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Abstract: We report a method to prepare core-shell zeolite beta 

(*BEA) with an aluminous core and an epitaxial Si-rich shell. This 

method capitalizes on the inherent defects in *BEA crystals to 

simultaneously passivate acid sites on external surfaces and increase 

intracrystalline mesoporosity through facile post-hydrothermal 

synthesis modification in alkaline media. This process creates more 

hydrophobic materials by reducing silanol defects and enriching the 

shell in silica via a combination of dealumination and the relocation of 

silica from the core to the shell during intracrystalline mesopore 

formation. The catalytic consequences of *BEA core-shells relative to 

conventional analogues were tested using the biomass conversion of 

levulinic acid and n-butanol to n-butyl levulinate as a benchmark 

reaction. Our findings reveal that siliceous shells and intracrystalline 

mesopores synergistically enhance the performance of *BEA 

catalysts. 

Introduction 

Beta (*BEA) is a commercial large-pore zeolite composed of 3-

dimensional (3D) 12-membered ring channels.[1] The structure of 

*BEA originates from disordered intergrowth of three different 

polymorphs: A, B, and less frequently observed C.[1a, 2] Zeolite 

beta consists of two straight channels along its a- and b-directions 

(0.66 × 0.67 Å), a sinusoidal channel along the c-direction (0.56 × 

0.56 Å), and cavities at the intersections of these channels with 

ca. 1.2 nm diameter.[1c] These topological features provide *BEA 

crystals with an open framework; therefore, *BEA has been widely 

used in various catalytic reactions involving larger molecules as 

reactants or products in applications that include gas-oil 

cracking,[3] hydrocarbon cracking,[4] benzene alkylation,[5] toluene 

acylation,[6] and biomass isomerization and conversion[7]. 

The most commonly accepted mechanism of *BEA 

crystallization is a nonclassical pathway involving the aggregation 

of amorphous precursor nanoparticles, followed by their solid-

state reorganization into a crystalline product.[8] Prior studies of 

*BEA synthesis reported particles composed of small crystallites, 

which can yield a small amount of intercrystallite mesoporosity.[8a, 

8d] More recent classical models of *BEA crystallization also 

predict the generation of mesopores originating from random 

nucleation and growth of polymorphs A and B.[9] We posit that 

both classical and nonclassical mechanisms likely contribute to 

*BEA crystallization and impact the formation of defects. Indeed, 

numerous studies report a large amount of silanol defects in 

disordered *BEA polymorphs.[10] This feature has been utilized in 

methods that modify *BEA structures via dealumination to 

increase the density of silanol nests.[11] For instance, 

dealuminated *BEA has been used as a scaffold for incorporating 

various metal cations, thus introducing new functionality (e.g. 

Lewis acidity) to improve the catalytic performance of zeolite 

beta.[11]  

This study focuses on the generation of zeolite catalysts with 

a siliceous exterior surface, which has proven to be an effective 

technique to suppress the formation of external coke and enforce 

shape selectivity.[12] Synthesis of core-shell architectures is an 

efficient method of surface passivation that bypasses the 

deleterious effects of alternative methods, such as silane 

functionalization that was commercialized by Dupont and Mobil in 

the 1980s.[13] In core-shell zeolite syntheses, epitaxial growth of 

the shell on a parent core, both possessing the same zeolite 

topology, preserves crystallographic registry. Prior studies of 

*BEA core-shell preparation have mostly involved core and shell 

combinations with distinctly different zeolite structures. Examples 

include *BEA@zeolite Y[14], *BEA@silicate-1[15], and 

*BEA@amorphous silica[16]. There is one study by Xiao and 

coworkers reporting epitaxial core-shell *BEA synthesis without 

the intent of growing passivated (Si-rich) shells.[17] We recently 

synthesized core-shell zeolites of MFI (ZSM-5@silicalite-1) and 

MEL (ZSM-11@silicalite-2) via epitaxial growth of the purely 

siliceous zeolite on the surface of its aluminosilicate 
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isostructure.[18] The siliceous shell did not result in loss of 

micropore volume, and its passivation of the outer rim was also 

shown to markedly reduce mass transport limitations, leading to 

a dramatic enhancement in catalytic performance in the 

methanol-to-hydrocarbon (MTH) reaction.[18b] 

