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ABSTRACT: SAPO-35 zeolite (LEV topology) is an 8-membered ring zeolite material that offers high selectivity and activity in separation and
catalysis but this microporous material can only be crystallized using hexamethyleneimine, quinuclidine and cyclohexylamine organic
templates thus far. Herein, the hydrothermal synthesis and crystallization evolution of SAPO-35 using a novel N-heterocyclic organic template,
namely 1-propylpyridinium hydroxide ([PPy]JOH), are reported. As compared to the previous reported hexamethyleneimine-templated
synthesis conditions (24 h, 200 °C), the current system requires merely 21 h to fully crystallize SAPO-35 using [PPy]JOH new template.
Furthermore, the current system also witnesses a different route for crystallizing SAPO-35 where dissolution of reactants (induction),
nucleation, crystal growth and intrazeolite transformation from SAPO-34 to SAPO-35 are observed. The resulting SAPO-35 zeolite of high
porosity and acidity is active and selective in the catalytic conversion of levulinic acid into ethyl levulinate—a biofuel additive—under
nonmicrowave instant heating, where it shows 96.3% conversion and 100% selectivity towards ethyl levulinate after 20 min at 190 -C with
high catalyst reusability. Hence, this work offers a promising route to crystallize SAPO-35 that is benign for catalytic biofuel upgrading.

1. INTRODUCTION

Aluminophosphate (AIPO-n) is a class of zeolite material with neutral surface charge that is formed by strictly alternating [AlO4]~ and
[PO4]* monomer units [1]. By incorporating silicon (Si) atoms into the AIPO-n framework, it gives rise to the formation of acid sites in
silicoaluminophosphates (SAPO-n) that are essential for broad industrial applications [2—4]. These zeotypes have been proven as promising
candidates as selective water adsorbents [5], and catalysts in the methanol-to-olefins (MTO) reaction [6], hydroisomerization of long-chain
paraffin [7,8], dewaxing [9], isomerization [10], hydrodeoxygenation (HDO) of vegetable oils [11], n-alkane cracking [12], and oxidative
dehydrogenation of ethane [13].

So far, there have been more than 50 types of SAPO-n with unique framework structures discovered and synthesized [14]. Among
them, SAPO-35 (LEV topology) is one of the important SAPO-n materials. This small-pore zeotype material (3.6 x 4.8 A2) is made up of
levyne cages that are connected through single six rings (S6R) and double six rings (D6R) where its adequate pore size and shape allow
selective molecular diffusion and separation for linear hydrocarbons [15]. Nevertheless, the research into the synthesis and application of
SAPO-35 is relatively scarce due to its rigid synthesis conditions.

SAPO-35 zeolite was first synthesized at 200 °C for 7 days using quinuclidine as an organic template [16]. Then, SAPO-35 was
crystallized with the assistance of cyclohexylamine and hydrofluoric acid in a very narrow range of silicon concentration where SAPO-17 as
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a competing phase was observed [17]. Meanwhile, cobalt-aluminophosphate LEV molecular sieve named DAF-4 was also prepared using
2-methylcyclohexylamine organic template heating at 200 °C for 7 days [18].

Recently, the use of more reactive template, namely hexamethyleneimine has successfully reduced the crystallization time of SAPO-
35 from 7 days to 98 h [19] and 24 h [15,20,21]. It is worth to note that the use of aliphatic aminic structure-directing agents so far still requires
long heating times for crystallizing SAPO-35. Hence, seeking more reactive structure-directing agents for rapid crystallizing SAPO-35 with
superior surface properties (e.g. high porosity, high framework Si content, high surface acidity) is worth to be further studied.

Herein, the use of N-heterocyclic pyridinium compound as a novel organic template for crystallizing SAPO-35 is reported. It is worth to
mention here that unlike conventional synthesis route, the current system undergoes different crystallization route where SAPO-34 is first
formed from the amorphous solid before intrazeolite transformation occurs forming SAPO-35. The catalytic behavior of SAPO-35 with high
porosity and surface acidity is then investigated in esterification of levulinic acid into ethyl levulinate (a biofuel additive [22]) under non-
microwave instant heating, where this mode of heating uses SiC heat superconductor to provide rapid and uniform heating, mimicking the
microwave heating [23].
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Scheme 1. Synthesis route of 1-propylpyridinium hydroxide ([PPy]OH).

