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The Supporting Information contains: 1) detailed descriptions of experimental methods; 2) 

additional nitrogen adsorption isotherms and analyses; 3) additional NMR data: 1D 29Si NMR 

spectra and 2D Al MQMAS NMR spectra; 4) EDS images, 5) pyridine IR spectra; 6) kinetic 

analysis of time-dependent zeolite degradation data; 7) decrystallization and dealumination rate 

constants determined from the XRD and NMR data obtained in this study.

1. Detailed Experimental Protocol

1.1 Catalytic Packed Bed Setup

The catalytic packed bed setup used for ZSM-5 stability and activity studies consists of an AISI 

type 316 stainless steel Sitec tube (5.2 mm ID, 9.5mm OD) and peripheral equipment. The tube 

could hold approximately 0.5 grams of catalyst, and a 0.2 m porous frit was press fit on one end 

of the tube to contain the zeolite powder. Both ends of the tube were pressure sealed into Sitec 

tees, which served as the inlet and outlet of the flow reactor. The entire assembly along with a 

section of stainless steel tubing (10 m × 0.1 cm i.d) was placed inside a temperature-controlled 

oven (HP 5890 gas chromatogram oven). Temperatures on the tube surface and inside both the 

inlet and outlet tees were logged to within ±1 °C using k-type thermocouples (Omega 

Engineering).

1.2 Batch Stability Measurements

A catalytic batch reactor setup was used to evaluate the hydrothermal stability of zeolite 

frameworks other than ZSM-5. Zeolites were purchased from Zeolyst, including frameworks HY 

(CBV-760, Si/Al = 30), H (CP814C, Si/Al = 19), mordenite (CBV 21A Si/Al = 10), and ferrierite 

(CP914C, Si/Al = 10). Each was calcined at 550 °C in air prior to use. The batch reactor setup 
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consisted of a 300 ml AISI type 316 stainless steel Parr Reactor (Model 452HC2) and peripheral 

equipment. The batch reactor was loaded with 0.5 g of zeolite and 100 ml of deionized water, 

pressure sealed, and loaded into the reactor assembly. The reactor was initially pressurized to 2.7–

10.3 MPa using N2, which was varied to reach a pressure >25 MPa after heating. The reactor was 

constantly stirred with an impeller and heated to the desired temperature using an induction heater. 

The reactor temperature was logged to within ±1 °C using a J-type thermocouple (Omega 

Engineering). The total heat-up time was between 30-50 min and varied with the final temperature. 

The desired temperature of the zeolite and water mixture was maintained for three hours before 

quickly (~5 min) quenching the reaction with ice water. The reactor was then depressurized, the 

contents filtered to recover the zeolite, and the zeolite was dried in a 60 °C oven. The catalysts 

were characterized using X-ray diffraction described later in Section 1.3.

1.3 Catalyst Characterization

X-ray diffraction was performed using a Rigaku automatic instrument with the Bragg-Bretano 

theta-theta configuration. Diffractions were taken with a Cu Kα at 27.5kV and 5mA. Analysis was 

performed over the range from 5-80 2θ degrees with a 0.5° step size and 1 s dwell time. 

Crystallinity for each sample was determined from the sum of peak areas between 22.5-25 2θ 

degrees, as specified by ASTM method D5758-01.1 The degree of crystallinity of a given sample 

was calculated from the ratio of these integrated peak areas of the treated sample to an untreated 

reference. 

SEM images were captured using Hitachi SU8230 scanning electron microscope with a cold 

field emission source. The samples were mounted on the stub holder using carbon paste. No 

conductive coatings were applied to the specimens so that concurrent EDS measurements could 

provide composition data of the actual ZSM-5 surface.
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Zeolite samples for STEM characterization were crushed using a mortar and pestle. The crushed 

powder was placed on a 200 mesh copper grid with a holey carbon support film. Secondary 

electron (SE), bright field (BF), and high angle annular dark field (HAADF) images were captured 

with a Hitachi HF-3300 microscope operated at an accelerating voltage of 300 kV. 

Gas sorption was performed using an ASIQ iQ Quantachrome Instrument to determine surface 

area and micropore volume. Zeolite (0.025 g) was added to a glass bulb and the sample was 

degassed following a temperature ramp of 2 °C min–1 with 15-min temperature holds at 60, 80, 

100 and 120 °C before increasing to 350 °C, where the temperature was maintained for 5 hours. 