Herein we emulate this core-shell design for zeolite beta as a 

method to both passivate external surfaces and take advantage 

of intrinsic defects in *BEA to create mesoporous (hierarchical) 

materials via secondary hydrothermal treatment. Forming zeolites 

with hierarchical structure is an effective strategy to enhance 

molecular transport in catalytic reactions.[19] For the purpose of 

assessing the impact of these new architectures on catalyst 

performance, we selected the biomass conversion of levulinic 

acid (LA) to n-butyl levulinate (nBuLev) as a benchmark reaction. 

The U.S Department of Energy has highlighted LA as one of the 

top 15 platform biomass molecules.[20] It has been demonstrated 

that LA can be converted to numerous value-added molecules, 

such as γ-valeroractone, levulinate esters, and 2-methyl 

tetrahydrofuran.[20] Notably, levulinate esters have been of high 

interest owing to their potential uses as fuel additives, fragrances, 

and food additives.[20c, 21] Levulinate esters can also be used as 

precursors for levulinic ketals, which are building blocks of 

plasticizers.[22] Relatively few studies have explored the synthesis 

of nBuLev,[23] which is a promising fuel additive.[21-22, 24] Among the 

catalytic studies of LA esterification to nBuLev, it has been 

observed that *BEA outperforms other zeolites (e.g. MFI, MOR, 

and FAU).[23a] In this study, we report methods to enhance the 

catalytic performance of *BEA beyond current state of the art 

catalysts.  

Results and Discussion 

We prepared core-shell zeolite *BEA using protocols similar to 

those reported for zeolite MFI.[18] Crystals prepared as seeds for 

secondary growth (Core sample) followed a procedure by Ding et 

al.[25] to generate spheroidal particles with an average diameter of 

530 nm and a Si/Al ratio of 22. Field emission scanning electron 

microscopy (FE-SEM) images reveal a rough particle morphology 

(Figure 1a), which is consistent with transmission electron 

microscopy (TEM) images showing that each particle is a single 

crystal composed of smaller crystallite domains in equal registry 

(Figure S1a). This observation aligns with the proposed growth 

mechanism of *BEA[8] involving the aggregation of amorphous 

precursors (Scheme 1) via crystallization by particle attachment 

(CPA).[26] This nonclassical pathway leads to mesopores (or 

defects) at interstitial spaces between aggregates. Anderson and 

coworkers have also modeled *BEA crystallization by a classical 

mechanism (i.e. monomer addition) that predicts rough exterior 

surfaces and a high density of defects, which include voids within 

their structures caused by random nucleation and growth of 

polymorphs A and B.[9] It is likely that both of these mechanisms 

occur during the synthesis of *BEA crystals used as seeds (Figure 

1a). For samples examined herein we performed a post-synthesis 

treatment to ensure that all residual amorphous material after 

secondary growth of core-shells was fully crystallized. The same 

procedure was performed for the as-synthesized Core sample as 

a reference using a protocol similar to the preparation of finned 

zeolites.[27] We first tested the annealing process on the Core, 

which involves the suspension of zeolite crystals in an alkaline 

solution (pH 11) containing a small quantity of silica (close to the 

solubility of zeolite beta) and an organic structure-directing agent 

(tetraethylammonium, TEA). This solution was hydrothermally 

treated at 170 °C and autogenous pressure for different times. A 

3-day annealing of the Core (sample CA) retains its general 

spheroidal shape (Figure 1b), with the exception of more visible 

protrusions after hydrothermal treatment. The accentuated 

external roughness of CA was also observed in TEM images 

(Figure S1b). This sample has enhanced intracrystalline 

mesoporosity and will be used as a reference to assess the effect 

of mesoporosity in core-shell samples. 

