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ABSTRACT: The valorization of glycerol (Gly) to high-value chemicals is the key to unlocking
economic and sustainable biodiesel production. Transesterification of Gly with dimethyl
carbonate (DMC) to glycerol carbonate (GC) requires a catalyst with high basicity and uniform
pore size for high product selectivity. BPH-type zeolite (Linde Q) nanosheets are promising
catalysts for overcoming diffusion transport limitations inside the pore network and inhibiting
the formation of glycidol as a side product. As-prepared BPH nanosheets (nano-sized
CsBPH_AP, 192 nm size) and micron-sized BPH (micron-sized KBPH AP, 600 nm size) were
prepared by hydrothermal treatment with different Si/Al ratios. With a morphological-dependent
reaction, nano-sized CsBPH AP demonstrates superior performance in the transesterification of
Gly to GC than micron-sized KBPH_AP. Ion-exchange of the nano-sized CsBPH_AP and
micron-sized BPH_AP, with potassium and cesium precursors respectively, to afford nano-sized
K-CsBPH_IE and micron-sized Cs-KBPH_IE resulted in similar thermal properties but different
basicity and catalytic activity compared to the parent samples; higher basicity resulted in better
catalytic performance. The nano-sized CsBPH_AP with a catalyst loading of 6 wt% shows good
catalytic performance over four runs under optimized reaction conditions at 120 °C for 3 h and
Gly:DMC molar ratio of 1:5. This study reveals the crucial effect of catalyst morphology and

size on the conversion of Gly to GC.



1. INTRODUCTION

Biodiesel has emerged as an attractive alternative to petroleum-derived fuels because of
its production from renewable feedstocks such as animal and plant fats, and its potential to offset
anthropogenic CO, emissions from non-renewable fossil fuels.! However, while the
transesterification of glyceride and methanol produces three moles of biodiesel (fatty acid methyl
esters), it also produces one mole of glycerol (Gly).> As a result of increased biodiesel
production there have significant efforts to valorize Gly into high value-added chemicals such as
acrolein by dehydration,” glycerol carbonate (GC) by transesterification,* and 1,3-propanediol by

dehydroxylation.’

In particular, GC has received increasing attention due to its versatility as a platform
molecule; it can be produced by the transesterification of Gly with dimethyl carbonate (DMC).
Since DMC can serve as both a methylating agent and a solvent the reaction can be performed
with or without a solvent. The reaction has been investigated in heterogeneous catalysis settings
employing zeolites,”® micro-mesoporous silicas,™ * silicates,” titanosilicate,'® and hydrotalcites."'
Although these catalysts demonstrate high performance they suffer from limitations including
the molecular diffusion of the reactants and products, and reduced accessibility of basic sites.” To
address these issues, modification of the catalyst properties such as the zeolite pore diameter,
particle size, and shape offers potential solutions.

Both zeolite-based and mesoporous catalysts have been investigated for GC production.
Micron-sized chabazite (Si/Al = 2.4) in potassium form (K-CHA) consisting of aggregated
quadratic prism-like crystals hydrothermally synthesized from coal fly ash gave a high yield of
GC (96%) in solvent-free conditions without the leaching of metallic species (K, Ca, Ti, and

Fe).” However, glycidol side product was formed due to the strong basicity of the catalyst.’



Although the pore size of chabazite (8-ring, 0.38 % 0.38 nm) is smaller than the sizes of the
reactants and product (the geometric dimensions of Gly: 0.47 x 0.52 nm, DMC: 0.37 x 0.45 nm,
GC: 0.33 x 0.65 nm),® the presence of mesopores could facilitate access to the active sites. The
performance of Na-containing zeolites with different pore networks (Scheme 1) including 3A (8-
ring, 0.31 x 0.35 nm), 4A (10-ring, 0.41 x 0.41 nm), NaZSM-5 (10-ring, 0.51 x 0.55 and 0.53 x
0.56 nm), NaBEA (12-ring, 0.66 x 0.67 and 0.56 x 0.56 nm), and NaY (12-ring, 0.74 x 0.74 nm)
have also been investigated for catalyzing the production of GC from Gly and DMC. Those
zeolites were micron-sized and the reaction was performed in methanol under reflux.® Both
NaBEA and NaY were the only Na-containing zeolites reported to demonstrate the conversion of
Gly to GC with 100% selectivity, of which NaY exhibited the best performance. This suggests
that zeolites with large pores are preferable for the selective transesterification of Gly due to the
geometric dimensions of Gly, DMC and GC.?

