of distilled water were added to it under constant stir-
ring for 5-6 h. To the resulting solution, 0.2 g of starch was
added under constant stirring. It was then concentrated at
80 °Cin a rotavapor for 20 min to get a transparent sticky
solution. It was transferred into an autoclave, and kept 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 hierarchical
zeolite so obtained has been designated as ZSM-5 WS.
For comparison, another sample using the same proce-
dure but without the template i.e. ZSM-5 WOS was also
synthesized.

2.3 Catalyticreaction
2.3.1 Esterification of acetic acid with benzyl alcohol

Catalytic activity studies of esterification of acetic acid with
benzyl alcohol was carried out in two-neck round bottom
flask connected with reflux condenser, a thermometer
and magnetic stirrer. In a typical run, the catalyst 0.09 g
was mixed with 20 mmol of benzyl alcohol and 5 mmol
of acetic acid were carried out at 110 °C at 3 h under con-
stant magnetic stirring. Finally, the reaction mixture was
centrifuged, filtered and analyzed through GC with an FID
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Fig. 1 XRD patterns of: (a) ZSM-5 WOS and (b) ZSM-5 WS
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Fig.2 FTIR spectra of: (@) ZSM-5 WOS and (b) ZSM-5 WS

detector and an Rtx@5 column. Nitrogen was used as the
carrier gas.

2.4 Characterization

X-ray diffraction (XRD) patterns were obtained with a
Rigaku Miniflex 2200 diffractometer using CuKa radiation.
Scanning electron microscopic images were obtained by
using a Hitachi SU6600 Variable Pressure Field Emission
Scanning Electron Microscope (SEM). FT-IR spectrum was
recorded at room temperature using an FT-IR spectrom-
eter Jasco 4700 in the range of 400-4000 cm™". Thermo-
gravimetric (TG) analysis of the uncalcined zeolite samples

P

(a) U

(TG) was done using a TGA Instrument Q50 at a heating
rate of 10 °C/min in nitrogen. BET surface area and pore
size distributions were measured by N, adsorption-des-
orption using a Micromeritics Gemini V-2380 surface area
analyzer. NMR spectra were recorded on a Bruker Avance
AV 300 spectrometer. Transmission electron microscopic
images (TEM) were obtained with a JEOL JEM-2100 trans-
mission electron microscope operated at an accelerating
voltage of 200 kV. The temperature programmed desorp-
tion (TPD) patterns with ammonia on the samples were
recorded on Micromeritics Chemisorb 2750.

3 Result and discussion
3.1 XRD

XRD patterns of the modified and unmodified ZSM-5
zeolite samples are shown in Fig. 1. The appearance of
characteristic MFI peaks at 26=8.0, 9.0, 14.8, 22.9, 24.0
and 29.8 is attributed to the 101, 200, 301, 501, 303 and
503 crystalline nature of the synthesized sample (JCPDS
no. 42-0024) [33-35]. It can be noted that the intensity
of crystalline peak is slightly reduced in modified ZSM-5
zeolite (Fig. 1b) attributed to the generation of disordered
mesopores or due to the some of the mesoporous walls
are not converted into MFI structure [15, 22, 36].

3.2 FT-IR

In order to confirm the MFI structure of the samples, the
FT-IR analysis was done and the spectra are depicted in

-113
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Fig.3 a?’Aland b %°Si NMR spectra of ZSM-5 WS
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Scheme 1 Formation of micro/mesoporous in ZSM-5

Fig. 2a, b. FT-IR spectra of both modified and unmodified
samples show absorption bands at 1224 cm™' (external
asymmetric stretch), 1150-1050 cm”! (internal asymmet-
ric stretch), 795 cm™' (external symmetric stretch) and at
445 cm™' (T-0 bend). The peak at 3640 cm™' is attributed

Calcination

Crystal

growth
e -

Hydrothermal
K treatment

to the isolated silanol groups (Si-O-H) while the peak at
3453 cm™’ corresponds to the Al-OH framework (Brgnsted
acid sites). The band observed at 546 cm™' is assigned to
the double-5 ring of crystalline ZSM-5 [37, 38]. This further
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Fig.4 a N, adsorption isotherms of (i) ZSM-5 WS, (ii) (inset) ZSM-5 WOS; b pore size distribution of: (i) ZSM-5 WS (ii) (inset) ZSM-5 WOS

confirms that both the modified and unmodified samples
have the characteristic MFI structure.

3.3 Aland Si MAS NMR

27AI MAS and 2°Si NMR spectra for the modified ZSM-5 zeo-
lites are shown in Fig. 3. The Al MAS NMR analysis exhibit
atwo signal at ~0 ppm and ~ 54 ppm confirming that the
Al species are octahedral and tetrahedral coordinated in
the framework of the mesoporous ZSM-5 zeolite. The large
intense peak observed at ~54 ppm corresponds to the
tetrahedral Al co-ordination in the framework while the
low-intensity peak, centered at ~0 ppm, is due to octahe-
dral Al. Meanwhile, the Si NMR spectra of the sample show
a major peak at ~ 113 ppm, corresponding to Si (4Si) (Q)*
and a weak shoulder peak at ~ 105 ppm due to Si (3Si, 1
Al) or Si (3Si, 1 OH) respectively [39].