Core-shell *BEA particles were prepared using seeds (Core 

sample) wherein a siliceous *BEA shell was epitaxially grown on 

the surface of the aluminosilicate *BEA core under hydrothermal 

conditions. The Al-free mixture used for shell growth contained 

supersaturated silica and TEA, similar to our protocols for core-

shell MFI and MEL.[18] The resulting crystals (sample CS) exhibit 

larger surface protrusions due to shell growth from silicate species 

in solution (Figures 1c and S1c). The shell growth was also 

confirmed by dynamic light scattering (DLS) measurements, 

showing an increase in the hydrodynamic radius from 266 to 288 

nm (Figure 1e). Elemental analysis using time-of-flight secondary 

ion mass spectrometry (ToF-SIMS) revealed an increased Si/Al 

ratio (Figure 1f) in the outer rim of CS samples relative to the Core. 

These measurements were consistent with surface-sensitive X-

ray photoelectron spectroscopy (XPS) measurements (Figure 1e), 

showing a higher Si/Al ratio of the core-shell sample. After 

annealing for 7 days, the treated core-shell (sample CSA) exhibits 

a higher density of surface protrusions with reduced average size 

(Figures 1d and S1d). This observation differs from our previous 

study of ZSM-5@silicalite-1, where annealing leads to a 

smoothening of rough surfaces.[18] One notable difference 

between CA and CSA is that shell growth preserves the structural 

integrity of the interior core, whereas direct annealing of as-

synthesized *BEA crystals can cause some particles to be broken, 

as evidenced by electron microscopy (Figure S2). This particle 

breakage is not associated with crystallinity, i.e. both samples are 

fully crystalline by powder X-ray diffraction (Figure S3). We 

attribute this effect to intra-particle structural rearrangement that 

leads to the generation of intracrystalline mesopores (vide 

infra).[28] To minimize particle breakage of the CA sample, we 

selected a shorter (3-day) annealing step. 

The cartoons in Scheme 1 highlight the major features of 

*BEA crystals observed during each stage of core-shell growth 

and post-synthesis treatment. The first step involving 

crystallization of seeds (Core) from amorphous precursor 

aggregates is based on previous models.[8] Key features of Core 

particles are rough exterior surfaces (highlighted in the inset) and 

a small quantity of intracrystallite mesopores (indicated by white 

vacancies). Growth of the core-shell (CS) leads to a minor 

increase in particle size without altering other features; however, 

the annealing stage induces the formation of mesopores within 

the core by a dissolution and reprecipitation process that 

concomitantly leads to changes in the shell, such as an increased 

roughness (highlighted in the inset). These structural and 

morphological changes are consistent with TEM images of 

particles at each stage (see Figure 2). The sequence in Scheme 

1 is also consistent with changes in compositions and textural 

properties listed in Table 1. The overall Si/Al ratio of samples 
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Figure 1. Field emission scanning electron micrographs of representative crystals from syntheses of (a) Core, (b) CA, (c) CS, and (d) CSA samples. Scale bars 

equal 200 nm. (e) Comparison of surface Si/Al ratios measured by XPS (blue, left y-axis) and the hydrodynamic radius (red, right y-axis) measured by DLS for Core 

and CS samples after various annealing periods (0, 3, 5 days) to form CSA (7 days). Unfilled symbols indicate samples with enhanced mesoporosity. (f) ToF-SIMS 

measurements of Si/Al ratio as a function of sputtering time for each sample. The inset is a TEM image of CSA showing continuous lattice fringes extending from 

the interior (core) to the exterior (shell). 