In addition to the size of the zeolite pores, the shape and size of the zeolite particles have
been reported as significant factors in the conversion of Gly. By tuning the length of the crystal
b-axis (60—70 nm), microporous H-ZSM-5 (Si/Al = 25-125) was utilized for Gly dehydration to
acrolein.” Because of the shortened b-axis by an order of magnitude and thus the more rapid
diffusion of molecules within the pore network, the catalyst exhibited a higher Gly conversion
compared to a commercial ZSM-5 with a b-axis length of 1.5-1.7 pm. In addition to zeolites,
mesoporous silicas containing layered double hydroxides (LDH) with three different
morphologies (rice-shaped, short rods, and long rods), were proposed as nanosized composites
for the transesterification of Gly with DMC in dimethyl formamide (DMF).* The rice-shaped
catalyst with relatively shorter mesoporous channels improved the internal diffusion path lengths

of both the reactants and products. Moreover, the relatively higher specific surface area of the



rice-shaped nanosized composite allowed for a high density of surface basic sites, resulting in
superior catalytic activity compared to the rod-shaped catalysts. This demonstrates how
facilitating rapid and facile access to the basic sites by controlling the catalyst morphology is
critical to achieving both high Gly conversion and GC selectivity. Furthermore, catalyst nano-
structuring to achieve improved access to active sites and enhanced molecular diffusion can
provide additional strategies for tailoring the catalyst behavior for Gly conversion reactions.
Sulfonated porous carbons prepared from silica/resin nanocomposites exhibited greater catalytic
performance compared to conventional solid acid catalysts for Gly acetylization. Despite having
a lower acid site concentration the hollow sphere morphology of the sulfonated porous carbons
afforded superior mass transfer properties compared to the conventional catalysts.'? Concerning
mesoporosity, the introduction of hierarchical structure to ZSM-5 zeolite catalysts and the effects
on the catalytic performance on the dehydration of Gly to acrolein have shown that the type of
mesoporosity formed significantly influences the catalytic performance."> The sample with open
and interconnected mesopores demonstrated better catalytic performance compared to the sample
with closed and small mesopores, attributed to differences in their mass transfer properties and
in-pore condensation of the reactant.

To achieve the targeted conversion of Gly to GC using environment-friendly catalysis,
intrinsically basic nanosized zeolites with specific morphology present as attractive candidates as
catalysts. At present, there is no report on the utilization of BPH zeolite nanosheets (Linde Q) for
Gly conversion. The low-silica nanosheets possesses an appropriately-sized 12-membered ring
(12MR) pore aperture along the c-axis of 0.63 x 0.63 nm, which is greater than the geometric
diameters of Gly, DMC and GC (Scheme 1).'* The 12MR channel is perpendicularly intersected

by three eight-membered rings channels."” Initially, conventional micron-sized BPH zeolite,



prepared from a K'-containing alkaline aluminosilicate precursor mixture, was not considered
for catalytic applications due to its low thermal stability as a result of its high framework
aluminum content (Si/Al = 1).'> ' However, by employing organic templates during the
synthesis procedure followed by post-synthetic treatments, higher silica-containing (Si/Al ratio
up to 10) and acidic variants of BPH zeolite (UZM-4) were produced.'”"® The post-synthetically
treated zeolites were shown to be active for heptane cracking between 450 and 550 °C. In this
work, the BPH nanosheets are prepared without organic structure-directing agents under mild
(60 °C) conditions with a relatively short synthesis time, and do not require post-synthetic
template removal by calcination. Importantly, as a consequence of their morphology the BPH

nanosheets can offer a shorter molecular diffusion path length than the other zeolites described

above.
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Scheme 1. Comparison of the sizes of DMC, Gly and GC, and the comparison of the zeolite
frameworks, including pore shapes and sizes, studied previously and in this work (BPH) for the

conversion of Gly to GC.



Herein, BPH zeolites with different morphologies (nanosheets and micron-sized plates)
were studied in terms of the correlation of their morphologies and sizes with their catalytic
performance. Their intrinsic basic properties were adjustable by ion-exchanging with alkali metal
cations. Their catalytic activities were investigated in the transesterification of Gly with DMC
without the use of an additional solvent. The reaction factors affecting the catalytic performance
including the catalyst morphology, reactant mole ratios, catalyst loading, reaction temperature

