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Study on the catalytic performance of different
crystal morphologies of HZSM-5 zeolites for the
production of biodiesel: a strategy to increase
catalyst effectivenesst

Elyssa G. Fawaz,? Darine A. Salam, @ *? L. Pinard® and T. Jean Daou @<

Strategies to improve molecular transport and accessibility of ZSM-5 zeolites were investigated for the
model reaction of esterification of linoleic acid with methanol for biodiesel production. Zeolite crystals with
a short diffusion length and hierarchical porosity were compared with conventional coffin-shaped
microcrystals for their catalytic activity in terms of acidic properties and pore structure. As-synthesized
catalytic materials were fully characterized with XRD, SEM, TEM, N, adsorption-desorption, X-ray
fluorescence, and FTIR. The results showed that hierarchical zeolites with nanosheet and nanosponge
morphologies achieved the highest catalytic performance due to improved accessibility and mass transfer
of linoleic acid from the outer mesoporous surface to the intrinsic active zeolitic framework. A maximum
conversion of 95.12% was reached for the esterification of linoleic acid using HZSM-5 nanosheets at 4 h
reaction time, 10 wt% catalyst loading, 6:1 methanol to linoleic acid molar ratio and 180 °C. Despite the
high conversions achieved with HZSM-5 nanosponges (86.40% (SD = 1.77)), these catalysts did not operate
to their full acidic potential as compared to HZSM-5 nanosheets, due to their higher hydrophilicity which
hindered linoleic acid adsorption onto their surface. HZSM-5 nanosheets’ regenerability was tested under

rsc.li/catalysis

1. Introduction

Biodiesel produced from waste renewable resources is a non-
toxic, environmentally friendly and biodegradable alternative
fuel to the depleted diesel of petroleum origins."”> Conven-
tionally, biodiesel is produced by a transesterification reaction
using a homogeneous base catalyst.> Despite being cheap,
readily available and having high catalytic efficiency, this
procedure is exceedingly sensitive to water and free fatty acid
(FFA) contents in the oil-feedstock. At high contents, the
saponification reaction occurs and creates several drawbacks
in subsequent recovery and purification of methyl esters due
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optimum reaction conditions and showed a high methyl ester conversion for 4 consecutive cycles.

to the difficult separation of products and the increase in vis-
cosity.”” Freedman et al. stated that homogeneous acid cata-
lysts are unresponsive to FFA content and are superior to base
catalysts in the transesterification of an oil-feedstock
containing more than 1% FFAs.® However, this process also
presents different drawbacks such a lengthy reaction time,
which might be surmounted by heterogeneous acid catalysts.
These solid catalysts minimize the complications related to
homogeneous catalysis in terms of segregation, recovery and
regeneration of the catalyst.””® Further, transesterification of
oils using solid acid catalysts is non-corrosive and eliminates
the extensive product purification step.”'® Nonetheless, the
development of three phases (alcohol, oil and solid catalyst)
remains a main problem connected to heterogeneous catalyst
usage in transesterification reactions, as it lowers the biodie-
sel yield and the rate of the reaction by restraining the diffu-
sion of reagents and products."'? Zeolites are crystal-like
solids having a precise framework of oxygen, aluminum and
silicon in their structure."® They have found applications in
several aspects of catalysis,"* "’ especially in esterification re-
actions for biodiesel production.'®* They show high acid ac-
tivity and a large total surface area with shape selective char-
acteristics that are non-existent in comparable amorphous
catalysts.>* >’ However, they are usually produced in

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9cy01427f&domain=pdf&date_stamp=2019-09-27
http://orcid.org/0000-0002-8248-0989
http://orcid.org/0000-0002-9973-3372
https://doi.org/10.1039/c9cy01427f
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY009019

Published on 16 September 2019. Downloaded by American University of Beirut on 10/13/2022 10:26:32 AM.