The analysis procedure dosed nitrogen as the adsorbate into the sample cell cooled with liquid N2 

and obtained 60 isothermal P/P0 points ranging from 5.5x10−7 to 1 followed by 15 desorption 

points between P/P0 of 1 to 0.1. Micropore and external surface area were determined by applying 

the t-plot method to model the adsorption isotherm between P/P0 of 0.15 to 1.

DRIFTS was performed using a Thermo Nicolet Magna 560 with a SpectraTech DRIFTS cell. 

The DRIFT cell was loaded with ZSM-5, and then purged with N2 for 10 minutes. The temperature 

was increased in 20 °C increments at 10-15 min intervals until 100 °C, where it was held for 30 

minutes before increasing in 50 °C increments until reaching 550 °C. Samples were analyzed over 

the range from 4000 to 600 cm−1, at a resolution of 2 cm−1, and an accumulation of 96 scans at 550 

°C.

XPS was performed using a PHI Model 5600 MultiTechnique instrument controlled with 

AugerScan software. ZSM-5 samples were initially pelletized with a PIKE die kit and degassed 

prior to analysis. After introducing the sample, the chamber was evacuated to a pressure less than 

5×10–9 Torr. X-rays from a monochromated Kα line at 1486.6 eV were directed towards the sample 

at 90° with respect to the analyzer. Survey scans were performed at 0.5 eV per step and 50 ms. 
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Sensitivity factors of 0.193 for Al 2p and 0.283 for Si 2p were used to obtain surface Si/Al ratios, 

as described previously.2

All 27Al and 29Si NMR spectra were collected at 9.4 T on a Varian INOVA spectrometer, using 

resonance frequencies of 104.17 MHz and 79.41 MHz, respectively. 29Si data were collected using 

a 7.5 mm double resonance Chemagnetics MAS probe with a spinning rate of 4 kHz. A one-pulse 

experiment with a π/6 pulse at a pulse length of 2.1 µs and recycle delay of 12 s was used. All 29Si 

spectra were referenced to the two chemical shifts in tetrakis(trimethylsilyl)silane (9.86 ppm and 

135.34 ppm).3 27Al data were collected using a 2.5 mm double resonance Chemagnetics MAS 

probe with a spinning rate of 20 kHz. A one-pulse experiment with a 1.0 µs long π/6 pulse and a 

1.0 s recycle delay was used for the one-dimensional 27Al spectra. Triple quantum 27Al MQMAS 

experiments were conducted with the use of FAM-I conversion pulses4 and a selective π pulse to 

generate a shifted echo for the purpose of whole echo data collection. An excitation pulse of 2.1 

µs and a FAM-I sequence with four pulses, each with a pulse length of 0.6 µs, were used with a 

radio frequency field strength of 65 kHz. The selective π pulse had a pulse length of 4.8 µs using 

a radio frequency field strength of 35 kHz. The dwell time in the indirect dimension was set for 

rotor-synchronized data collection. Ten data points were collected in the indirect dimension.  A 

recycle delay of 0.9 s was used for all MQMAS experiments. All 27Al spectra were referenced to 

aqueous aluminum nitrate (0 ppm). All data were processed with the program RMN.5 Line shape 

fitting of the 27Al and 29Si 1D MAS spectra was performed using the program DMFIT.6

Brønsted site densities were determined by isopropylamine (IPA, Acros, 99%) temperature 

programmed desorption (TPD).7 Typically, 60-80 mg of sample was added into a 1/2 inch quartz 

tube between two quartz wool (Grace) end plugs. The tube was placed in an Omega furnace. The 

temperature of the furnace was regulated by a process controller (Love, series 16A) and monitored 
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by a type K thermocouple (Omega). All samples were calcined under air flow (50 sccm). A 

ramping protocol that prevents structural changes of the zeolites due to water evaporation was 

followed. The cell containing the samples was ramped to 373 (2 K min–1) and was held at 373 K 

for 30 min. The cell was further heated at 393 K at the same rate and was held at 393 K for 30 min 

as well. Finally, the cell was ramped to 623 K (5 K min–1) and was kept at that temperature for 300 

min. The cell was subsequently cooled to 423 K, and purged in dry He flow (100 sccm) for more 

than 90 minutes. Catalysts were then dosed with isopropylamine in He flow. After saturation of 