and time, and reusability were explored.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials
All reagents and solvents were used as received without any further purification:
aluminum hydroxide (Al(OH)s, extra pure, Acros Organics), LUDOX" AS-40 colloidal silica
(S10,, Aldrich, 40 wt% suspension), cesium chloride (CsCl, 99.9%, Alfa Aesar), dimethyl
carbonate (99%, Alfa Aesar), glycerol (CsHgOs, 99.5%, Alfa Aesar) potassium silicate (K,Si0s,
anhydrous ~48 Mesh, Si0,:K,0 2.5:1 wt%, Alfa Aesar), ethanol (C,HsOH, 99.9%, Carlo Erba),
methanol (CH3;0H, 99%, Carlo Erba), cesium nitrate (CsNO3, 99%, Sigma Aldrich), glycerol
carbonate (C4H¢O4, 90%, Sigma Aldrich), glycidol (CsHO,, >95.0%, Sigma Aldrich), sulfuric
acid (H,SO4, 98%), potassium hydroxide (KOH, 90%, Sigma Aldrich), potassium nitrate (KNO3,
99%, Sigma Aldrich), sodium aluminate (NaAlO,, 50-56% Al,0O;, 40-45% Na,O, Sigma-
Aldrich), and sodium hydroxide (NaOH, 99%, VWR Chemicals). An aqueous solution of cesium
hydroxide (CsOH, 50 wt% Cs) was prepared by dissolving cesium hydroxide hydrate
(CsOH xH,0 (15-20% H,0), 99.9%, Alfa Aesar) in double-distilled water. All water used was
double distilled using Aquatron water still A4000D.

2.2. Synthesis of nano-sized BPH zeolite



Nano-sized BPH zeolite was synthesized according to Clatworthy et al.*® with the molar

oxide composition of 0.3 Cs,0O: 1.25 K,0: 8.07 Na,O: 10 SiO,: 0.8 Al,Os3: 120 H,O. The alkali

aluminate mixture was prepared by dissolving 0.518 g of sodium aluminate and 3.78 g of double
distilled water, followed by mixing 1.78 g of sodium hydroxide, 0.495 g of potassium hydroxide,
and 0.506 g of cesium hydroxide solution (50 wt% Cs) in a sealed 60 mL polypropylene bottle.
The aluminate solution was rapidly stirred for 2 h at room temperature until a clear solution was
obtained. After that, 4.77 g of colloidal SiO, was added dropwise with vigorous stirring to the
clear aluminate solution, resulting in a turbid mixture. The mixture was vigorously stirred for 24
h followed by hydrothermal treatment at 60 °C for 16 h. The zeolite product was centrifuged at
20,000 rpm for 20 min, washed with double distilled water until the pH of the supernatant was
~7-8, and dried in an oven at 60 °C overnight. The as-prepared BPH zeolite nanosheets are
denoted as nano-sized CsBPH_AP.
2.3. Synthesis of micron-sized BPH (Linde Q)

The molar oxide composition for the synthesis of the micron-sized BPH was: 16 K,O: 4
SiOy: 1 ALOs: 192 H,0.”° Potassium silicate solution was prepared by adding 6.47 g of
potassium silicate to 23.92 g of double-distilled water. Then, the mixture was stirred overnight,
followed by heating at 60 °C for 30 min. The potassium aluminate solution was prepared by
dissolving 3.00 g of aluminum hydroxide and 35.92 g of potassium hydroxide in 42.60 g of
double distilled water, followed by heating at 90 °C for 30 min. After allowing each solution to
cool to room temperature, the potassium aluminate solution was slowly added to the potassium
silicate solution with rapid stirring to form a cloudy gel. The gel was treated hydrothermally at
50 °C for 162 h. The product was collected and washed by centrifugation at 20,000 rpm for 20

min with double distilled water until the pH of the supernatant was ~7—8. The product was dried



in an oven at 60 °C overnight. The as-prepared micron-sized BPH zeolite is denoted micron-
sized KBPH_AP.
2.4. Ion-exchange of BPH zeolite

Nano-sized CsBPH AP (5 wt% solid) was ion-exchanged with 25 g of potassium
solution (pH 9.8) containing 5 mM mixed solution of KNO3; and KOH (10:1 w/w). For the
micron-sized BPH AP (5 wt% solid), cesium solution (CsNO3:CsOH = 10:1 w/w) was used.
Each mixture was stirred at room temperature for 1 h, washed with double distilled water and
centrifuged at 20,000 rpm for 20 min until the pH of the supernatant was ~7—8. This procedure
was repeated twice and the samples dried at 60 °C overnight. The ion-exchanged nano-sized
CsBPH_AP and micron-sized BPH_AP zeolite are named nano-sized K-CsBPH_IE and micron-
sized Cs-KBPH_IE, respectively.

2.5. Catalyst characterization

The crystalline structure of the samples was determined by powder X-ray diffraction
(XRD) with a PANalytical X’Pert PRO-MPD diffractometer with Cu Ko radiation (A = 1.5418
A). All patterns were collected across a 20 range of 4-50° with a step size of 0.0167° and time
per step of 950 s. The particle morphology of the zeolite samples was analyzed by field emission
scanning electron microscopy (FE-SEM) using a Zeiss AURIGA FE-SEM/FIB/EDX with an
upper electron detector operating at an accelerated voltage of 3 kV with a working distance of
7.1 mm. Each sample was placed on carbon tape adhered to a copper stub. The sample was
coated with gold using an operating current at 10 mA under an argon atmosphere for 5 min. The
particle size distribution was processed by ImagelJ software version 1.49.