Catalysis Science & Technology

micropores, with micrometer-range crystal dimensions and
so, with an insignificant external surface area. These charac-
teristics limit the conversion of bulky molecules. Alternative
strategies enhancing mass transfer in zeolite-catalyzed reac-
tions by shortening the diffusion length to the nanometer
range and introducing hierarchical porosity (micro- and
mesoporosities) could make the active sites in the zeolites
more accessible and thus the heterogeneous acid esterifica-
tion involving large molecules such as fatty acids more feasi-
ble. Aside from possessing a high specific surface area and
notable porosity which can increase the contact between the
solid catalyst and the oil molecules, hierarchical ZSM-5 was
found to be a promising catalyst in esterification reactions.
For instance, mesoporous zeolite ZSM-5 crystals have been
successfully fabricated by Jin et al.>® The synthesized meso-
porous ZSM-5 showed improved catalytic performance com-
pared with conventional ZSM-5 in reactions such as esterifica-
tion reactions. Nandiwale et al (2015) synthesized a
hierarchical H-ZSM-5 catalyst for the esterification of acetic
acid with benzyl alcohol.”® The hierarchical HZSM-5 was
found to be a promising catalyst for benzylation with a con-
version of 94% which was obtained at a reaction temperature
of 70 °C after 2 h. To the best of our knowledge, only one
study tested the esterification of oleic acid with ethanol for
biodiesel production using microporous ZSM-5 and beta and
micro/mesoporous ZSM-5 acid zeolites to assess how the
internal mass transfer limitation is affected by the zeolite's
pore size. However, despite exhibiting better internal mass
transfer, ZSM-5 zeolites showed the lowest catalytic activity.*
In the current study, the catalytic behavior of ZSM-5 zeolites
exhibiting distinct crystal morphologies (conventional coffin-
shaped microcrystals, nanocrystals, nanosheets, and
nanosponges) was assessed in terms of acidic properties and
pore structure in the esterification of linoleic acid, as a model
biodiesel production reaction. The influencing factors of es-
terification including the molar ratio of methanol to linoleic
acid, reaction temperature and reaction time were analyzed.
The Thiele modulus model was used to discuss the correla-
tion between effective mass transfer within the pore size of
the zeolites and their catalytic performance based on experi-
mental results.

2. Experimental section

Tetrapropylammonium hydroxide was used as a template for
conventional zeolites, whereas bifunctional compounds
which could engender micropores and mesopores
simultaneously were specifically synthesized to produce
hierarchical ZSM-5.

2.1. Structure directing agent synthesis

The di-quaternary ammonium-type structure directing agent
(SDA) C,,Hy5-N'(CHj3),-CoHy,-N'(CH;),-CeHy3Br, (abbreviated
as C22-6-6), used for ZSM-5 nanosheet synthesis, was synthe-
sized following a modified procedure reported by Na et al.*'
For the production of ZSM-5 nanosponges, the zeolite-SDA-
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functional surfactant C;gH;,-N'(CH;),-CeHy,-N'(CH;),-CoHy o
N'(CH;),-C15H;,(Br ); (abbreviated as 18-N;-18) was prepared
as described in ref. 32. Detailed synthesis description of C22-
6-6 and 18-N,-18 is provided in the ESIT (section S1).

For all reactions, the solvent used in the preparation of
the SDAs was evaporated at room temperature for product
precipitation. Products were further filtered, washed with
diethyl ether, and dried in a vacuum oven for 2 h, at 50 °C.

The purity of the solid organic products C22-6-6 and 18-
N,-18 was checked by solution-state 'H NMR, with CDCl; as
the solvent.

2.2. Catalyst synthesis

Typical ZSM-5 zeolite big crystals (MC) with coffin-shape mor-
phologies were synthesized by dissolving 0.26 g of sulfuric
acid (Aldrich) and 3.19 g of tetraethoxysilane (TEOS, Aldrich,
98%) in 10.75 g of distilled water in a 45 ml stainless steel
®Teflon-lined autoclave. 0.36 g of sodium hydroxide (Riedel
de Haen, 99%) and 0.1 g of Al,(SO,);-18H,0 (Rectapur, 99%)
were added to the mixture. 3.03 g of tetrapropylammonium
hydroxide (TPAOH) aqueous solution (25 wt%, Fluka) was fi-
nally supplemented to meet the gel's molar composition of
100Si0, : 1A1,05 : 30Na,0 : 18H,SO, : 20TPAOH : 4000H,0.%* The
gel was then stirred at 1000 rpm for 30 min, heated at 60 °C
for 4 hours and finally deposited in a tumbling oven for 4
days, at 30 rpm and 150 °C.