IPA on the surface, He flow (400 sccm) removed physisorbed isopropylamine. The furnace 

temperature was then increased to 973K (10 K min–1) under He including 1% Ar serving as an 

internal standard. Chemisorbed isopropylamine was converted into propene and ammonia during 

the temperature ramp. Throughout the entire process, a mass-selective residual gas detector 

(Stanford Instruments RGA 100) was used to track isopropylamine (m/z=44), propylene (m/z=41) 

and Ar (m/z=40) in the effluent. Evolved propylene was used to calculate Brønsted site density, 

assuming that one molecule of isopropylamine adsorbs per Brønsted site.

Brønsted acid sites to Lewis acid sites ratio was determined using pyridine Fourier transform 

infrared spectroscopy (FTIR, Nicolet 6700 DTGS detector). Approximately 15 mg of sample was 

pressed into a 13 mm pellet in a hydraulic press. The pellet was loaded into an in situ cell, designed 

and built in house. Catalysts were calcined as per the procedure described in the TPD experimental 

section. Subsequently, the cell was cooled to 423K, and purged under dry He flow (60 sccm). The 

pellet was then dosed with 4 torr of pyridine (Sigma Aldrich, 99%). After the pellet was fully 

saturated, the cell was purged under a He flow (200 sccm) at 423K to remove physisorbed pyridine. 

Spectra were collected at 423 K, and Brønsted to Lewis ratios were determined by the ratio of the 

integrated IR bands at 1545 cm–1 (pyridimium ion) and 1455 cm–1 (pyridine) respectively, by 
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applying the appropriate molar extinction coefficients.8 Lewis site density was calculated from 

isopropylamine TPD and pyridine FTIR by the following equation: L=B/(B/L ratio).

1.4. Zeolite Degradation Rate Equation Derivation based on the Kirkwood Theory 

Marrone et al. described the effect of water dielectric constant on the non-Arrhenius relationship 

governing dichloromethane hydrolysis in sub- and supercritical water. The dielectric constant 

varies from approximately 80.1 at room temperature to 1 at the critical point, as shown in Figure 

8, meaning that it can exert a temperature-dependent effect on reactions which proceed via polar 

transition states. While dealumination and desilication transition states involved in zeolite 

degradation are not as well defined as their molecular analogs, previous computational analysis 

predicts that hydrolysis of Si−O and Al−O bonds proceeds via polarized transition states. A 

complete derivation of the underlying equations based on the Kirkwood theory is provided in the 

Supporting information and follows a similar methodology as Marrone et al.

Marrone et al. proposed combining Kirkwood dielectric continuum solvation theory with 

transition state theory to account for the temperature dependence of desilication and dealumination 

rates arising from the temperature dependence of the dielectric constant:

(1)
𝑙𝑛(𝑘𝑎𝑝𝑝) = ln (𝐴) ‒

𝐸𝐴

𝑅𝑇
+Φ(𝑇)

where  is the Kirkwood correlation factor. The Kirkwood correlation factor estimates the Φ(𝑇)

effects of the dielectric constant (ϵ i) on the stabilization of the polar transition state for reactions 

of the type A + B →P, assuming that the solvent behaves as a continuum:

   (2)
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where μi is the dipole moment ri is the ionic radii (ri) of either the reactant (denoted with the 

subscripts “A”) the product (denoted with the subscript “B”) or the transition state (denoted with 

ǂ subscript). In addition, ∆Gϵ is the change in Gibbs free energy relative to vacuum and ϵ is the 

dielectric constant of water solvent. In a molecular reaction, equating ϵ with the bulk dielectric 

constant of the solvent is unambiguous. For reactions proceeding in molecular-scale micropores, 

the local value of the dielectric constant is less clear. In the case of desilication, which 

characterization data indicate occurs primarily at zeolite surfaces, using the bulk dielectric constant 

may be justified. For dealumination, which must occur primarily in the micropores themselves, 

using the bulk dielectric constant is less clear. However, no data are available to develop a model 

of the molecularly confined dielectric constant, meaning that no clear alternative is available. 