 

Scheme 1. Idealized sequences of *BEA core-shell synthesis under hydrothermal conditions (arrows) beginning from aggregates of amorphous precursors (green) 

that lead to seed crystals (Core) with intercrystallite mesoporosity, the growth of a siliceous shell (CS) that preserves the mesoporosity, and annealing to generate 

the final product (CSA) with enhanced intracrystalline mesoporosity and more roughened exterior shells. Direct annealing of the Core (CA) also enhances 

intracystalline mesoporosity and results in more roughened external surfaces. 

measured by energy dispersive X-ray spectroscopy (EDX) exhibit 

small deviations within the range of 21 – 23. This indicates that 

shell growth and/or annealing do not appreciably affect the overall 

composition; however, Si/Al ratios estimated from XPS, which is 
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biased to the exterior surface (ca. 7 nm depth), differ in their 

values depending on post-synthesis surface treatment.(e.g., 

degree of Si deposition by shell growth). For instance, the original 

Core sample has a surface Si/Al of 25, which is approximately 

equal to its overall composition (Si/Al = 22). The 3-day annealed 

core (CA) has a slightly higher surface Si/Al ratio, suggesting a 

mild (re)precipitation of silica that is commensurate with the partial 

dissolution of the core during mesopore generation. The core-

shell sample (CS) has an increased surface Si/Al ratio of 32. 

When considering secondary growth leads to a shell with an 

average thickness of 20 nm (Figure 1e), which is greater than the 

depth of XPS measurements, these findings indicate the shell is 

not completely siliceous owing to a redistribution of aluminum 

from the core. A similar effect was observed for MFI-type core-

shells, although aluminum migration was less severe than that 

observed in the current study of *BEA (i.e. the external Si/Al ratio 

was closer to 80 for a MFI shell thickness of ca. 10 nm).[18a] The 

7-day annealed *BEA core-shell (CSA) has an increased surface 

Si/Al ratio of 53, which indicates dealumination of the shell. 

The changes in surface Si/Al ratio are evident in ToF-SIMS 

measurements, which is a sensitive analytical technique that 

enables the analysis of specific elemental or compound ions as 

surfaces are etched by heavy cation (Cs+) sputtering. Here, we 

used Si+ for monitoring silicon signal and Al+ for aluminum. As 

shown in Figure 1f, the Si/Al ratio of the Core is around 30 at its 

exterior surface and rapidly decreases with increased sputtering 

time to a value of 21, which is equivalent to its bulk value 

measured by EDX (Table 1). This indicates mild Si-zoning in as-

synthesized *BEA crystals, which was also observed in MFI-type 

zeolites.[29] The annealed core (CA) follows the same general 

trend in Si/Al ratio with sputtering time where the initial Si/Al ratio 

of 35 is consistent with XPS measurements. ToF-SIMS 

measurements of core-shell samples CS and CSA reveal exterior 

Si/Al ratios of 43 and 55, respectively, which also correspond to 

the trends observed by XPS. All samples exhibit monotonic 

reductions in Si/Al ratio to values of 21 within the interior, which is 

expected for core-shell (or zoned) zeolites. These analyses also 

verify that the relatively siliceous shell of CS is further enriched in 

silica after annealing (sample CSA). High-resolution TEM images 

of CSA core-shells (Figure 1e, inset) clearly show lattice fringes 

that extend from the interior to the exterior, indicating the epitaxial 

growth of outer layer to generate a shell that is in crystallographic 

registry with the underlying core.  

Here, we systematically examine the impact of annealing 

duration on core-shell composition and structure. In Figure 1e, we 

report the changes in surface Si/Al ratio and hydrodynamic radius 

of core-shell *BEA particles as a function of annealing time. As 

previously mentioned, the as-synthesize core-shell (CS) has a 

surface Si/Al ratio of 32 and overall particle radius of 287 nm. 

Textural analysis of the CS sample reveals a microporosity (Table 

1) that is characteristic of *BEA zeolites reported in literature[30] 

with interparticle mesoporosity (Figure 2a). After 3 days of 

annealing (sample CSA3d), we observed a decrease in surface 

Si/Al ratio to 25 and the apparent hysteresis in its N2-isotherm 

(Figure S4), which is indicated in Figure 1e by unfilled symbols 

and could be related to formation of larger mesopores. 