2. Experimental section

2.1 Synthesis of 1-propylpyridinium hydroxide ([PPy]OH) SDA solution

1-Propylpyridinium hydroxide ([PPy]JOH) was prepared as follows as in Scheme 1. Typically, pyridine (58.708 g, 99.5%, Merck) and
1-bromopropane (136.925 g, 99%, Merck) in a molar ratio of 1:1.5 were first mixed in a 250-mL round bottom flask. Then, the mixture
was heated in an oil bath at 70 °C for 18 h before being rotary evaporated at 90 °C to remove the non-reacted 1-bromopropane. The
resulting 1-propylpyridinium bromide ([PPy]Br) ionic liquid was washed with 20 mL of acetone (Qrec) for five times before it was dried in
an oven at 100 °C overnight. Yield 90.2%. *H NMR (400 MHz, D20): & = 1.03 (3H, t, J = 7.4 Hz, pyridine N-CH2—CH2—-CH3), 2.13 (2H, m,
J =7.3, pyridine N-CH>—CH>—CHs), 4.71 (2H, t, J = 7.25 Hz, pyridine N-CH>), 8.19 (2H, t, J = 6.5 Hz, pyridine N-CH=CH), 8.66 (1H, t, J
= 7.75 Hz, pyridine N-CH=CH-CH), 8.98 (2H, d, J = 5.9 Hz, pyridine N=CH). FTIR (KBr disk) cm™ 1170 (C-N), 1489 (C=N), 1504 and
1633 (aromatic C=C), 2879 (C3,-H), 3056 (CZ,-H), 3400 cm™ (broad, O-H). Anal. Cacld. For CsH12NBr: C, 47.55%; H, 5.94%; N, 6.93%;
found: C, 46.81%; H, 5.85%; N, 6.83%.

The 1-propylpyridinium hydroxide ([PPy]OH) template solution was prepared via ion-exchange of [PPy]Br using the Amberlyst® IRN-
78 ion-exchange resin in hydroxide (OH") form (Acros Organic). The Amberlyst IRN-78 ion exchange resin is an insoluble polymeric resin
in yellowish microbeads form (diameter ca. 0.90 mm) that possess high porosity that provides large surface area enabling efficient ion
exchange [24]. Typically, 50.000 g of resin and 50.000 g of [PPy]Br were added into 50.000 g of distilled water before the ion-exchange
process was initiated (16 h, 200 rpm). After the treatment, the resin was separated from the template solution using vacuum filtration. The
%OH" conversion of the template solution was determined by titrating 1 mL of filtrate with 0.1 M of HCI. The ion exchange and titration
process were repeated for several cycles until the %OH" reached at least 85%. Finally, the template solution was concentrated to 32.86%
in water under oven evaporation (60 °C) before it was readily used as an organic template for the crystallization evolution study of SAPO-
35.

2.2 Formation study of SAPO-35

SAPO-35 microporous solid was crystallized in the presence of [PPy] OH as the structure-directing agent. Typically, aluminum
isopropoxide (0.625 g, 98%, Acros Organics) was dissolved in the [PPy]JOH template solution (4.500 g, 89.7% OH~ exchanged) under
vigorous stirring (600 rpm, 30 min). Then, distilled water (0.835 g) and orthophosphoric acid (0.806 g, 85%, Merck) were mixed and slowly
added dropwise into the solution to avoid the formation of large and dense particles; the addition process took about 30 min. Next,
tetraethyl orthosilicate (0.277 g, 98%, Sigma-Aldrich) was added and the resulting mixture was further stirred for 5 min to produce a
precursor hydrogel with a molar composition of 1Al203:2.33P205:3.34[PPy]20:0.87Si02148H.0. The precursor was then transferred into
a 15-mL Teflon-lined stainless-steel autoclave, capped and subjected to hydrothermal treatment at 200 °C for different time intervals (0-21
h). The crystallization was interrupted, and the autoclave was cooled down to room temperature under running water. The precipitated
solid was recovered using high-speed centrifugation (10000 rpm, 8 min) followed by washing with distilled water until pH 7 before the
solid product was dried (80 °C, 14 h) and calcined (600 °C, 6 h, 1 °C/min) under air flow.