Zeolite samples were analyzed by Fourier-transform infrared spectroscopy (FTIR) with a

microscope on a Bruker Tensor27-Hyperion using ATR mode with a resolution of 4 cm™ and 64



scans, samples were dried at 90 °C overnight before analysis. Thermogravimetric analysis was
performed by a Setsys SETARAM analyzer. The samples (5-10 mg) were placed in an alumina
crucible and heated from 30-800 °C with a heating rate of 5 °C-min”' under a dry air flow of 40
mL-min"'. The chemical composition of the samples was determined by inductively coupled
plasma mass spectrometry (ICP-MS) using a 7900 ICP-MS from Agilent Technologies.

The basicity of the catalysts was investigated by temperature-programmed desorption of
carbon dioxide (CO,-TPD) using a BELCAT-B chemisorption analyzer. A 50 mg sample was
packed into a tubular glass reactor and pretreated at 150 °C under helium gas flow at 30 mL-min’'
for 180 min to eliminate physisorbed species. Then, the sample was cooled down to 50 °C and a
gas mixture of 10% COy/He was adsorbed onto the catalyst surface for 90 min. The sample was
purged with He and held for 30 min to remove non-adsorbed CO,. The desorbed CO, was
quantified by the TPD process in the temperature range from 50 to 150 °C with a ramp of 5
°C-min"' and held at 150 °C for 120 min with a flow rate of 30 mL-min'. The basicity was
obtained by integration of the peak area. In addition, the basic strength was analyzed by

. . 21, 22
Hammett indicator.”

The indicators were bromothymol Blue (H = 7.2) and phenolphthalein
(H_=9.8). Approximately 300 mg of sample was mixed with 10 mL of methanol containing 1
mL of the Hammett indicator and stirred for 2 hours to reach equilibrium. The color change of
the solution was observed by the naked eye. The basic strengths are described as stronger than
the weakest indicator that provides a color change, but weaker than the strongest indicator that
makes no color change.

N, sorption analysis of samples was determined using Micromeritics 3Flex physisorption

instrument at -196 °C. The fresh and reused samples were degassed at 300 °C under vacuum for

8 h, nano-sized K-CsBPH_IE was degassed at 350 °C under vacuum for 8 h, and micron-sized

10



BPH zeolite were degassed at 120 °C under vacuum for 24 h. The data were processed with
3Flex version 5.02 software.

Al MAS NMR spectra were recorded on a Bruker Advance III-HD 500 (11.7 T)
spectrometer using 4 mm-OD zirconia rotors. >’Al MAS NMR was done with a n/12 pulse
(selective pulse), a spinning speed of 14 kHz and a recycle delay of 1 s. Prior to measurement,
the samples were fully hydrated in a water vapor-saturated chamber at ambient temperature.
AI(NOs); (1 M) was used as a chemical shift reference for *’Al nuclei. All spectra were
normalized.

2.6. Transesterification of glycerol with dimethyl carbonate

Transesterification of glycerol (Gly) and dimethyl carbonate (DMC) to yield glycerol
carbonate (GC) was performed by adding 1.50 g (16.3 mmol) of glycerol, 4.40 g (48.8 mmol) of
DMC, and 0.12 g of catalyst (8 wt% compared to the amount of glycerol used) in a heavy wall
pressure vessel at atmospheric pressure. The catalyst screening was carried out at 120 °C in a
silicone oil bath for 3 h, stirring at 800 rpm. The best catalyst, under the aforementioned
conditions, was studied to determine the optimum reaction conditions including reaction
temperature, time, catalyst loading, Gly:DMC ratio, and catalyst recyclability. After the reaction
the product mixture was separated from the catalysts by centrifugation. The separated catalyst
was washed with ethanol and double distilled water, dried in an oven at 80 °C overnight and used
for the next run.

The products were determined by high-performance liquid chromatography (1260
Infinity II LC System, Agilent) equipped with an Aminex HPX-87H column and a refractive
index detector. An aqueous H,SO4 solution (5 mM) was the mobile phase with a flow rate of

0.60 mL-min" and a column temperature of 55 °C. When Gly is the limiting reactant, Gly
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conversion, GC yield, and selectivity of GC are calculated using equations 1, 2 and 3,

respectively.
. Mole of glycerol added—mole of remaning glycerol
04) = X
Glycerol conversion (%) Mole of glycorol added 100 (D)
. Mole of GC produced
0, — X
GC yleld ( /0) Mole of glycerol added 100 (2)
o GCyield
GC selectivity (%) = Y x 100 3)