Interestingly, the radius of CSA3d (285 nm) is almost identical to 

that of CS, suggesting desilication of the shell occurs during the 

initial period of secondary hydrothermal treatment despite a small 

concentration of silica in the annealing medium. In previous 

studies, desilication of zeolites in alkaline media is typically 

carried out in basic solutions without silica, and leads to the 

formation of mesopores.[4, 28, 31] When the annealing process is 

extended to 5 days (sample CSA5d), the Si/Al ratio increases to 

a value of 36 with a concomitant increase in radius to 296 nm (ca. 

9 nm larger than CS). Given that the silica concentration used in 

the annealing medium is around the solubility of the zeolite, an 

increased size suggests that nutrient for growth is generated from 

the interior of the core-shell crystal – meaning that the initial 

desilication process transitions to one of silica reprecipitation at 

later times.  

Continued annealing for 7 days (sample CSA) results in 

further increase of the surface Si/Al ratio to 53 without noticeable 

size increase compared to CSA5d, which still has the overall Si/Al 

ratio as 23. This seems to indicate dealumination of the shell at 

later stages of annealing. This is an unexpected observation since 

dealumination typically occurs in acidic conditions.[11] It has been 

reported that alkaline leaching of solutions using NaOH and 

organic structure-directing agents (e.g. tetraalkylammonium ions) 

leads to slight dealumination along with desilication; however, in 

these systems the extracted Al species are eventually 

reintroduced into the zeolite, resulting in an overall reduction in 

Si/Al ratio.[4, 32] The latter process is believed to be mediated by 

the presence of the organic structure-directing agent, TEA. In our 

study, we also used TEA in the annealing solution along with a 

small quantity of silica and observed a net dealumination. To 

determine if the presence of silica in solution impacts the 

annealing process, we conducted a control experiment using an 

identical annealing solution without a silicon source (Figure S5). 

Under this condition, CS experienced only desilication to yield a 

lower surface Si/Al ratio (ca. 22) than that of the original Core (ca. 

25). Based on these results, we speculate the presence of silica 

species in solution facilitates dealumination of the shell during 

annealing, although the exact mechanism remains elusive. 

The conditions selected for secondary growth of shells and 

annealing affect the acid site density (Cacid) of *BEA samples. 

Ammonia temperature-programmed desorption (NH3-TPD) 

measurements reveal that the more siliceous shell of CS reduces 

its acid site density by 10% compared to the Core (Table 1). The 

acid site density of CSA is almost 30% less than the Core owing 

to additional shell growth and dealumination during the 7-day 

annealing period. Conversely, the acid site density of CA is nearly 

20% more than the Core, which suggests that the combined 

processes of dealumination and desilication that occur during the 

3-day annealing period are dominated by the latter.  Additional 

acid site characterization using pyridine-FT-IR revealed that Core, 

CS, and CSA samples have an approximate 70:30 split between 

Brønsted acid sites (BAS) and Lewis acid sites (LAS), whereas 

CA has slightly higher BAS density (76%). Solid state 27Al NMR 

analysis reveals that the percentage of extra-framework Al (EFAl) 

falls within a narrow range for all samples (10 – 12%), with the 

exception of CS that has a slightly higher EFAl content (ca. 19%). 

Collectively, these results indicate that processes of growth and 

dissolution during core-shell synthesis and post-synthesis 

treatments do not appreciably alter aluminum speciation, only the 

quantity of Al sites (Table 1).
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Table 1. Physicochemical properties of as-synthesized and annealed *BEA samples. 

Sample 
Si/Al 

Surfacea 

Si/Al 

Bulkb 

Vmicro
c 

(cm3/g) 

Vmeso
c 

(cm3/g) 

Vtot
c 

(cm3/g) 

Cacid
d 

(µmol/g) 

Acid site typee (%) 

Brønsted Lewis 

Core 25 22 0.27 0.06 0.33 543 70 30 

CA 28 21 0.26 0.10 0.36 642 76 24 

CS 32 22 0.27 0.04 0.31 485 68 32 

CSA 53 23 0.21 0.06 0.27 381 72 28 

a Si/Al ratio from XPS; b Si/Al ratio from EDX; c Estimated by DFT calculations based on experimental N2 adsorption/desorption isotherms (Figure 2a). Total pore 

volumes (Vtot) are calculated when P/P0 = 0.95.; d NH3-TPD; e Measured by pyridine FTIR. 