Accordingly, we used the bulk dielectric constant for analysis of both desilication and 

dealumination rates.

For this study, the dipole moments (μi), ionic radii (ri) are considered to be weak functions of 

temperature, allowing them to be lumped together into a single factor, W:

(3)
Φ(𝑇)=‒

1
𝑅𝑇((Δ𝐺𝑣𝑎𝑐

𝜖 ‒ Δ𝐺𝑣𝑎𝑐
𝜖𝑎 ) +𝑊( 𝜖𝑎 ‒ 12𝜖𝑎+ 1

‒
𝜖 ‒ 1
2𝜖+ 1))

Neglecting the temperature dependence of the dipole moments of the reactants is reasonable; 

Gubskaya and Kusalik indicate that the dipole of water varies only 10% over the range from 273 

to 373 K. The temperature dependence of the transition state dipole is less clear; however, the 

present analysis must necessarily neglect it, as calculating the temperature dependent dipole 

moment of the Al−O and Si−O transition states is beyond the scope of this study. Instead, as with 

equating the micropore dielectric constant with the bulk value, we sought to determine if Kirkwood 

theory, when combined with the bulk dielectric constant of water, has the correct form for 

empirical description of desilication and dealumination rates. By combining 
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2. Nitrogen Sorption

Nitrogen sorption was used to investigate the effects of liquid water treatment on ZSM-5 surface 

area and micro/meso-porosity. Compared to STEM, nitrogen sorption is a bulk technique that 

accounts for the porosity of the entire sample. Figure SI-1 shows that the measured isotherms 

were consistent with IUPAC type II 12 characteristic of a microporous material. Nitrogen sorption 

isotherms of this type can be divided into 2 main regions, depending on the pressure (P/P0). For 

P/P0 < 10−3, the isotherm is associated with gas-zeolite interactions within micropores. For P/P0 > 

0.1 the isotherm is associated with gas-gas molecular interactions within mesopores; in particular, 

curvature of the sorption isotherm for P/P0 > 0.1 is attributable to mesoporosity. Qualitatively, the 

sorption isotherm of the parent ZSM-5 indicates that the majority of adsorption occurs in the low 

pressure region, with modest adsorption at P/P0 > 0.1 consistent with a microporous solid lacking 

mesoporosity.13 After treatment in hot liquid water, curvature in the pressure range of P/P0 = 0.1-

1.0 increases slightly, with evidence of minor adsorption-desorption hysteresis. A large increase 

of the curvature in the mesopore range has been attributed to ZSM-5 de-silication14,15 from alkaline 

treatment. The minor changes in the adsorption isotherms of treated ZSM-5 indicate that the 

framework remains largely microporous (>90%) with only modest mesopore formation. These 

observations are consistent with the STEM images shown in Figure 3. 

The abundant literature on zeolite degradation under acidic and basic15–21 conditions can provide 

insight on the trends observed in the N2 sorption isotherms. Base catalysis by OH− selectively 

cleaves siloxane framework bonds, leading to de-silication.15,17–21 Desilication of a zeolite in an 

alkaline medium will often initiate at internal sites20 and propagate from hydroxyl nest defects 

introduced into the framework during synthesis or dealumination.18,19,22,23 The extent of zeolite 

desilication greatly depends on the zeolite structure and its Si/Al ratio.24 The end result of base 
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catalyzed desilication is increased curvature of the N2 isotherm for P/P0 > 0.1 and increased 

mesoporosity. This is the typical observation made of zeolites exposed to hot liquid water 

conditions, including H- and H-Y26. In contrast to base catalyzed desilication, numerous studies 

report that acids promote zeolite dealumination,18,19,33,34,21,24,27–32 with minimal framework 

degradation. In acid solutions, dealumination occurs via a proton/hydronium catalyzed mechanism 

that selectively removes Al sites, forming a variety of extra-framework hydroxyaluminate 

complexes that impart Lewis acidity as well as mono, di and/or trivalent Al cations.24 The modest 

isotherm changes observed for liquid-treated ZSM-5 closely mirror those reported for acid-treated 

zeolites,14,18,35 Dealumination of ZSM-5  could be consistent with the observation of Gardner et 

al.36 that exposure of ZSM-5 to liquid water at 150 °C results in increased concentration of Al 

species in the water solution.