A representation for the development of micro and
meso dimensions in zeolite is shown in Scheme 1. Initially,
the silicate and aluminate combine together to form an
amorphous aluminosilicate gel with Si-O-Si and Si-O-Al
bonds. Meso and micro-templates, then, organize around
the developed SiO, and AlO, tetrahedral units, and induce
the formation of specific types of pores/channels in the
zeolite structure. The hydrothermal treatment and aging,
subsequently, convert the amorphous aluminosilicate
into crystalline zeolite. Finally, upon calcination, micro/
mesotemplates are removed to generate micro and meso
dimensions in zeolite.

SN Applied Sciences

A SPRINGERNATURE journal

3.4 N, isotherm

The porosity of the samples was analyzed using N, adsorp-
tion method. The N, adsorption/desorption isotherms
of the samples are shown in Fig. 4a. It can be noted that
the modified sample exhibits type IV adsorption peak,
whereas the unmodified zeolite displays type | curve.
The modified sample shows a major uptake at a relative
pressure P/P,>0.4 indicating the presence of mesopores
(Fig. 4b). Furthermore, the Barrett-Joyner-Halenda (BJH)
pore-size distribution was found to be in the range of
5-15 nm confirming the presence of mesopores in the
system.

3.5 SEMand TEM

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images provide detailed infor-
mation about the morphology and structure of the sam-
ples. Figure 5a, b show the SEM images of unmodified and
modified samples respectively. As can be seen from Fig. 5b
the surface of the sample is rough with non-uniform dis-
tribution of particles. The presence of mesopores is clearly
visible in the SEM image of the modified sample. The TEM
images of the modified ZSM-5 zeolite sample demonstrate
zeolite nanocrystals with many bright areas, indicating the
presence of mesopores [24, 27]. These results were com-
plementary to BET and SEM analysis and support the suc-
cessful generation of mesopores in the modified sample.
The selected area diffraction (SAED) pattern is shown in
the inset of Fig. 6d. Development of a well-defined 2D
lattice fringes, reveals that the zeolite particles possess
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Fig.5 SEM images of a ZSM-5 WOS, b-d ZSM-5 WS with three magnifications

significant crystallinity even after modification with the
starch template.

3.6 Acidity

The acidity of the ZSM-5 WS and ZSM-5 WOS was evalu-
ated using ammonium TPD analysis and the profile is pre-
sented in Fig. 7. It is evident that both the samples show
two desorption peaks which is in good agreement with
the previous literature [40]. The peak at low temperature
is attributed to the desorption of physisorbed ammonia
by weak acid sites while the peak at high temperature is
due to the desorption of ammonia from strong acidic sites,
such as Brgnsted acidic sites [41]. However, the acidity of
ZSM-5 WS is found to be slightly lower than ZSM-5 WOS
which is attributed due to the presence of mesopores in
the former [42-44].

3.7 TG/DTG
The results of the thermogravimetric analysis of ZSM-5

WOS and ZSM-5 WS are given in Fig. 8. The TG of both
unmodified and modified ZSM-5 catalyst displayed an

initial weight loss at 100 °C due to the removal of physi-
cally adsorbed water molecules from the surface of the
sample. The second weight loss in the range of 400-500 °C
could be due to the decomposition of structure directing
agent TPAOH. In the case of modified ZSM-5 zeolite a third
weight loss at 300 °C is also observed, attributed to the
removal of excess unreacted starch. Accordingly, three
peaks at 150, 300 and 550 °C have been noted in DTG.

3.8 Esterification of acetic acid with benzyl alcohol

Esterification of acetic acid with benzyl alcohol is being
thoroughly examined by researchers worldwide as the
obtained product, benzyl acetate, has significant indus-
trial importance for the manufacture of paints, varnishes
and perfumes etc. [45, 46]. This reaction is selected as the
model reaction in this work to test the catalytic activity
of the modified sample. The effects of parameters such
as molar ratio of the reactants, catalyst quantity, reaction
temperature and time on reaction kinetics have been
investigated.