  

 

Figure 2. (a) N2 adsorption/desorption isotherms and (b) normalized FT-IR spectra (-OH vibration regions) of samples Core, CA, CS, and CSA with a schematic 

illustrating mesopore formation along boundaries between randomly oriented polymorphs. The area of the Si-(OH)-Al (BAS) vibrational signal at 3610 cm-1 was 

scaled by the concentration of BAS calculated by multiplying Cacid by the BAS percentage (Table 1). Inset: idealized depiction of the Core sample with stacking 

faults (black lines) and the CSA sample with intracrystalline mesopores (white regions). (c – h) Ultramicrotomed cross-section TEM images of (c) Core, (d) CA, (e) 

CS, and (f) CSA samples. Scale bars equal 200 nm. Areas suspected to be mesopores are highlighted with arrows or elliptical circles. (g and h) Magnified TEM 

images of boxed regions in panels (d) and (f) for samples CA and CSA, respectively. 
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The two annealed samples, CA and CSA, display relatively 

large hysteresis in their N2 adsorption isotherms (Figure 2a), 

indicative of intracrystalline mesoporosity that was confirmed by 

TEM (Figure 2d and f). In contrast, relatively negligible hysteresis 

is observed from the non-annealed samples Core and CS, which 

is attributed to the presence of small mesopores (< 4 nm, Figure 

S7). Interestingly, core-shell synthesis of other zeolites that grow 

by nonclassical CPA and commonly exhibit defects (e.g. MFI) 

does not commonly result in hierarchical structure formation.[18] 

The unique effect observed for *BEA may be attributed in part to 

its higher propensity for desilication during alkali solution 

treatment compared to other zeolite structures.[4, 31g] In general, 

mesopore formation in alkaline media typically begins at 

crystallite boundaries or defects within zeolite crystals.[31b-d, 31f, 31g] 

Following this assertion, we analyzed how the annealing process 

affects silanol defects in Core and CS samples employing FT-IR. 

For this analysis, we normalized the measured FT-IR spectra 

based on the total concentration of Brønsted acid sites. FT-IR 

spectra in Figure 2b show that the majority of silanol groups in all 

samples are isolated species (3740 cm-1) with only a minute 

quantity of silanol nests (3550 cm-1). Samples CA and CSA have 

lower silanol signals compared to their non-annealed 

counterparts (Core and CS). This indicates that the annealing 

process decreases the amount of silanol groups in *BEA during 

desilication processes that enhance intracrystalline mesoporosity 

and ultimately leads to a less hydrophilic material.[33]  

A reduction in silanol density during mesopore formation is 

counter to most trends reported in literature for other zeolites.[31b, 

31d, 31f, 34] For example, desilication of zeolite ZSM-5 (MFI) in 

alkaline media leads to increased silanol species that presumably 

terminate the newly formed mesopores.[31d] Similar effects have 

been reported for hierarchical USY (FAU) using surfactant 

treatments.[31b] Here we hypothesize that the unique trend 

observed for *BEA is attributed in part to the stacking faults that 

originate from different polymorphs.[10] These stacking faults are 

putative sites for initiating desilication, as illustrated in Figure 2b, 

such that mesopore formation has the ability to eliminate silanol 

groups along polymorph boundaries during annealing by a 

mechanism that is elusive. 