ZSM-5 zeolite nanocrystals (NC) were synthesized follow-
ing the molar composition 50SiO,:1CoH,;05Al: 6NaBr:
10TPAOH : 450H,0. 0.31 g of CgH,;0,Al and 12.1 g of tetra-
propylammonium hydroxide (25 wt% TPAOH aqueous solu-
tion, Fluka) were dissolved in 3 g of distilled water and
stirred for 20 min at room temperature. 0.93 g of NaBr was
added to the solution which was stirred for 20 additional mi-
nutes. 4.48 g of porous silica gel (100 mesh) was then added
and well mixed with the solution. The gel was finally placed
in an oven at 170 °C for 24 hours.

The synthesis of ZSM-5 nanosheets (NSh) followed the
same procedure described for ZSM-5 zeolite large crystals
with coffin-shape morphology, with the only difference being
the usage of 1.08 g of the di-quaternary ammonium-type sur-
factant (C22-6-6) instead of tetrapropylammonium hydroxide
aqueous solution (25 wt%). The composition of the gel was
therefore 100Si0, : 1A1,05 : 30Na,O : 18C22-6-6 : 4000H,,0.

To produce ZSM-5 nanosponges (NS), a molar composi-
tion of 100SiO,:2.5A1,0;:22Na,0:800EtOH:5 18-N;-18:
7100H,0 was adopted as described by Na et al.** Accordingly,
0.08 g of sodium aluminate (NaAlO, with 56.7 wt% Al,O3,
39.5 wt% Na,0, and 3.3 wt% H,0), 0.26g of sodium hydrox-
ide (Riedel de Haen, 99%), 3.54 g of tetraethoxysilane (TEOS,
Aldrich, 98%), 3.07 g of EtOH (99%), and 1.28 g of 18-N;-18
were dissolved in distilled water under stirring in a ®Teflon-
lined stainless steel autoclave. The gel was stirred at 1000
rpm at room temperature for 30 min, then at 60 °C for 6
hours and finally placed in a tumbling oven for 5 days at 30
rpm and 150 °C.
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After synthesis, the different ZSM-5 zeolites were filtered,
washed with distilled water, dried overnight at 105 °C, and
finally calcined at 550 °C for 8 h in air to remove the organic
structuring agents.

An ion exchange process using NH,Cl as a precursor was
used to modify the synthesized Na-ZSM-5 zeolites. Dried
zeolites were added to a 1 M solution of NH,CI with a ratio
of 1:20 and heated under stirring at 80 °C for 2 h in a round
bottom flask fitted with a reflux condenser. The ion exchange
process was repeated three times and the mixture was recur-
rently washed with distilled water, dried at 105 °C and then
calcined in air for 10 h at 550 °C to obtain the H" exchanged-
zeolite ready for catalysis. The exchanged zeolites of HZSM-5
big crystals, nanocrystals, nanosheets and nanosponges were
labeled MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-
HZSM-5, respectively.

2.3. Catalyst characterization

A PANalytical MPD X'Pert Pro diffractometer equipped with
an X'Celerator real-time multi-strip detector (2.122° 26 active
length) and operating with Cu Ka radiation (4 = 0.15418 nm)
was used to obtain the X-ray diffraction patterns and purity of
the produced zeolite materials. The zeolite's diffractogram
was recorded at 22 °C in the low range 0.5 < 26 < 5° and wide
range 3 < 20 < 50° (220 s time step and 0.017° 20 angle step).

The homogeneity and morphology of the produced crys-
tals were examined using a 7 kV accelerating voltage scan-
ning electron microscope (SEM) (Philips XL 30 FEG micro-
scope) and a transmission electron microscope (TEM)
(Philips model CM200), working with a 0.3 nm point-to-point
resolution, at 200 kV.

The surface area, micropore size and micropore volume of
the produced zeolites were determined by N, sorption (ASAP
2420 system, Micromeritics, USA) and calculated adopting
the BET method using areas of 2 x 10™* < p/p, < 8 x 107> and
4 x 107 < plpy < 12 x 107> for the microcrystals (MC-HZSM-
5) and nanocrystalline materials (nanosheets (NSh-HZSM-5),
nanosponges (NS-HZSM-5), and nanocrystals (NC-HZSM-5)),
respectively. The micropore volumes (Vyicro) Were calculated
using the ¢-plot method and the pore size distribution was
determined by using the Barrett-Joyner-Halenda (BJH) model
applied on the desorption branch. The total pore volume was
calculated at p/p, = 0.9 and the mesopore volume was deter-
mined by subtracting the micropore volume from the total
volume. Prior to single measurements, 50 mg of the zeolite
samples was outgassed for 15 h, at 300 °C. Measurements of
nitrogen sorption were carried out at -196 °C.