Glycerol conversion

3. RESULTS AND DISCUSSION
3.1. Characterization of the catalysts

XRD patterns of the nano- and micron-sized BPH zeolite samples are shown in Fig. 1.
All samples possess the BPH framework topology. The diffraction patterns of the nano-sized
CsBPH_AP have relatively less intensity and broader peaks than the micron-sized BPH due to
the smaller crystalline domains™; this is further confirmed by SEM analysis (vide infra). In
particular, the (001) reflection of the nanosheets at 26 of =~ 6.4° has a very low intensity due to
the significantly reduced sheet thickness compared to the micron-sized BPH sample. The XRD
patterns of the ion-exchanged samples are not significantly different from those of the parent
samples. This indicates that the crystal structure and the morphology of the samples are

preserved during the ion-exchange process.
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Fig. 1 XRD patterns of (a) nano-sized CsBPH_AP (black) and nano-sized K-CsBPH_IE (blue)

2Theta (degree)

and (b) micron-sized KBPH_AP (green) and micron-sized Cs-KBPH_IE (purple).

SEM images of the nano- and micron-sized BPH zeolite samples are presented in Fig. 2.
The nano-sized CsBPH AP sample is described by agglomerated nano-sized sheets with
dimensions of 192415 nm across and 20+3 nm thick. The morphology is similar to the nano-
sized BPH zeolite reported by Clatworthy e al.?® The micron-sized KBPH_AP is described by
plate-like particles 5414+40 nm across and 5749 nm thick. The SEM analysis of the BPH zeolite
samples demonstrates the different sizes of the zeolite particles which could play a role in

determining their catalytic performance. A smaller particle size generally facilitates more rapid

diffusion of the reactants and products through the zeolite pore network.



Fig. 2 SEM images of (a) nano-sized CsBPH_AP, (b) nano-sized K-CsBPH_IE, (c) micron-sized

KBPH_AP, and (d) micron-sized Cs-KBPH_IE.

From the ICP analysis presented in Table 1, the sodium content from the nano-sized K-
CsBPH_IE slightly decreased after ion exchange with potassium solution. Meanwhile, the
cesium amount from micron-sized Cs-KBPH_IE increased after ion exchange with cesium
solution. Although the BPH-type zeolite nanosheets were ion exchanged with a different alkali
metal solutions, the original type of alkali metal cations (Na', K, Cs") were preserved, in part
due to their strong ionic interaction with the zeolite structure.”” ** The nano-sized CsBPH_AP
sample has a higher Si/Al molar ratio than the micron-sized KBPH AP which is likely a
reflection of the different Si and Al contents of the synthesis recipies. After the ion-exchange
process the Si/Al ratio of the ion-exchanged zeolites was found to be unchanged compared to the

parent samples.
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Table 1. Elemental composition of BPH-type zeolite samples determined by ICP-MS, and

basicity measured by CO,-TPD.

Catalyst Composition Si/(ﬁll Orlz;tio (mniisé)c (1;21 o)
micron-sized KBPH_AP (K14)Si14A114056 1.00 0.327
micron-sized Cs-KBPH_IE (CsK3)Si14Al 14056 1.00 0.350
nano-sized CsBPH_AP (Cs42K53Nas 5)Sij6Al1,0s56 1.33 0.130
nano-sized K-CsBPH_IE (Cs42K;53Nay5)SisAl1,0s56 1.33 0.105

The FTIR spectra of the as-prepared and ion-exchanged BPH zeolites are presented in
Fig. 3. The nano-sized CsBPH_AP and micron-sized KBPH_ AP have similar FTIR spectra but
different peak positions due to their different Si/Al ratios.”> The characteristic bands of BPH
zeolite at 1150-950 cm™ and 740-660 cm™ are attributed to the asymmetric and symmetric
stretching of the zeolite framework, respectively. The bands at 496, and 415-410 cm™ are
assigned to the bending mode of Si—~O-T, where T is a framework Si or Al atom.”® An intense
band at 598-588 cm™ is typically associated with double rings. Although BPH does not possess
double rings, this band could be ascribed to the vibration of six rings in the afs and bph
composite building units.”” Moreover, the bands from OH groups or water are observed at 1649
and 3400 cm™. The FTIR spectra of the nano-sized K-CsBPH IE and micron-sized Cs-

KBPH_IE are similar to their parent zeolites; no significant differences are observed.
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Fig. 3 FTIR spectra of (a) nano-sized CsBPH_AP, (b) nano-sized K-CsBPH_IE, (c¢) micron-sized

KBPH_AP, and (d) micron-sized Cs-KBPH_IE.