2.3 Characterization

The crystallinity and phase purity of the samples were confirmed by using a Bruker D8 AVANCE diffractometer (Cu Ka radiation, 26
= 4-40°, A = 0.15418 nm, 40 kV). The crystal size and morphology of the solid products were studied using a Leo Supra 50VP field
emission scanning electron microscope (FESEM) operated at 30 kV. Prior to measurement, the sample was sputtered with gold to prevent
charging. The functional groups of the samples were investigated using a PerkinElmer’s System 2000 IR spectrometer. The spectra were
recorded in the wavenumber of 1600-400 cm™ using the KBr method (KBr:sample ratio = 50:1). The elemental analysis of sample was
performed using the ICP-OES spectroscopy (Vista MPX, Varian Inc.). Prior to analysis, the sample (5 mg) was first stirred and dissolved
in concentrated HF solution (47%, 5 mL) for 14 h before the resulting solution was top-up to 250 mL. Boric acid (1.000 g, Merck) was also
added for minimizing the fluoride interference during the ICP-OES analysis. The porous properties of SAPO-35 was studied with a
Micrometrics ASAP 2010 nitrogen adsorption analyzer. Prior to analysis, the powder sample was first outgassed at 250 °C for 4 h under
vacuum before the adsorption analysis was initiated at -196 °C. The organic and inorganic moieties in the as-synthesized SAPO-35
sample were investigated using a PerkinElmer's TGA 4000 thermogravimeter (heating rate 20 °C/min) under air flow conditions. The
amount and strength of surface acid of SAPO-35 were determined by the temperature program desorption analysis probed with NH3
(NHs-TPD). Before analysis, the sample (ca. 0.008 g) was first outgassed in a BELCAT-B analyzer (400 °C, 8 h, He flow). The system
was then saturated with NHs gas to allow adsorption before the desorption analysis acquisition was initiated from 50 to 700 °C at a heating
rate of 10 °C/min.

2.4 Catalytic study

The catalytic biomass upgrading study was carried out via esterification of levulinic acid into ethyl levulinate using a novel
nonmicrowave instant heating technique. Initially, 0.025 g of activated SAPO-35 zeolite (200 °C, 3 h), levulinic acid (0.040 g, 98%, Acros
Organics) and ethanol (0.170 g, 99.7%, Acros Organics) in the molar ratios of 1:11 were added into a glass vial. The levulinic acid:ethanol
molar ratio of 1:11 was selected because it gave the highest reaction conversion based on our catalytic reaction study and similar
observation was also observed by Halder et al. [25,26] where high alcohol content is beneficial for high esterification reaction conversion.
The vial was sealed and instantly heated to the desired temperature (150-190 °C) for a specific time (0-60 min) under very fast stirring
rate (800 rpm) using an Anton Paar’s Monowave 50 non-microwave instant heating reactor; the system required less than 2 min to reach
to the desired temperature. After the reaction, the solution was separated and injected into a GC-FID chromatograph (Agilent/HP6890
GC) and GC-MS (Agilent 7000 Series Triple Quad) for product identification and quantitative analyses, respectively; toluene was used as
the internal standard. The GC data acquisition was performed using the ChemStation® software while the reaction conversion and
selectivity are calculated using Equations (1) and (2) respectively:

(ALevulinic acid) _(ALevulinic acid)
t,

ATol ATol . X
Conversion of levulinic acid(%) = w0 uer:l - t."m, - Totene il w 100% (Equation 1)
( AToluene )to
Selectivity (%) = [“Eeiientinate] 1000 (Equation 2)
Total

where A, . uinic acia Was the peak area of the limiting agent (levulinic acid), Ar,ene Was the peak area of the internal standard (toluene),
t, and t; were the reaction times at 0 h and i h respectively, A.iny; evuinace WaS the peak area of the product (ethyl levulinate), and Ao
was the total peak area of the products obtained (Figs. S1 and S2).