The final feature present in the gas sorption isotherms that merits discussion is the substep 

observed at approximately P/P0 = 0.1 for ZSM-5 treated in liquid water at 430 and 450 °C. Minor 

qualitative differences were present in the isotherms of treated ZSM-5, specifically a minor change 

in the curvature of the isotherm in the mesopore region, which is consistent with retention of a 

structure dominated by micropores, and a minor substep in samples treated at 430 and 450 °C; the 

substep has sometimes been attributed to dealumination.35,37Saito et al.37 reported that a step in the 

N2 isotherm appears and becomes more prominent as the Si/Al ratio of ZSM-5 increases. They 

attributed the observed phenomena to a fluid to solid transition of N2 adsorbate.37 The substep is 

less pronounced when aluminum is incorporated into the framework, which contributes 

electrostatic effects that cause surface energy heterogeneity that dampens the substep.37 More 

specifically, Triantafillidis et al.35 identified a similar substep for ZSM-5 with a Si/Al ratio >1000 

and in ZSM-5 with an initial ratio Si/Al of 26.5 that was steamed at 790 °C for 6 hours to 

10



dealuminate the framework. In contrast, Triantafillidis et al.35 did not observe a sub-step for ZSM-5 

with Si/Al =27. As with the previous study,35 the parent ZSM-5 (Si/Al = 38) did not exhibit a sub-

step, whereas the liquid treated samples do. As with the other features of the N2 adsorption curve 

and some of the features of the XRD spectra, the presence of a sub-step in the treated samples is 

therefore consistent with dealumination.

Figure SI-1. H-ZSM5 nitrogen sorption isotherms for a) untreated, b) 250 °C treated, c) 275 °C 

treated, d) 350 °C treated, e) 430 °C treated, and f) 450 °C treated samples in hot liquid water 

The main text provides evidence of changes to ZSM-5 crystallinity and textural properties during 

exposure to HLW and SCW. Inter-comparison of ZSM-5 crystallinity, surface area, and pore 

volume reveals a complex relationship between framework and surface area stability of treated 

ZSM-5. Figure SI-2 plots surface area determined from N2 sorption as a function of measured 

crystallinity. Total surface area, external surface area, and micropore area are all plotted as separate 
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traces, and marker size are both labeled and rated to treatment temperature. Interestingly, in all 

cases, the relationship between crystallinity and surface area is complicated and non-monotonic. 

As a general trend, modest decreases in crystallinity (2-5%) lead to increases in surface area. 

Crystallinity decreases of 5-10% result in much larger decreases in surface area, ranging from 10-

40%. For further decreases in crystallinity of more than 10% the surface area remains nearly 

constant at the values obtained for 5-10% decreases in crystallinity. Lastly, the effect of 

temperature is complex, with all of the trends exhibiting non-monotonic relationships with 

temperature. These data help show the complexity of the changes in surface area and crystallinity 

of HLW and SCW treated ZSM-5.
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Figure SI-2. Comparison of textural properties relative to the degree of crystallinity of hot liquid 

water treated ZSM-5. Textural properties are calculated from N2 isotherms, including micropore 

area (blue triangle), external surface area (red triangle) and total surface area (black circle). 

Relative crystallinity is obtained based on XRD diffractograms. Marker size is rated to treatment 

temperature. Untreated ZSM5 samples are denoted with a star point and are labeled. 

3. NMR Analysis

29Si NMR was used to determine elemental connectivity and coordination of the silicon atoms 

present in ZSM-5. Figure SI-3 shows 29Si NMR spectra fitted with Gaussian peaks for both ZSM-

5 calcined powders and treated in hot liquid water. Considering first the calcined sample (Figure 

SI-3a), the spectrum is fit with three distinct Gaussian curves with chemical shifts (Siδ) located at 

−116, −112 and −107 ppm. Peaks located at −116 and −112 ppm are assigned to Si atoms with 4 

Si neighbors in their second coordination sphere (Q4
 sites), while the −107 ppm peak is assigned 

to Si atoms with 3 Si neighbors and either an Al atom or hydroxyl group in its second coordination 

sphere (Q3 sites).38 

29Si NMR of the treated samples are consistent with dealumination inferred from DRIFTS and 