The thermal properties of the BPH zeolite samples determined by thermogravimetric
analysis in air are presented in Fig. 4 and are similar to those previously reported under
vacuum.”’ The nano-sized CsBPH_AP sample displays significant mass loss below 130 °C due
to the removal of surface and physisorbed water; further mass loss to ~300 °C is due to the
removal of cation-coordinated water. In comparison, the micron-sized KBPH AP sample
exhibits a lower degree of mass loss below 110 °C followed by a second event at 220 °C. The
difference in the mass loss behavior is related to the difference in the zeolite external surface
areas, diffusion path length of water through the zeolites, and extra-framework cation
compositions. At 350 °C both samples show complete removal of the physisorbed and
chemisorbed water. Both the potassium-exchanged nano-sized K-CsBPH IE and cesium-
exchanged micron-sized Cs-KBPH_IE exhibit a similar mass loss at 350 °C compared to their
parent samples (16.3 vs 15.6% and 15.1 vs 15.7% respectively) due to their similar chemical

compositions.
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Fig. 4 TG and dTG profiles of the BPH zeolite samples (a) nano-sized CsBPH_AP (black) and
nano-sized K-CsBPH_IE (blue) and (b) micron-sized KBPH AP (green) and micron-sized Cs-

KBPH_IE (purple).

The CO,-TPD profiles of the as-prepared and ion-exchanged BPH zeolites are shown in
Fig. 5 and the basicities are listed in Table 1. Micron-sized KBPH AP and nano-sized
CsBPH_AP show a desorption peak at 93 °C and 94 °C, respectively, indicating no difference in
interaction with the probe molecule CO,. However, micron-sized KBPH_ AP shows stronger
intrinsic basicity because of a lower Si/Al ratio.”*>® After ion exchange, the CO,-TPD profiles of
the micron-sized Cs-KBPH_IE and nano-sized K-CsBPH_IE exhibit slight changes compared to
their parent samples. With a higher Cs content, micron-sized Cs-KBPH_IE provides stronger
basicity than micron-sized KBPH_AP. The results are consistent with the case of CO, adsorption
on zeolite Y at low pressure, whereby the basicity of the zeolite framework oxygens decreases
with decreasing size of the extra-framework cation, i.e. from Cs’ to Li". The simultaneous
interaction of CO, with Cs" and neighboring framework oxygen atoms on CsY stabilizes CO,
adsorption more than that on KY.*"-** However, the nano-sized K-CsBPH_IE exhibits a slightly

lower basicity compared to the parent sample despite the exchange of approximately one Na" for
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K. This is likely a consequence of the coordination environment of the extra-framework cation

and adsorbed COy; the structure determination of this material is ongoing.

160 160

nano-sized CsBPH_AP (a) —— micron-sized KBPH_AP (b)
nano-sized K-CsBPH_IE

F 140 —— micron-sized Cs-KBPH_IE L 140

120 “F120

F 100 100

TCD signal (uV)
Temperature (°C)

F 80 - 80

Temperature (°C)
TCD signal (uV)

60 - 60

a0 40

T T T T T T
560 1DI00 15‘00 20‘00 25‘00 3[}‘00 35‘00 4000 500 1000 1500 2000 2500 3000 3500 4000

Desorption time (sec) Desorption time (sec)

Fig. 5 CO,-TPD profiles of (a) nano-sized CsBPH AP (black) and nano-sized K-CsBPH_IE

(blue) and (b) micron-sized KBPH AP (green) and micron-sized Cs-KBPH_IE (purple).

The basicity was also analyzed by Hammett indicator. The basic strength (H ) of all
samples was in the same range, 7.2 < H_ < 9.3. From the color of the indicator in Fig. S1, the
basic strength order was in the following order: micron-sized KBPH AP = micron-sized Cs-

KBPH_IE > nano-sized CsBPH_AP = nano-sized K-CsBPH _IE.

3.2. Catalytic activity for the transesterification of glycerol with DMC
3.2.1. Catalyst screening
A comparison of the BPH zeolite samples with different particle sizes (micron vs nano)
and cation contents on the performance in the transesterification of Gly with DMC is presented
in Fig. 6. A blank reaction without catalyst affords a poor conversion of Gly and a low yield of
the GC product. This result is consistent with the literature that the reaction performed without
catalyst at 70 °C in methanol under reflux did not show Gly conversion and selectivity towards

GC; in another work a small GC yield (%1%) was detected at 100 °C.* ' The higher reaction

18



temperature used in this work is responsible for the observed low Gly conversion and GC yield
for the catalyst-free run.*

Considering the difference in the particle size of the BPH zeolite samples only, nano-
sized CsBPH AP and nano-sized K-CsBPH IE demonstrate better transesterification
performance for the conversion of Gly and yield of GC than micron-sized KBPH AP and
micron-sized Cs-KBPH_IE. The better performance could be attributed to the shorter diffusion
paths of the reagents and larger surface areas, which is the advantage of nano- over micron-sized
zeolites.>® To the best of our knowledge, this is the first report comparing nano- and micron-
sized zeolites for the transesterification of Gly to GC. The effect of the catalyst particle shape
and size was reported by She er al.* The rice-shaped LDH/SBA-15 nanocomposite showed
higher activity due to the greater specific surface area and reduced diffusion path length of the
reactants and products compared to the other morphologies investigated.