Direct confirmation of mesoporosity was obtained from high-

resolution TEM using cross-sectional images of each sample 

(Figure 2c – h). The relatively brighter spots highlighted by arrows 

in TEM images of Core (Figure 2c) and CS (Figure 2e) samples 

are putative intracrystallite mesopores. The mesopores are more 

evident in CS, although textural analysis reveals no observable 

difference in mesopore volume. It is possible that during core-

shell growth a solid-state reorganization[8a] accompanies the 

aforementioned migration of Al from the core to the shell. TEM 

images of annealed samples CA (Figure 2d) and CSA (Figure 2f) 

clearly show an increased population of intracrystalline 

mesopores (indicated with ellipses). The mesopores in CA have 

more irregular slit-like shapes and appear to be nonuniformly 

distributed, whereas those in CSA are more densely populated 

and uniformly dispersed. This is more evident in high 

magnification images CA (Figure 2g) and CSA (Figure 2h). The 

pore size distribution analysis using density functional theory 

(DFT) in Figure S7 also reveals that the annealed samples have 

relatively larger pores (> 4 nm) than the non-annealed samples. 

To assess the impact of surface passivation and 

intracrystalline mesoporosity on *BEA catalytic performance, we 

used levulinic acid (LA) esterification with n-butanol (nBuOH) as 

a benchmark reaction (Figure 3a). The reagent LA is a platform 

biomass molecule[20] used to generate n-butyl levulinate 

(nBuLev).[21-22, 24] Prior studies have identified *BEA as an ideal 

zeolite catalyst for this reaction, where it is reported that nBuLev 

is a sole product of the reaction between LA and nBuOH.[23a, 23d, 

35]  Due to ubiquitous thermodynamic limitations of esterification, 

this reaction is typically carried out in excess alcohol;[23d] however, 

it is reported that excessive alcohol concentrations in various 

esterification reactions can form molecular clusters on zeolite 

surfaces, which prevents the adsorption of carboxylic acid 

molecules, thus reducing the efficiency of the reaction.[36] This is 

also true for LA esterification to nBuLev where previous studies 

report reduced nBuLev production with increased nBuOH.[23a, 23b] 

To this end, we selected two different nBuOH-to-LA ratios for 

catalytic studies of core and core-shell samples. 

Reactions with reduced alcohol content (nBuOH-to-LA = 25:1) 

were performed using an adapted batch protocol[11a] wherein we 

fix the quantity of catalyst (1.4 mol % BAS relative to LA) for each 

experiment. Reactions were performed at 120 °C with product 

yields evaluated at two different times (8 and 27 h). When the 

conventional *BEA catalyst (Core) is replaced with the annealed 

core-shell (CSA), the yield of nBuLev increases by a net 16% 

(Figure 3b) within the total timeframe of the experiment. In order 

to deconvolute the effects of surface passivation and enhanced 

mesoporosity, we compare the control (Core) to samples CS and 

CA, respectively. The introduction of a shell without annealing 

(CS) leads to surface passivation without enhancement of 

intracrystalline mesoporsity. Alternatively, direct annealing of the 

seeds (CA) leads to enhanced intracrystalline (and some 

interparticle) mesoporosity without detectable changes in surface 

composition. In Figure 3b we observe similar increases in nBuLev 

 

 

Figure 3. (a) Esterification of levulinic acid (LA) with n-butanol (nBuOH) to n-

butyl levulinate (nBuLev) carried out at 120 °C. (b) Left axis (histograms): 

nBuLev yield (%) from reactions with Core, CA, CS, and CSA catalysts is 

reported relative to the initial amount of LA. The reaction using a molar ratio of 

nBuOH to LA = 25:1 is evaluated after 8 h (grey) and 27 h (black). The reaction 

using a molar ratio of nBuOH to LA = 200:1 is evaluated after 48 h (blue). Right 

axis (open symbols): turnover number (TON) calculated from data in Table S1 

using the procedure described in the Supporting Information. 
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yield for both samples, suggesting that each effect positively 

enhances the performance of *BEA catalysts in a comparable way. 

The turnover number (TON) for each sample after 27 h of reaction 

shows an identical trend as the nBuLev yield (Figure 3b).   

Therefore, we hypothesize the net increase in CSA performance 

is attributed to a combination of both surface passivation and 

enhanced mesoporosity.  