X-ray fluorescence spectroscopy (Philips, Magic X) was
used to determine the Si/Al molar ratio of the produced sam-
ples and to evaluate their successful exchange.

Pyridine adsorption followed by infrared spectrometry in a
Thermo Nicolet Magna 550-FT-IR spectrometer was used to
measure the amount of Lewis and Bronsted acid sites. Sam-
ples of zeolite were squeezed into self-supported pellets of 20
mg. Each wafer was then preheated at 450 °C in an analysis
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cell for 12 h, in air. The cell was later placed under vacuum
for 1 h to remove physisorbed molecules after decreasing the
wafer temperature to 200 °C. Prior to introducing pyridine
into the cell for 5 min, the temperature was further reduced
to 150 °C. The cell was then evacuated to 10°° bar and after 1
h of vacuum, the IR spectra were recorded at room tempera-
ture. The amounts of Brensted [PyrH'] and Lewis [PyrL] acid
sites were established using extinction coefficients previously
determined in ref. 34, following integration of peak areas at
1545 cm ™" and 1454 cm ™, respectively.

*7Al (I = 5/2) magic angle spinning (MAS) NMR was carried
out with a Bruker Avance II 400 spectrometer operating at B,
=9.4 T (Larmor frequency v, = 104.2 MHz) equipped with a
Bruker 2.5 mm double channel probe. The rotor was spun at
25 kHz, and free induction decays (FID) were collected with a
p/12 rf pulse (0.6 ms) and a recycle delay of 1 s. Measure-
ments were carried out with [Al(H,0)s]’" as an external stan-
dard reference.'* The decomposition of the spectra was
performed using the DMFit software®® in order to determine
the Si/Al ratio of the framework (coupled with XRF results).

2.4. Esterification reactions

For all types of HZSM-5 produced, esterification reactions of
linoleic acid (ACROS, 99%) with methanol (Chromasolv,
99.9%) were performed by refluxing in a 50 ml round-bottom
reactor, under stirring (550 rpm). The reactor was loaded
with 0.6 ml (equivalent to 0.54 g or 1 mole) of linoleic acid
and the desired amount of methanol (6:1, 12:1 or 25:1
methanol to linoleic acid by molar ratio) was next
supplemented. For each methanol to oil ratio, esterification
reactions were performed at three different temperatures (60,
140 and 180 °C) at a catalyst loading of 10 wt% for 6 h. The
catalyst was dried prior to reaction at 105 °C. Kinetic studies
were performed for the HZSM-5 type which showed the
highest conversions under a defined set of reaction condi-
tions. For the conditions used, the esterification reactions
were carried out over 24 h by sacrificing triplicate samples at
predetermined time intervals (0, 0.5, 1, 2, 3, 4, 8, 16, and 24).
Blank experiments were also performed in triplicate for each
parameter varied.

At the end of the esterification reactions, the content of
the reaction flasks was extracted with 50 ml of methanol to
dissolve the water produced during the esterification reac-
tion, followed by two dichloromethane (DCM) (Fisher, 99.8%)
extractions of 50 mL each to dissolve the residual linoleic
acid and produced methyl esters. The liquid extracts were
separated from the solid catalysts by gravity filtration through
a bed of filtration beads and 0.2 um filter paper and analyzed
for methyl esters and residual linoleic acid.

2.5. Fatty acid and methyl ester analysis

Gas chromatography (GC) analysis (Trace GC Ultra, Thermo
Scientific) was used to obtain the methyl ester content in the
liquid extracts. The GC was equipped with an HP-INNOWAX
capillary column (30 m x 250 um x 0.25 pm) and a flame

This journal is © The Royal Society of Chemistry 2019
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ionization detector (FID). The FID was set at 300 °C, the in-
jector temperature was 250 °C in splitless mode, and the in-
jection volume of the sample was 5 pl. Helium was used as a
carrier gas at 1 mL min . After the isothermal period (2 min
at 60 °C), the temperature of the oven was increased from 60
°C to 200 °C at a 10 °C min™" heating rate, and lastly in-
creased to 240 °C at a 5 °C min™' ramp and maintained for 7
min. Peaks of methyl esters were identified based on
reference standards (Supelco 37 component FAME mix in
DCM, TraceCert). Eqn (1) was used to determine the conver-
sion of linoleic acid in the esterification reaction:

) _ Z Cmethylesters x I/:e)<t1'::|cl

Conversion (% V

%100 (1)

0 Linoleicacid

where Cpethyl esters 1S the concentration in mg L™" quantified
by GC/FID, Veyiract 1S the total volume (L) of the liquid extract,
and My pinoleic acia 1S the initial mass of linoleic acid in mg
added to the reactor.