The effect of basicity on the performance of the BPH zeolite catalysts by varying the
extra-framework cation content is compared in Fig. 6. After ion exchange of the nano-sized
CsBPH_AP with K', the obtained nano-sized K-CsBPH_IE demonstrated a lower catalytic
activity than the nano-sized CsBPH_AP. In contrast by introducing Cs’ to the micron-sized
KBPH_AP, micron-sized Cs-KBPH_IE showed a higher activity than the parent KBPH. The
catalytic performances are consistent with the basicity from CO,-TPD (Table 1 and Figure 5).

This finding is in good agreement with the report by Al-Ani et al.”®

on the basicity of ion-
exchanged FAU and performance in transesterification of rapeseed oil with methanol.
From these results, not only is the morphology of the BPH nanosheets is crucial, but the

basicity is also key to optimizing the transesterification of Gly with DMC. From the results, the

nano-sized CsBPH_AP catalyst was subject to further study.
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Fig. 6 Comparison of the as-prepared and ion-exchanged micron-sized and nano-sized BPH
zeolite samples for the transesterification of Gly with DMC. Reaction conditions: 120 °C, 3 h,

Gly:DMC molar ratio of 1:3, catalyst loading of 8 wt%.

3.2.2. Effect of different reaction parameters on the transesterification

The effect of the reaction temperature across the range of 90-135 °C on the
transesterification of Gly with DMC using the nano-sized CsBPH AP catalyst is shown in Fig.
7a. The Gly conversion and GC yield increase with the temperature, indicating that the reaction
is endothermic. A similar effect was observed from the reaction catalyzed by transition-metal
doped hydrotalcite'' and K-CHA.” The viscosity of reactants is reduced at a higher temperature,
resulting in better miscibility of Gly and DMC. Although the Gly conversion and GC yield
further increase at the reaction temperature of 135 °C, the selectivity towards GC decreases due

to the formation of side products. The results indicate that a reaction temperature above 120 °C is
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not suitable. Accordingly, the optimal temperature for the transesterification of Gly and DMC

-sized CsBPH_AP is 120 °C.
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The effect of the reaction time from 1 to 6 h on the transesterification of Gly with DMC

yst is presented in Fig. 7b. The Gly conversion and the GC

over the nano-sized CsBPH AP catal

yield increase with the reaction time. The performance at 6 h was slightly higher than that at 3 h,
indicating the equilibrium was approached. In comparison with the literature, the time to reach

21



the equilibrium varied with the reaction conditions such as temperature, type of reactor, mole
ratio of reactants, and type and loading of catalyst. For example, to reach equilibrium over NaY
under reflux at 70 °C required 4 h,® but 1.5 h over KCHA at 75 °C.” The longer reaction time
might lead to a decrease in the GC selectivity due to the formation of side products.” Considering
the significant increase of the reaction activity with time, the duration of 3 h is suitable for
further evaluation.

The comparison of catalyst loading across the range of 4-12 wt% on the
transesterification of Gly with DMC using the nano-sized CsBPH_AP catalyst is shown in Fig.
7c¢. Both Gly conversion and GC yield increase dramatically with the loading from 4 to 6 wt%.
This could be from the increase in the concentration of active basic sites that initiate Gly
transesterification by abstracting its proton from the first hydroxyl group.” The catalyst loading
beyond 6 wt% results in the decline of activity in a linear manner. This is possibly due to the
increased viscosity of the mixture and the adsorption of the reactants and products on the catalyst
surface. In addition, the change in catalyst loading from 4 to 12 wt% does not affect the
selectivity of the GC product. From these results, the optimal catalyst loading is 6 wt%.

The comparison of the molar ratios of glycerol to DMC on the transesterification is
presented in Fig. 7d. At the equivalent molar ratio, both Gly conversion and GC yield are below
50 mol% due to the increased viscosity and poor mass transfer of reactants in the reaction
system. At a molar ratio of glycerol to DMC above 1:3, the reaction activity increases because
the higher molar ratio could shift the reaction equilibrium towards the GC product.” ** ¥
Considering the reaction setup, the Gly:DMC molar ratio of 1:5 facilitates the magnetic stirring

by decreasing the mixture viscosity. Finally, the molar ratio of 1:9 provides an excess amount of
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DMC that does not affect the reaction activity. The Gly conversion and GC products are slightly
increased.