XPS analysis. Figures SI-3b-d show 29Si NMR spectra of the treated samples. Focusing first on 

qualitative features, the 29Si NMR spectrum of ZSM-5 treated at 250 °C (Figure SI-3b) indicates 

only modest changes relative to the calcined sample, with a minor increase of the intensity of the 

Q4 band at −116 ppm. The minor changes observed in the 29Si NMR spectrum of ZSM-5 treated 

at 250 °C relative to the calcined version are consistent with the stability of the sample at these 

conditions indicated by XRD and microscopy. The intensity the Q3 peak decreases after treatment 

at 325 °C and the peaks associated with Q4 sites narrow (Figure SI-3c). Narrowing of Q4 peaks 

has been reported in studies of steam dealumination ZSM-5.34,39 Peaks in the 29Si NMR spectra of 
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ZSM-5 treated at 400 °C (Figure SI-3d) are increasingly narrow; in fact, the spectra of ZSM-5 

treated at 400 and 450 °C resemble silicalite,39 suggesting near quantitative removal of Al atoms 

from the framework. Lastly, a new peak located at −92 ppm appears in the spectra of samples 

treated at 400 and 450 °C. This peak is attributed to Q2 sites associated with Al-O-Si-O-Al bonding 

configuration with each aluminum in a tetrahedral coordination.39 Although tetrahedral aluminum 

sites are typically associated with framework aluminum, Ong et al.29 has identified possible 

tetrahedral configurations for EFAL within steamed ZSM-5 that associate near framework 

aluminum sites. Again, all indications from the 29Si NMR support dealumination of ZSM-5 under 

hot liquid water conditions.
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Figure SI-3. 1-D 29Si NMR spectra for a) untreated, b) 250 °C treated c) 325 °C treated, d) 400 

°C treated, and e) 450 °C treated samples in hot liquid water. 

The 27Al NMR spectra shown in main text contains peaks that can be assigned to both 

tetrahedrally coordinated framework aluminum and octahedrally coordinated extra-framework 

aluminum species. In addition to these Al species, the spectra contain a contribution from the 

aluminum rotor, which is centered at 10 ppm that does not arise from the sample itself. The rotor 

peak is more easily observable as the 2D Al MQMAS spectra shown in Figure SI-4. The peak 

centered at F2 = 10 ppm is distinctly separate from the tetrahedral and octahedral oriented species 

in all 5 2D Al MQMAS plots (Figures SI-4a to e). The untreated sample plotted in Figure SI-4a 

shows that the framework aluminum peak centered at F2 = 50 ppm is the main species for ZSM-5 

and the contribution of the rotor is expectedly small. Upon increasing hot liquid water treatment 

temperatures, the relative rotor contribution increases as ZSM-5 dealuminates and becomes 

relatively more siliceous. The rotor contribution in Figure SI-4e (ZSM-5 treated at 450 °C) is the 

primary feature of the MQMAS spectra only as this sample lacks both framework and extra-

framework aluminum species.
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Figure SI-4. 2D Al NMR: 2-D 27Al NMR spectra for a) Calcined, b) 250°C treated, c) 325°C 

treated, d) 400°C and e) 450°C treated samples in hot liquid water.

4. Scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDS)

EDS was used to determine if the surface features observed in the SEM images (Figure 2 in the 

main text) were composed of amorphous silica, amorphous alumina, or a crystalline silicate with 

composition similar to ZSM-5. Figure SI-5 shows representative EDS images of calcined ZSM-5 

(Figure SI-5a), ZSM-5 treated in hot liquid water at 250 °C (Figure SI-5b), ZSM-5 treated in hot 

16



liquid water at 325 °C (Figure SI-5c) and ZSM-5 treated in hot liquid water at 450 °C (Figure SI-

2d). As expected, Figure SI-5a shows uniform Al distribution on the surfaces of calcined ZSM-5. 

In contrast, the Al distribution on the surfaces of samples treated at 250 and 325 °C is non-uniform, 

exhibiting distinct regions of enhanced Al content (Figures SI-5b and c). The surface Al 

distribution of the sample treated at 450 °C (Figure SI-5d) is more uniform than the surfaces of 

ZSM-5 treated at 250 and 325 °C, lacking the regions of distinct Al enrichment. Figure SI-5 

indicates that dealumination results in agglomerated alumina regions at temperatures equal to or 

less than 325 °C but not at 450 °C, possibly indicative of different mechanisms at the different 

conditions.