Residual linoleic acid was analyzed with a high-
performance liquid chromatograph (HPLC) equipped with a
UV visible diode array detector (Agilent Technologies, CA,
USA), using the method described by Gratzfeld-Husgen and
Schuster.*® Bromophenacyl bromide (Fluka, Buchs SG, Swit-
zerland) was used to obtain the corresponding esters of FAs
after derivatization. A C8 column (150 x 2.1 mm ZORBAX
Eclipse XDB, 5 um) was used. The sample injection volume
was 1 pL, and the detection wavelength for the esters of FAs
was 258 nm. The mobile phase was composed of a mixture of
water (A) and acetonitrile + 1% tetrahydrofuran (B) and a sol-
vent gradient of 30% B at 0 min, 70% B at 15 min, and 98%
B at 25 min was used.

2.6. Determination of the kinetics of the esterification
reaction

Eqn (2) describes the stoichiometric relationship of the reac-
tants and products of the esterification reaction.

Linoleic acid + Methanol —=*' Methyllinoleate + H,0  (2)

According to the general equation (eqn (2)), the reaction
rate can be obtained as follows (eqn (3)):

1dC ,
= _571_1% =k-CiyCye )

where r, is the reaction rate (mg L™ m”> h™), Cp, is the
linoleic acid concentration (mg L"), Cye is the methanol
concentration (mg L"), S is the surface area of the solid cata-
lyst, and k' is the reaction rate constant (mg™' L m> h™).

The amount of linoleic acid (LA) molecules adsorbed is
equal to the sum of the amount desorbed and the amount of
linoleic acid consumed by the chemical reaction on the sur-
face and intrisically.’” According to the following assump-
tions, the reaction rate (1) is described as:

This journal is © The Royal Society of Chemistry 2019
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1dC, ,
= _ETLA = kSQMCLA,s'CMe,s (4)

where Cp, is the oleic acid concentration in the bulk liquid
phase, k! is the chemical reaction constant on the catalyst sur-

face, 6\ is the occupied fraction of active sites by methanol, and
Cras is the concentration of linoleic acid on the catalyst surface.

Corresponding to the suggested reaction mechanism, the
adsorption of LA is the rate-limiting step. Then the net rate
of LA adsorption-desorption is equal to the reaction rate on
the catalyst surface (5):

_1dG,
S de

Fadsdes = Kaas (1 - ZQ)CLA ks Cras ="Tia = =kCpas

(5)
where rpgs_qes is the net rate of LA adsorption-desorption, k,qs
and kges are the respective adsorption and desorption rate
constants, and » 0 is the total solid fraction covered by all
species in the liquid mixture.

Eqn (5) can be reorganized to get the non-measurable
Cia,s with respect to the measurable Cy, (6):

kads (1 - : :9)
e N A 6
Cuas ko +k0O, Cua (©)

Substitution of eqn (6) into eqn (4) results in eqn (7):

1dC,, kads(l— E 9)
=———* =(k6,)—————=C,.C 7
TS T (koy) kpo +k0, T @

des

All reactions can be viewed as a result of two consecutive
steps. The first is the meeting of two reactant molecules by
diffusion. The second is the reaction step, in which the reac-
tants conquer an activation barrier and a diffusion limitation.
The esterification reaction in the presence of a zeolite catalyst
is reaction-controlled. As a result, the observed rate coeffi-
cient is only relevant to the reaction step and is equal to the
intrinsic rate coefficient.*® As discussed above, assuming that
the adsorbed reaction components governed by the net rate
of LA adsorption-desorption contribute to the intrinsic reac-
tion, the intrinsic rate coefficient (k.¢) would be (8):

k, (1-%6
keff = (kSOM )% (8)
s M

des

Eqn (4) thus becomes:

1dC,,
—r, === =k CiaACre 9
S dt ff LA™~ M ( )
where kg (mg™ L m* h™) reflects both the chemical reaction
and adsorption-desorption resistance on the surface.
Equation (9) follows a second order reaction rate. Never-
theless, methanol's concentration throughout the heteroge-

neous reaction could be considered constant due to the
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excess methanol added to push the reaction in the direction
of product formation. Consequently, the concentration of
methanol does not modify the order of the reaction which
will behave as a first order reaction and obey pseudo-first or-

der kinetics (eqn (10)).>>*°
1dC
L= g dtLA =k Cra Cye =k-Cry (10)

where k (m®> h™) = kegrCyme ~ cst, when methanol is used in
excess.