3. Results and discussion

3.1 Time-dependent crystallization study of SAPO-35

In the first 10 h of hydrothermal heating, no solid product was recovered upon centrifugation indicating that the reactants have undergone
dissolution and the resulting precursor is in the induction stage. At this stage, the Si, Al and P reactants hydrolyze forming soluble monomers and
oligomers [27]. At 16 h, the precursor solution turned cloudy and some solid was successfully collected indicating polymerization of inorganic species
forming denser solid is taking place. Concurrently, the matter exchange between solid and liquid parts occurs, inducing nucleation process [28].
Nevertheless, the solid is amorphous based on the detection of merely an XRD hump at 26 = 17°-30° (Fig. 1a). According to FESEM microscopy analysis,

this amorphous solid is composed of sub-micron sized particles (ca. 93 nm) having non-specific shape (Fig. 2a and b).
With crystallization time further extended for additional 2 h—18 h, the morphology of the solid drastically changed and fast crystallization of

3



pure SAPO-34 (CHA topology) was observed by the XRD and FESEM analyses (Figs. 1b and 2c,d). This CHA solid is consisted of cubic-like secondary
particles (ca. 1.7 um) formed by smaller primary crystals with size ranging from 0.2 to 1.1 um. Further heating the precursor solution to 20 h facilitates
the intrazeolite transformation of SAPO-34 to SAPO-35 where the XRD peaks assigned to SAPO-35 emerge at the expense of the SAPO-34 XRD peaks
(Fig. 1c). Thus, this suggested that the SAPO-34 crystals progressively dissolved in the mother liquor where its double-6-ring (D6R) secondary building
units that are contained in the solution are served as a seed (or nuclei) for the growth of SAPO-35, viz. a more metastable crystalline phase [29,30].
This phenomenon is also observed by the FESEM microscopy where the images of cubic-like (SAPO-34) and rhombohedra (SAPO-35) intergrown
crystals are captured (Fig. 2e and f).
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Fig. 2. FESEM images of samples after (a,b) 16 h, (c,d) 18 h, (e,f) 20 h and (g,h) 21 h.



The intrazeolite transformation occurs rapidly where the SAPO-34 crystalline phase completely disappears and transforms into SAPO-35 after
21 h of hydrothermal treatment (Fig. 1d). The XRD pattern of assynthesized SAPO-35 is indexed and compared with the theoretical generated XRD
pattern (in red lines). It shows the XRD profile of SAPO-35 is well indexed to the standard diffraction pattern of trigonal LEV crystalline phase suggesting
the sample is of very high purity [31]. The FESEM study also agrees with the XRD observation whereby rhombohedra crystals (ca. 1.3 um) are formed,
and the morphology of SAPO-35 synthesized in this work is identical to that reported in literature (Fig. 2g and h) [20,21]. One should note that the
proposed method for synthesizing SAPO-35 is reproducible using different batch of [PPy]JOH template solution (92.1% OHR exchanged). The
crystallization time was also extended to 28 h. However, co-crystallization of SAPO-35 with SAPO-36 was observed explaining the metastability nature
of SAPO-35. The HRTEM images of pure SAPO-35 are shown in Fig. 3. As seen, the SAPO-35 crystals possess rhombohedra shape and the crystallite
size is ca. 1.3 pum which agrees with the FESEM analysis (Fig. 2h). Furthermore, a HRTEM image with a very high magnification shows that the interface
of SAPO-35 solid is smooth with very sharp edge indicating the SAPO-35 crystals are well formed in the presence of [PPy]OH new templating system
[32].

The formation of SAPO-35 was also followed by using IR spectroscopy (1600—400 cm~1) where this technique can easily observe the change in
the vibrations of framework and functional groups during the entire crystallization process [33]. The IR spectrum of crystallization time less than 16 h
was not recorded since no product was successfully collected. The IR spectrum of sample after 16 h of heating is shown in Fig. 4a where four amorphous
characteristic broad absorption bands are detected: 1139 and 726 cm~! are due to asymmetric and symmetric O—P—-0 stretching, respectively; 566
cm-1is ascribed to bending of P-O in PO4; 484 cm~! corresponds to Al-O bending mode [34,35]. In addition, a very weak IR band due to double-6-ring
(D6R) secondary building unit (SBU) also start to be observed at 628 cm~! where this sub-unit is the basic and key component for the construction of
AEl, CHA, EMT, FAU KFI, LEV and OFF-type zeolite frameworks [30,35]. Thus, this indicates that the zeolite nucleation has occurred in the hydrogel

precursor.