.  
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Figure SI-5. SEM-EDS images of ZSM-5 samples a) untreated, b) 250 °C b) 325 °C and d) 450 

°C treated samples in hot liquid water. 

5. Pyridine Infrared Spectroscopy

The stacked pyridine IR spectra displayed in Figure SI-6 were performed to compare the relative 

amount of Bronsted acid sites (BAS) to Lewis acid sites (LAS) of calcined and HLW treated ZSM-

5 samples. The FTIR spectra of pyridine-adsorbed ZSM-5 are similar to others reported in the 

literature,40–42 with no major qualitative differences between calcined ZSM-5 and materials treated 

in liquid water. Bands associated with Brønsted and Lewis acids were integrated to estimate the 

ratio of the two acid types in ZSM-5. Specifically, the peak areas for stretching modes located at 

1450 cm-1 and 1545 cm-1 are used to quantify the relative amount of LAS and BAS respectively 

and obtain a Brønsted to Lewis ratio (B/L ratio). The B/L ratio of calcined ZSM-5 is calculated to 

be 9.8; an expected result for synthesized ZSM-5 which is predominately Bronsted acidic. Upon 

HLW treatment at 350 °C, the B/L decreases to 3.8, which is likely due to contibuting factors of 

BAS loss and the corresponding formation of LAS species such as extra framework alumina. When 

ZSM-5 is treated in 450 °C HLW, the B/L ratio continues to decrease, consistent with a continual 

loss in BAS with increasing temperature. Unlike ZSM-5 observed changes in framework 

degradation that vary with temperature dependant solvent effects, BAS density decreases 

monotonically with increasing temperature. The spectra shown in Figure SI-6 were used for the 

quantitative data provided in Table 2 in the main text.
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Figure SI-6. Pyridine IR Spectra of untreated H-ZSM5 samples compared to samples treated in 

either 350 or 450 °C hot liquid water conditions. Calculated Brønsted to Lewis acid ratios (B/L 

ratio) are included in the figure.

7. Kinetic analysis of literature studies on degradation of MFI and other zeolite frameworks

Ravenelle et al.11 obtained temporal data on the crystallinity loss of HY after hot liquid water 

treatment that follows a first-order degradation kinetics. This can be shown by transforming the 

temporal data obtained from their study into a first-order rate analysis:

 (4)
𝑙𝑛[ 𝐶𝐼(𝑡)

𝐶𝐼(𝑡= 0)] =‒ 𝑘𝑎𝑝𝑝𝑡
Experimental crystallinity were fit to estimate the apparent rate desilication rate constant, kapp, at 

different temperatures. The plot of the natural log of relative CI over time for HY from Ravenelle 

et al.11 is provided in Figure SI-9. The first-order plot shown in Figure SI-9 is clearly linear, 

confirming the framework degradation rate law is first order.
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Figure SI-7. First order rate plot of HY degradation under hot liquid water conditions (natural log 

of the relative retained crystallinity (CI/CI0) versus time). Data points are denoted in the legend 

with their corresponding Si/Al ratios in parenthesis followed by treatment temperature.

Experimental data obtained for ZSM-5 decrystallization (XRD) and dealumination (NMR) were 

then analyzed to determine values of kapp over the temperature range from 250 to 450 °C. Table 

SI-1 provides the numerical values, which are used in the analysis shown in Figure 7.
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Table SI-1. Degradation rate constants for both ZSM-5 decrystallization and dealumination

Temperature 
(°C)

Decrystallization 
kapp (XRD) a

Dealumination  
kapp (NMR) b

250 -14.16 -8.86

275 -13.15 -8.81

325 -13.26 -9.44

350 -11.41 N/A

400 -10.93 -8.18

425 -10.88 N/A

430 -10.87 -8.41

440 -11.98 -7.89

450 -11.52 -8.23
a Decrystallization rate constant obtained based on retained crystallinity values from XRD; 
b Dealumination rate constant obtained based on the ratio of tetrahedral to octahedral acid sites 
from both 29Si and 27Al NMR
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