Assuming that the initial concentration of linoleic acid is
Co a at time ¢ = 0 and becomes C; 1, at time ¢, the integration
of eqn (10) from ¢ = 0 to t = ¢, and Cj 14 to C; 14 gives eqn (11):

InCypo—InC;1p =kt (11)

From the mass balance of the reaction,

— ~
o ]
3 ™
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where Xy is the methyl ester yield. Upon rearrangement of
eqn (11), the kinetics of linoleic acid conversion could be
expressed as follows (12):

In(1 - Xyg) = k-t (12)

3. Results and discussion

3.1. Catalyst characterization

3.1.1. XRD. As illustrated in Fig. 1a and b, only the MFI-
type zeolite crystalline phase was attained for all the zeolites,
which confirms the high purity achieved for the different
morphologies of ZSM-5. However, hierarchical zeolites (NSh-
HZSM-5 and NS-HZSM-5) display wider and less intense XRD
peaks compared to NC-HZSM-5 and MC-HZSM-5 samples, as
already suggested by Kabalan et al.*' The use of C22-6-6 and
C18-N;3-C18 as structure directing agents for NSh-ZSM-5 and
NS-ZSM-5, respectively, produced nanosheets and nano-
sponges with meso-structuration recognized by the presence
of broad peaks at low diffraction angles (0.6° < 26 < 5°) as
shown in Fig. 1c. The broad peaks of NSh-ZSM-5 at low

= MC-ZSM-5 =
2 8
< > MC-HZSM-5
& @ Acnton A Mo
2 [
s 2
g £ NC-HZSM-5
- NSh—ZlSE/I—S ki NSh-HZSM-5
2 o
NS-ZSM-5 NS-HZSM-5
Mo
3 13 23 33 43 3 33 43

20 (degrees)

C

3

s

Z

(%]

c

g NSh-ZSM-5
‘v

2

2

5

K NS-ZSM-5

0.6 1.7 2.8 3.9 5.0

20 (degrees)

20 (degrees)

NS-ZSM-5

Relative intensity (a.u.)

NSh-ZSM-5

0.6 1.7 2.8 3.9 5.0
20 (degrees)

Fig. 1 (a) Wide angle XRD patterns of calcined MC-ZSM-5, NC-ZSM-5, NSh-ZSM-5, and NS-ZSM-5, (b) wide angle XRD patterns of exchanged and
calcined MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5, (c) low angle patterns of non-calcined NSh-ZSM-5 and NS-ZSM-5, and (d) low

angle patterns of calcined NSh-ZSM-5 and NS-ZSM-5.
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Fig. 3 Transmission electron microscopy (TEM) images of (a) NSh-HZSM-5 and (b) NS-HZSM-5.

diffraction angles disappear after calcination, indicating that
the organization of materials on the mesoscopic scale is due
to the presence of C22-6-6 which acts as a structure and
shape directing agent. Meanwhile, the XRD peak at low an-
gles remains intact for NS-ZSM-5 after calcination (Fig. 1d).
This suggests that the calcined nanosponge samples have a
higher mesopore volume which was later confirmed by N,
sorption tests. At wide angles, only the diffraction peaks rela-
tive to the (%0l) crystallographic planes are strong enough to
be properly indexed for NSh-HZSM-5. This indicates that the
hydrophobic alkyl tail of C22-6-6 blocked the crystal growth
along the b-crystal axis, and that the zeolite layers are

This journal is © The Royal Society of Chemistry 2019

amassed in multilamellar arrays confirming thus nanosheet
formations.*’ The XRD pattern of NS-HZSM-5 suggests a 2D
hexagonal symmetry of micropores stacked in two different
orientations.*”

3.1.2. SEM and TEM. The SEM images displayed in Fig. 2
show the different morphologies observed for the HZSM-5
synthesized zeolites. Micrometric crystals with parallelepiped
shape were obtained for MC-HZSM-5, with crystal sizes rang-
ing between 3.4 and 7 pm (Fig. 2a). NC-HZSM-5 showed parti-
cles with an average size of 500 nm to 1000 nm composed of
agglomerated crystals having an average size of 85 to 310 nm
(Fig. 2b). The replacement of TPAOH by the bifunctional
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Fig. 4 N, adsorption/desorption isotherms at -196 °C of the calcined MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 samples. Full bul-

lets represent adsorption isotherms and empty bullets the desorption ones.