The IR spectrum pattern changes drastically when fast crystallization occurs after 18 h (Fig. 4b). As shown, the IR bands are becoming more
resolved, and the IR pattern of this sample is identical to that of SAPO-34 [36]. The IR bands at 1227, 1110 and 1039 cm~! are due to P-O—Al stretching,
asymmetric O—P—-0 stretching and P-O stretching modes, respectively [35]. In addition, the signal at 641 cm~! is assigned to D6R secondary building
unit, whereas the bends of PO4, AlOs, SiOs and T-O (T = Si, Al or P) are shown at 570, 531, 481 and 442 cm, respectively [35,37]. When the
crystallization is further extended to 20 and 21 h, intrazeolite transformation from CHA (SAPO-34) to LEV (SAPO-35) framework structure occurs where
the IR bands of SAPO-34 in the low wavenumber region (760-490 cm~1) completely disappear and change to the IR pattern of SAPO-35 (Fig. 4c and d):
752 cm™1 arising from symmetric O—P—0 stretching; 688 cm=1 due to 4-membered ring; 643 cm~! ascribed to D6R polyhedral unit and 559 cm-! assigned
to bending of T-O of TO4 unit [37]. The stretching vibration of aromatic carbon (C=C) and bending of C—H of pyridinium template are observed at 1492

cm~1and 1456 cm™! respectively [38].
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The role of [PPy]* as an organic template for directing the formation of (3)100' 0

SAPO-35 is confirmed by the thermogravimetry analysis. In order to prove this, o
the TG/DTG profiles of pure [PPy]Br and as-synthesized SAPO-35 were recorded 80+ F-10 OO
and compared. In general, the free organic template shows a weight loss (3.8%) g 60- E
at <180 °C due to absorbed water, and another two steps of weight loss from % --20 E
180 to 500 °C are attributed to the decomposition of [PPy]+ organic template fg’ 40 30 'g
(Fig. 5a) [39]. Upon combustion of as-synthesized SAPO-35 at constant heating = —
rate (20 °C/min), the TG/DTG data confirms the presence of [PPy]* organic 205 L_40 g
template in the micropores of SAPO-35 crystalline solid where a significant 0 = - -
delay in the thermal decomposition of [PPy]* molecule (215-795 °C) can be (b)1 00 200 400 600 80%.0
explained by the strong confinement and chemical interaction between [PPy]* W _
molecules and LEV framework (Fig. 5b) [40]. From the TG/DTG analysis, it is 95 --0440o
shown that 20.6% of [PPy]* is occluded into the LEV micropores, indicating one g E
[PPy]* molecule is enfolded by 7.7 TO4 tetrahedral units (T = Si, Al or P) which is ‘Eo, 901 08 _EC._'.’
fully in line with the theoretical predictions, viz. LEV framework rings that are % 854 -1 2-%
made up of 8 TO4 tetrahedral oxyanions [31]. g E
80 -1 6§
75 T T T -2.0
Fig. 5. TGA/DTG of (a) pure [PPy]Br template, and (b) as-synthesized 200 400 600 800

Temperature (°C)
SAPO-35.

3.2 Characterization of SAPO-35 zeolite catalyst

The as-synthesized SAPO-35 (sample crystallized at 21 h) was calcined at 550 °C prior being used in catalytic reaction study. This is to ensure
that its porosity is free from occluded organic moiety for enabling molecular diffusion and accessibility. In this respect, the porous properties of
SAPO-35 were first studied using the N2 adsorption-desorption technique at —-196 °C. Fig. 6 shows the N2 adsorption-desorption isotherm and pore
size distribution derived from non-local density functional theory (NLDFT) model. The sample exhibited type | adsorption isotherm with high and sharp
knee at very low P/P, (Fig. 6a) confirming the presence of merely microporosity in the SAPO-35 solid (Fig. 6b) [41]. The SAPO-35 has an average pore
size of 2.76 nm and high porosity (surface area = 526 m?/g, total pore volume = 0.26 cm3/g) where the large levyne cage and textural porosity of
SAPO-35 contributes to its high surface area, large average pore size and high pore volume. Such features are appreciated in the catalytic application

that require molecular accessibility [42].