Reactions with increased alcohol content (nBuOH-to-LA = 

200:1) lead to an expected reduction in the overall reaction rate, 

which required a shift to longer reaction time (48 h). As shown in 

Figure 3b, the general trends for TON (open symbols) and 

nBuLev yield (blue histograms) remain the same with CSA 

showing an even greater enhancement in product yield (i.e., a net 

24% increase in nBuLev over that of the Core sample). It could 

be surmised from these collective observations that the Si-rich 

(hydrophobic) shells of CS and CSA diminish the formation of 

nBuOH solvent clusters on zeolite surfaces, thereby increasing 

molecular diffusion and the overall rate of reaction. A similar effect 

could be rationalized for samples CA and CSA due to the reduced 

silanol density that occurs during intracrystalline mesopore 

formation. Indeed, this reduced density of defects in mesoporous 

*BEA catalysts likely contributes to their reported improvement in 

the efficiency of LA esterification.[23b, 23c] We also confirmed an 

improved catalytic activity of CSA over Core using a pseudo first 

order reaction. Reactions at three temperatures (80, 100, 120 °C) 

resulted in similar activation barriers for LA esterification (62 and 

60 kJ/mol for CSA and Core, respectively), and ca. 2.5-times 

higher pre-exponential constant for CSA (Table S2). The 

activation barriers found here are slightly higher than the 

activation barrier for esterification of ethanol and acetic acid to 

ethyl acetate in *BEA (ca. 50 kJ/mol).[36a] This analysis verifies a 

higher frequency of reactant collisions in sample CSA, consistent 

with its superior catalytic performance. Our findings also reveal 

that shell growth must involve annealing to synergistically form 

intracrystalline mesoporosity, introduce a more siliceous shell, 

and reduce the internal silanol density in *BEA structures. 

 

Conclusion 

In this study, we have investigated the synthesis of core-shell 

*BEA for the purpose of introducing a more siliceous shell on the 

exterior rim of the zeolite. A multi-step hydrothermal growth and 

annealing process was evaluated using a combination of ToF-

SIMS, XPS, TEM, and DLS to confirm a complex mechanism 

involving dissolution (i.e., desilication and dealumination) and 

reprecipitation to generate core-shell *BEA with a Si-rich shell 

(Si/Al = 53) relative to its parent core (Si/Al = 25). We also 

demonstrate that this process leads to the generation of 

hierarchical structures with intracrystalline mesoporosity, which 

seemingly originate from the inherent defects in *BEA particles 

used as seeds for core-shell synthesis. Attempts to introduce 

mesoporosity directly into the core (sample CA) resulted in 

particle breakage, which was not observed for the annealed core-

shell (sample CSA). Cross-sectional TEM images of CA revealed 

more irregular mesopores, whereas those in CSA are relatively 

uniform and dispersed throughout the particle. The annealing step 

was found to be critical for increasing the hydrophobicity of the 

outer shell, as well as reducing the density of internal silanols. 

Catalytic testing using the LA esterification reaction revealed 

distinct differences among samples. Both intracrystalline 

mesoporosity and surface passivation were found to enhance 

nBuLev yield; however, the core-shell sample combining both 

features exhibited the highest performance in reactions that 

tested a range of nBuOH-to-LA ratios. These studies confirm the 

synergistic effects of hierarchical core-shell configurations. To our 

knowledge, this is the first study reporting isostructural core-shell 

*BEA synthesis involving the epitaxial growth of a Si-rich shell. 

This process also provides a more efficient route to introduce 

intracrystalline mesopores in zeolite beta compared to 

conventional post-synthesis methods. Since *BEA is widely used 

as a scaffold for incorporating various metals, our findings may 

prove to be a more generalized approach to enhance the 

performance of zeolite beta catalysts for other reactions. In the 

future, it may even be possible to perform multi-stage growth in a 

single-vessel to minimize synthesis steps for improved efficiency 

of core-shell processing. 
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The synthesis of core-shell zeolite beta (*BEA) produces a zeolite with an epitaxially grown Si-rich shell on the exterior rim, which 

passivates the surface reactivity. It is also possible to enhance intracrystalline mesoporosity via secondary hydrothermal treatment by 

taking advantage of intrinsic silanol defects in *BEA.  
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