The results from the catalytic testing demonstrate that the nano-sized CsBPH_AP,
identified as the best catalyst in this work from the optimal reaction conditions, has potential as a
catalyst for the transesterification of Gly among the catalysts already reported in the literature
(Table S2).

3.2.3. Reusability of the catalyst

The reusability and leaching tests of the nano-sized CsBPH_ AP catalyst for the
transesterification of Gly with DMC with the optimal reaction conditions are shown in Fig. 8a.
The nano-sized CsBPH-AP retains its initial catalytic performance in the first two runs followed
by a decrease of the Gly conversion and GC yield by 14% and 13%, respectively. However, the
GC selectivity remains constant across all four runs. The results show that the nano-sized
CsBPH_AP catalyst is susceptible to activity loss during transesterification. The leaching test
was performed to investigate the catalyst stability by separating the nano-sized BPH zeolite
catalyst by hot filtration after 1 h of reaction while the filtrate was kept under the same reaction
conditions without the catalyst for another 2 h. The analysis of the reaction mixture revealed no
further glycerol conversion after the removal of the nano-sized BPH zeolite catalyst,

demonstrating that leaching was not the cause of deactivation (Fig. 8b).
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Fig. 8 (a) Reusability and (b) leaching tests of the nano-sized CsBPH_AP catalyst under the

conditions: 120 °C for 3 h; Gly:DMC molar ratio of 1:5; catalyst loading of 6 wt%.

The nano-sized CsBPH_AP catalyst was analyzed after the fourth run by XRD, FTIR,
TGA, N, sorption, Al MAS NMR and CO,-TPD. The results from each technique were
compared with that of the fresh catalyst in Fig. 9. The reused and fresh nano-sized CsBPH_AP
show similar results from XRD, FTIR, TGA, and N, sorption (Fig. 9a-d, respectively). In
addition, ICP-MS analysis of the nano-sized Cs-BPH_AP catalyst after the fourth reaction cycle
revealed negligible differences in the composition between the fresh ((Css2K5 3Nas 5)S116A112056)
and used ((Css2K;3Nas7)Si157A1122056) catalysts. This suggests that the structure of the nano-
sized CsBPH_AP is stable under the catalytic test conditions, making it a good candidate for
further development. However, the reused sample has a lower basicity according to the CO»-
TPD profiles and slightly lower intensity in *’Al NMR spectra (Fig. 9e-f, respectively). The
results suggest that the cause of deactivation could be dealumination. As a consequence, further
investigation to understand the changes during the reaction is necessary to find ways to retain the

catalyst performance over a greater number of runs.
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fourth run by (a) XRD patterns, (b) FTIR spectra, (c) TG profiles, (d) N, sorption isotherms, (¢)

A1 MAS NMR spectra, and (f) CO,-TPD profiles.
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4. CONCLUSIONS

Physicochemical properties of as-prepared nano-sized and micron-sized BPH from
hydrothermal methods (nano-sized CsBPH_AP and micron-sized KBPH AP) and ion-exchanged
samples (nano-sized K-CsBPH _IE and micron-sized Cs-KBPH IE) are compared. The nano-
sized samples have smaller particle sizes and thickness (192+15 nm vs. 541+40 nm), higher
Si/Al ratios (1.33 vs. 1.00), and lower basicity. The ion-exchange process of nano-sized
CsBPH_AP with potassium does not change the cesium content in the nano-sized sample but
decreases the sodium content and lowers the basicity. On the other hand, the ion-exchange
process of micron-sized KBPH AP with cesium lowers the K content and increases the basicity.

The catalytic performances of the BPH zeolites for the transesterification of Gly with
DMC are ranked in the following order: nano-sized CsBPH_AP > nano-sized K-CsBPH_IE >
micron-sized Cs-KBPH_ AP > micron-sized KBPH_AP. The better performance of the nano-
sized zeolites, despite the lower basicity, is due to the influence of morphology and particle size.
Smaller particles, specifically a reduction in the length along the c-axis, allows for better
diffusion of the reactants and products through the zeolite pore network. Where catalytsts with
similar morphologies and particle sizes are compared, the zeolite with the higher basicity
displays better performance.

The optimum reaction condition of the best catalyst, nano-sized CsBPH_AP is 120 °C for
3 h with a catalyst loading of 6 wt % and Gly:DMC molar ratio of 1:5. After four runs the nano-
sized sample exhibits good stability in terms of structure and morphology, but a slight decrease

in basicity. Overall, this work demonstrates that nano-sized CsBPH_AP is a promising catalyst
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for the transesterification of Gly to produce GC and may find further application in other base-

catalysed reactions.
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