Besides high porosity, the Si content in SAPO-35 is important as it serves as the acid sites for a catalytic reaction [43]. Hence, the elemental
analysis of SAPO-35 was carried out using the ICP-OES spectroscopy technique (Table 1). The data shows that the synthesized SAPO-35 has a chemical
composition of Sio.207Alo.556P0.23702. The Si/P and P/Al ratios of synthesized SAPO-35 are 0.87 and 0.43, respectively, with a Si/(Si + Al + P) ratio of 0.207
is recorded. Thus, it indicates that SAPO-35 has considerably high content of Si element as compared to the SAPO-35 previously synthesized using

hexamethyleneimine, quinuclidine and cyclohexylamine [17,20].

Surface acidity is a crucial factor controlling the intrinsic catalytic reactivity of a solid. Thus, the acidity of SAPO-35 was examined by NH3-TPD
analysis whereby the peak area of the profile is associated with the number of acid sites and the peak position is related to the acid strength [44]. As
displayed in Fig. 7, the deconvoluted NH3-TPD profile reveals the presence of acidity with three different amounts and strengths in the [PPy]OH-
synthesized SAPO-35, namely weak (0.25 mmol/g), mild (0.29 mmol/g) and strong (0.57 mmol/g) acid sites. The total acidity of SAPO-35 is calculated

to be 1.10 mmol/g and the value is higher than that synthesized using conventional hexamethyleneimine template (0.89 mmol/g) [21].
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Table 1
Chemical composition and acidity of SAPO-35.
Sample Product composition Si/Pratio  P/Alratio  Sicontent NH3-TPD acidity (mmol/g)

Weak Mild Strong Total
SAPO-35 Si0.207Al0.556P0.23702.000 0.87 0.43 0.207 0.25 0.29 0.57 1.10
2 2
s <
o [
2 2
8 8
=
T T T T T T 0 . y ’ . » .
100 200 300 400 500 600 700 0 10 20 20 40 B0 6
Temperature (°C) Time (min)
Fig. 7. NHs-TPD profile of SAPO-35 crystallized Fig. 8. Esterification of levulinic acid with ethanol catalyzed
using [PPy]OH at 200 °C for 21 h. with SAPO-35 at (a) 150 °C, (b) 160 °C, (c) 170 C, (d) 180

°C and (e) 190 °C under nonmicrowave instant heating.
Reaction conditions: Mass of SAPO-35 catalyst = 0.025 g,
levulinic acid = 0.33 mmol, ethanol = 3.67 mmol.

3.3 Catalytic reaction study

Esterification of levulinic acid with ethanol under non-microwave instant heating conditions was chosen as a model reaction to evaluate the catalytic
behavior of SAPO-35. The reaction was carried out at 150—190 °C from 0 to 60 min and the results are shown in Fig. 8. Without catalyst, the reaction
is inactive where 8.5% of levulinic acid is converted into ethyl levulinate at 150 °C after 60 min. Notably, the conversion increases significantly when
SAPO-35 catalyst is introduced. At 150 °C, the conversion is tremendously improved to 86.1% with the selectivity to ethyl levulinate remains 100%
after 60 min of heating (Fig. 8a). The reaction temperature is further increased to 160 °C, 170 °C, 180 °C and 190 °C in order to study the effect of
reaction temperature where the reaction time is also varied. The reaction temperature was only studied until 190 °C because the reaction pressure
will exceed 20 bar beyond 190 °C which will burst the reactor’s pressure safety valve. As observed, the catalytic activity of SAPO-35 is enhanced with
time and temperature where 79.4%, 88.8%, 93.5% and 96.3% of conversion are achieved after 20 min of reaction at 160 °C, 170 °C, 180 °C and 190 °C,
respectively (Fig. 8b—e) [45]. The catalytic reaction enhancement at high temperature is associated with several factors. First, the accessible Brgnsted
acid sites of SAPO-35 that take part in the esterification reaction where the active sites offer new reaction pathways by enhancing the electrophilicity
of carbonyl carbon of levulinic acid via protonation. Second, the SAPO-35 molecular sieve provides an intriguing confinement environment (inner cage
size: 6.3 x 7.3 A2) to the incoming reactants (ethanol: 2.03 x 2.57 x 1.82 A3, levulinic acid: 2.49 x 1.78 x 5.98 A3) for the formation of stable transition
intermediates, and product molecules (ethyl levulinate: 3.31 x 7.60 x 1.78 A3) [46,47], whereby structure “breathing” effect and molecular structure
distortion allow diffusion for these organic molecules (via head-on orientation) even though their molecular dimensions are close to the pore diameter
of SAPO-35 (3.6 x 4.8 A2) [48,49]. Both effects become more significant especially the reaction is conducted at high temperature. Third, an increase in
the reaction conversion is also associated with the chemical kinetics effect since the rate constant increases exponentially with temperature as