A comparison of percentage conversion of benzyl
alcohol without catalyst, with unmodified (WOS) and
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modified catalyst (WS) catalyst is shown in Fig. 9a. It is
evident that the hierarchical zeolite executes a higher
benzyl alcohol conversion than other two catalysts. The
WOS catalyst displays 100% selectivity for benzyl acetate
because the small micropores in it will hinder the transport
of larger molecule, dibenzyl ether. However, the presence
of large mesoporous in WS catalyst, facilitate the forma-
tion of dibenzyl ether and consequently, we can observe
a slight decrease in selectivity for benzyl acetate. Initially,
the effect of molar ratio of reactants on the conversion
and selectivity to benzyl acetate was studied by varying
the molar ratio of acetic acid to alcohol from 1:1 to 1:5
(Fig. 9b). On increasing the molar ratio of AA: BA from 1:1
to 1:4, the conversion of benzyl alcohol increase from 53
to 76%. Above 1:4 molar ratio, only a slight increase in
conversion was observed and therefore all further reac-
tion was performed with a molar ratio of 1:4. With increase
in molar ratio, the selectivity of benzyl acetate decreases
from 96 to 93% and selectivity of dibenzyl ether increases
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from 3 to 6%. This is attributed to the presence of micro/
mesoporous structure which will facilitate the formation
of dibenzyl ether. We propose a multi-layer mechanism for
this reaction with modified zeolite, as shown in Scheme 2.

The effect of catalyst amount on the reaction was eval-
uated by varying the catalyst from 0.03 to 0.12 g, while
keeping the molar ratio of AA: BA at 1:4. As expected the
benzyl alcohol conversion increases with an increase in
catalyst amount. Further increase in catalyst content
shows a decrease in benzyl alcohol conversion. It is evi-
dent from Fig. 10a that the amount of catalyst affects
the selectivity of the product. On increasing the catalyst
loading from 0.03 to 0.12, the selectivity of benzyl acetate

decreases from 96 to 87%, while the selectivity of dibenzyl
ether increase from 4 to 13. Therefore 0.09 g catalyst with
76% conversion and 93% selectivity for benzyl acetate
was selected as optimized catalyst concentration. In the
present work, esterification reaction was carried out in
the temperature range of 100-130 °C while keeping the
acid: alcohol molar ratio at 1:4 and the catalyst weight at
0.09 g. It can be seen from Fig. 10b that with an increase
in temperature, the conversion of benzyl alcohol increases
from 63 to 87% while the selectivity for benzyl acetate was
found to be decreased slightly at high temperature. This
is attributed to the formation of dibenzyl ether formation
at high temperature.
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The study was further extended to optimize the reac-  increase in reaction time up to 3 h. After 3 h, only a slight
tion time, with acid: alcohol molar ratio at 1:4 and cata-  increase in benzyl alcohol conversion was observed with
lyst concentration at 0.09 g. The results are presented  a slight reduction in benzyl acetate selectivity. For indus-
in Fig. 11a. The benzyl alcohol conversion for WS has trial application, the reusability of the catalyst is very
been observed to be increased from 58 to 78% with an  important. Therefore, the reusability of the catalysts for

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2019) 1:989 | https.//doi.org/10.1007/542452-019-1036-9

Research Article

(a)
conversion
selectivity of benzyl acetate
100 4 - selectivity of dibenzyl ether [~ 100
E 80 - 80 _
= z
g 60 60 Z
5 3
5} <
- 3
b %
g 40 - 40
t
o
>
g
O 204 - 20
0 — - = - : .I. 0
0.03 0.06 0.09 0.12
Catalyst amount (g)

conversion
selectivity of benzyl acetate
100 < = 100
E 804 50
g =
S w0 - 60 %
2 £
9
s ]
: z
= 40 = 40
5
z
=
2
~ o204 20
0 L) T T T 0
100 110 120 130
Temperature (OC)

Fig. 10 Effect of: a catalyst amount; b temperature on the esterification of acetic acid with benzyl alcohol: experimental conditions: benzyl
alcohol: acetic acid—4:1, catalyst—0.09 g, time-3 h, temperature—110 °C

(a) (b)
conversion conversion
100 selectivity of benzyl acetate L 100 100 - selectivity of benzyl acetate L 100

2 °

% 80 - L8 £ 804 L 80

S g2 —~
g FA <

£ 60 H60 T 5 60 60 2
= £ a =
5 B E
H - 3
- - 175}
= 40 < - 40 Z 40 4 - 40

o -

9 4

z £

8

20 - 20 20 =20
0 T T T T 0 0 T T T 0
1 2 3 4 1 2 3
Time (hr) Reusability
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the esterification of acetic acid with benzyl alcohol was
examined. The catalyst has been found to be reusable at
least three times with washing with water and subsequent
drying after every cycle of operation (Fig. 11b).

4 Conclusions

Fabrication of hierarchical ZSM-5 zeolite was success-
fully achieved by using an environment -friendly mes-
otemplate, starch. The synthesized ZSM-5 exhibited good

crystallinity, high surface area, high porosity and thermal
stability, making it an ideal candidate in the field of cataly-
sis and adsorption. The modified ZSM-5 catalyst showed
better catalytic activity for esterification reaction than the
unmodified ZSM-5 catalyst.
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