Table 1 Properties of the morphologically different HZSM-5 zeolites

HZSM-5 Si/Al  Si/Al of the  Sgpr Sexternal  Total pore Micropore Mesopore [PyrH'] [PyrL}?
type ratio® framework’ (m?g™) (m®g™) volume (cm®g™) volume (cm®g™?) volume (cm®g™?) (umolg™) (umolg™)
MC-HZSM-5 45 53 395 22 0.167 0.167 — 351 44
NC-HZSM-5 23 29.7 411 34 0.189 0.171 0.018 301 76
NSh-HZSM-5 44 55.4 521 96 0.323 0.189 0.134 103 80
NS-HZSM-5 25 33.4 613 175 0.624 0.273 0.351 218 103

“ Si/Al molar ratio of the sample determined by XRF. ? Si/Al molar ratio of the zeolite framework determined from XRF and 2’Al MAS NMR.
¢ Concentration of pyridine adsorbed on Bronsted acid sites following thermo-desorption at 150 °C. ¢ Concentration of pyridine adsorbed on

Lewis acid sites following thermo-desorption at 150 °C.

organic structure directing agent C22-6-6 led to the produc-
tion of lamellar materials for NSh-HZSM-5 (Fig. 2c). The over-
all thickness of the lamellar stacking of nanosheets was
about 20-40 nm. Upon the use of 18-N;-18 as a surfactant,

— — -NS-HZSM-5  ——— NSh-HZSM-5
< 003 - -\

dé)l/W Pore volume
o
IS}
(2]

o

0 20 40 60 80 100
Pore Diameter (A)

Fig. 5 Mesopore size distribution of the calcined exchanged
hierarchical samples NSh-HZSM-5 and NS-HZSM-5.
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the increase in the number of quaternary ammonium ions
and the length of the carbon chain generated the nano-
sponge morphology of NS-HZSM-5 (Fig. 2d). The spiky-like
nanomaterials are uniform in shape with size varying be-
tween 250 and 350 nm.

From the TEM images (Fig. 3a), it is well noticeable that
numerous nanosheets of one unit are parallel to each other,
presenting an entirely well-ordered assemblage of zeolite
nanosheets with a thickness of 2 nm. TEM imaging of NS-
HZSM-5 (Fig. 3b) shows interconnected mesopore walls
which are composed of zeolite microporous nanocrystals.

3.1.3. Adsorption-desorption of nitrogen. The textural
properties of the calcined HZSM-5 with different morphol-
ogies were investigated by adsorption-desorption of nitrogen
(Fig. 4). MC-HZSM-5 and NC-HZSM-5 displayed both an iso-
therm of type I as expected for microporous solids. A slight
hysteresis was observed for NC-HZSM-5 due to the agglomer-
ation of nanocrystals (interparticle adsorption of N,). The
micropore volumes of MC-HZSM-5 and NC-HZSM-5 were

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 FTIR spectra after zeolite saturation with pyridine and desorption at 150 °C.
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Fig. 7 Reaction temperature variation effect on the esterification of linoleic acid using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5
catalysts at a methanol to linoleic acid molar ratio of 12:1, catalyst loading of 10 wt%, stirring rate of 550 rpm, and reaction time of 6 h.