described by Arrhenius equation [50]. Meanwhile, the external surface is also

. ) . . . 100 100
important in the reaction but not as important as the micropores because the 100 4—=— — 946 934 96.3
4 5
synthesized SAPO-35 has the micropore surface area (519 m?/g) larger than its 80.2 86.4
external surface area (7 m?/g). From the catalytic study, the optimum reaction 80+ 703 ]
conditions are hence at 190 °C for 20 min of heating. :\; =
- 604
Q
o
o
Z 404
Fig. 9. Comparative catalytic study using different homogeneous and 8
heterogeneous acid catalysts. Reaction conditions: temperature = 190 -C, 204
time = 20min, levulinic acid = 0.33 mmol, ethanol = 3.67 mmol, catalyst =
7.70 umol equivalent to 0.025 g of SAPO-35, 0.001 g of H2SO4, 0.001 g 0 . : ; . : . . :
} _ S0s O 0P, TV N AB_ ok an
of HCI, 0.0005 g of CHsCOOH, 0.0201 g of H-LTL, 0.088 g of H-Y, 0.020 Y, g - SP\?OSP\pO SP‘PO
g of SAPO-18 and 0.017 g of SAPO-34, number of experiments = 2. Types of acid catalyst



The catalytic activity of SAPO-35 is also compared with other homogeneous (HCI, H2SO4, acetic acid glacial) and heterogenous (SAPO-18,
SAPO-34, H-LTL, H-Y) zeolite catalysts where similar molarity of catalyst is used to catalyze this reaction at 190 °C for 20 min. Note: The average crystal
sizes of SAPO-18, SAPO-34, H-LTL (Si/Al = 3.2) and H-Y (Si/Al = 2.5) are ca. 3.21 x 0.10 um?2, 1.76 x 1.85 um2, 4.16 x 2.07 um2 and 1.17 x 1.31 pm?,
respectively. As seen, concentrated H2SO4 and HCI successfully convert all levulinic acid into ethyl levulinate whereas acetic acid only gives 70.3%
conversion (Fig. 9). These three catalysts, however, are corrosive, harmful to the environment and not reusable. For SAPO-35, it achieves nearly
complete conversion (96.3%) as compared to the corrosive H2SO4 and HCI. SAPO-35 also performs slightly better than other 8-membered ring
zeolites—SAPO-34 (93.4%) and SAPO-18 (94.6%)—and 12-membered ring aluminosilicate zeolites (H-LTL: 80.2%, H-Y: 86.4%) thanks to its proper pore

size that perfectly matches the size of reactants and large amount of surface acidity with medium-to-strong acid strength.

3.4 Proposed mechanism

The proposed reaction mechanism of SAPO-35 zeolite catalyst in esterification of levulinic acid with ethanol is shown in Fig. 10. Initially, the
levulinic acid (2.49 x 1.78 x 5.98 A3) enters the micropores of SAPO-35 (3.6 x 4.8 A2) via head-on orientation. At high temperature, the micropore
opening becomes larger due to “breathing” effect, hence facilitating efficient molecular entrance [48]. The levulinic acid then diffuses and adsorbs on
the Brgnsted acid site located in the micropore channels and/or at the external surface via electrostatic attraction force (Step 1). Then, the levulinic
acid is activated by the Brgnsted acid site to form a stabilized carbocation intermediate through delocalization of the positive charge on carbonyl
carbon (Step 2) [47]. Meanwhile, the diffusion and adsorption of ethanol on the SAPO-35 surface also takes place via dipole interactions between O-H
group of ethanol and the framework oxygen (Step 3), thus bringing it closer to carbocation and facilitates nucleophilic carbocation substitution by
ethanol (Steps 4 and 5), yielding ethyl levulinate and water as the products (Step 6) [51]. After the reaction, the products molecules are released from
the active sites and diffuse out from the zeolite pores. The active sites are available again to adsorb and react with subsequent incoming reactant

molecules (Step 1).
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Fig. 10. Possible mechanism of esterification reaction of levulinic acid with ethanol in the presence of SAPO-35 solid acid catalyst.

3.5 Catalyst reusability study

The catalyst recyclability of SAPO-35 was also studied at 190 °C for 20 min in order to determine its stability after ten subsequent reaction cycles.
Prior to the study, the used catalyst after the first cycle of reaction was washed with diethyl ether (15 mL x 3 times), air dried and reactivated (350 °C,
4 h) for subsequent uses. The results showed that the SAPO-35 catalyst after the tenth run of reaction recorded 89.2% of conversion where a decrease
in the conversion could be due to slight coking after multiple cycles of reaction and slight catalyst loss during recovering process after the completion
of catalytic reaction (Fig. 11) [52]. Furthermore, the leaching test was also performed where the reactant mixture containing fresh SAPO-35 catalyst
was first stirred at room temperature for 24 h. The solid catalyst was then separated from the liquid and the reactant mixture was reacted under
similar reaction conditions (190 °C, 20 min). The GC analysis shows that the reaction only accounted for 11% of conversion. It hence indicates that
negligible amount of Si species was detached out from the SAPO-35 framework. The stability of SAPO-35 framework structure after 10 cycles of
reaction is further investigated using XRD technique. In general, the XRD peaks intensity slightly decreased but no amorphous hump is observed
indicating that the SAPO-35 framework structure is stable after multiple cycles of reaction (Fig. S3). Thus, being not corrosive, reusable, easily handled
and stored, this catalyst is considered green and environmentally friendly. In addition, the results indicate that the SAPO-35 molecular sieve serves
not only as a good catalyst for producing ethyl levulinate biofuel additive but also offers as a promising material for other advanced applications (e.g.

membrane separation, sensor). Comprehensive work on SAPO-35 zeolite in this aspect is in progress.
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Fig. 11. Catalyst reusability study of SAPO-35 in esterification of levulinic acid with ethanol. Reaction conditions: temperature = 190 °C, time = 20 min,

levulinic acid = 0.33 mmol, ethanol = 3.67 mmol, number of experiments = 2. The amounts of levulinic acid and ethanol used for the consecutive runs

are normalized to the mass of SAPO-35 after recovery.

4. Conclusions

In conclusion, the synthesis and crystallization profiles of SAPO-35 zeolite has successfully been investigated using 1-
propylpyridinium hydroxide ([PPy]JOH) as a structure-directing agent. By using this novel N-heterocyclic organic template, the
crystallization time of SAPO-35 is shortened to 21 h as compared to that synthesized using conventional hexamethyleneimine-templating
method. In addition, the current work also observes a different crystallization route of SAPO-35 involving dissolution of reactants,
nucleation and crystal growth of SAPO-34, followed by intrazeolite transformation from SAPO-34 to SAPO-35. Unlike previous work, the
SAPO-35 zeolite synthesized using of [PPy] OH template exhibits high porosity and acidity. The SAPO-35 solid is also active and selective
in the catalytic conversion of levulinic acid into ethyl levulinate under non-microwave instant heating where excellent conversion (96.3%)
and selectivity (100%) towards ethyl levulinate are achieved (190 °C, 20 min) with high catalyst recyclability. Hence, from the perspective
of material science, the current work not only provides an insight into the roles of new pyridinium organic template on the crystallization
of SAPO-n nanoporous material but also on designing solid catalyst with enhanced properties for green chemistry applications such as
catalytic biofuel upgrading and molecular separation processes.
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