0.167 and 0.171 cm® g~', respectively (Table 1). The adsorp-
tion isotherm of NSh-HZSM-5 is of type I at low p/p,, and of
type II with an H4 hysteresis at high p/po.*" The presence of a
hysteresis loop in the relative pressure range 0.4 < p/p, < 1
is typical of lamellar materials, due to the stacking of nano-
sheets. The isotherms of NS-HZSM-5 are of type Ib at low p/p,
with a micropore volume of 0.273 cm® g (Table 1). The
highest micropore volume relative to the other morphologies
of HZSM-5 is explained by the existence of a secondary micro-

This journal is © The Royal Society of Chemistry 2019

porosity due to the presence of the 18-N;-18 surfactant, in ad-
dition to the microporosity induced by the MFI-type lattice.
The presence of mesopores on the NS-HZSM-5 zeolite is indi-
cated by the type IV and type II isotherms at 0.4 < p/p, < 0.6
with an H4 hysteresis characteristic of capillary nitrogen gas
condensation in the mesopores. At p/p, > 0.9, interparticle
adsorption of N, is observed. The mesopore volume of NS-
HZSM-5 is estimated to be 0.351 cm® g™, The total pore vol-
ume presented in Table 1 increased from MC-HZSM-5 to

Catal. Sci. Technol., 2019, 9, 5456-5471 | 5463
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Fig. 8 Effect of methanol to linoleic acid molar ratio variation on the esterification of linoleic acid using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5,
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Fig. 9 Effect of reaction time on the esterification of linoleic acid using the NSh-HZSM-5 catalyst at a catalyst loading of 10 wt%, methanol to
linoleic acid molar ratio of 6:1, reaction temperature of 180 °C, and stirring rate of 550 rpm.

NC-HZSM-5, from NC-HZSM-5 to NSh-HZSM-5 and from NSh-
HZSM-5 to NS-HZSM-5, and the BET surface area was higher
for the hierarchical materials relative to the microporous zeo-
lites. The BJH pore size distribution of NSh-HZSM-5 was

5464 | Catal Sci. Technol, 2019, 9, 5456-5471

monomodal with a mean mesopore diameter of 35 A. For NS-
HZSM-5 zeolites, the BJH pore size distribution was more
intense and quite broad, presenting an average mesopore di-
ameter of 58 A (Fig. 5). The micropore and mesopore size

This journal is © The Royal Society of Chemistry 2019
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Table 2 Thiele modulus variable data for linoleic acid esterification using
MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5

MC-HZSM-5 NC-HZSM-5 NSh-HZSM-5 NS-HZSM-5

e(em®g™)  0.165 0.166 0.323 0.624
Degg(M*s™) 6.50x107°  6.52x10°% 1.27x107  2.45x107
k(m>h™)  0.283 0.213 0.240 0.254

L (m) 0.035x 107" 0.155x107° 0.010x10™° 0.125 x 107°
o 0.437 0.017 0.001 0.008

distributions of all the calcined exchanged samples MC-
HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 are
presented in section S2 of the ESIL.}

3.1.4. FTIR and *’Al MAS NMR. The *’Al solid state MAS
NMR spectra of the 4 zeolite samples were recorded. The
zeolites exhibit principal resonance at ca. 56 ppm
corresponding to Al species in tetrahedral coordination
present in the MFI framework (section S3 in the ESI}). The
*’Al MAS NMR spectra also display a second resonance
around 0 ppm attributed to extra framework Al. MC-HZSM-5,
NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5 contain 25%,
15%, 20%, and 30% of extra framework Al, respectively (sec-
tion S37). Correspondingly, the Si/Al framework ratios of the
different zeolite samples were calculated (Table 1).

The acidity of the morphologically different HZSM-5 cata-
lysts was quantified by FTIR of adsorbed pyridine. Two rea-
sons exist that make pyridine a well-adapted probe molecule
for acidity quantification: 1) it can enter the zeolite's internal
pores since it has a diameter of 5.6 A,**> within the range of
the HZSM-5 zeolite pores (5.3-5.6 A), and 2) it is a strong
base with a single electron pair on the nitrogen which forms
a pyridinium ion on protonic strong Bronsted sites (PyrH")
found at 1545 cm™" (Fig. 6), and coordinated bonds on weak
Lewis acid sites (PyrL) found at 1454 cm™.** Pyridine inter-
acting with both Lewis and Brgnsted sites is observed at 1490

View Article Online
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em™* but it does not permit differentiation of the two acid
sites and is thus not used to characterize acidity.

The Lewis and Bronsted acid site concentrations were cal-
culated from 1454 cm™ and 1545 cm™ bands, respectively,
and the results are reported in Table 1. The Brensted acidity
decreases for hierarchical NSh-HZSM-5 and NS-HSZM-5 with
respect to microporous MC-HZSM-5 and NC-HZSM-5 zeolites,
whe