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Abstract:

NH,F etching is used as an unbiased chemical etching technique to hierarchize commercially available
nano-sized ZSM-5 crystals. A structure-function relationship is reported, describing how the
introduction of mesoporosity in a microporous ZSM-5 zeolite significantly increases its catalytic
performance in (aqueous) n-butanol dehydration. Three parent samples are etched under two
severity modes: mild (5 minutes of etching) and harsh (40 minutes of etching). Intrinsic features of
the parent ZSM-5’s, such as their silanol populations, influence the outcome of the etching
procedure. For all materials, crystallinity is unaffected, total pore volume increases while micropore
volume is almost constant, and active site accessibility increases. For all materials, etching increases
the catalytic activity for n-butanol dehydration. Cofeeding water to n-butanol further increases the
stability of all catalysts. Microkinetic modeling reveals that the increased activity is related to a
decreased stability of dibutyl ether (DBE), the most abundant surface intermediate. A decreased DBE
adsorption energy, due to the increased accessibility of the acid sites, facilitates its desorption. NH,F
etching, a flexible and easy technique to engineer zeolites' textural properties, does not affect the
intrinsic nature and quantity of their active sites, leading to superior catalytic performances. Our
results highlight the possibility to further increase the efficiency of zeolite catalysis in biomass

conversion processes.
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1. Introduction

Transitioning towards a sustainable chemical industry requires a shift from fossil to renewable
biomass-based resources and/or circular technologies [1-3]. The diverse approaches aim to
efficiently convert renewable resources into valuable products, ranging from olefins and biofuels to
platform chemicals [4, 5], thereby contributing to the sustainable utilization of biomass feedstocks.
For instance, light olefins are and will remain a critical building block of the chemical industry, with a
production volume of nearly 300 million tons per year [6-8]. Zeolites already play a key role in the
production of light olefins [9-11] and are among the most important catalysts in the petrochemical
industry, due to their chemical and thermal stability, ability to vary and control product distributions

and tunable characteristics [12-15].

Zeolite micropores create a confined environment around their active sites that revolutionized many
oil refining and petrochemical processes. However, this welcome benefit generates significant
transport limitations on molecules with sizes congruent with the zeolite porosity, often referred to as
configurational diffusion. The full potential of these active sites is, therefore, not always utilized.
Facilitating the molecular transport throughout the crystals, by shortening the diffusion pathlength,
allows to overcome such a drawback. A shorter diffusion pathlength is obtained by either a bottom-
up approach, where nanometer-sized crystals are produced by direct synthesis [16], or by a top-
down approach, where existing micron-sized zeolite crystals are modified by various chemical
treatments. Both approaches produce so-called hierarchical zeolites with a network of
interconnected micro- and mesoporosity [17]. Synthesis of nanosized zeolite crystals typically
requires longer synthesis times and more complex procedures [18-23]. Nevertheless, some
nanosized zeolites (e.g., TS-1, UZM-14 [nano-MOR] [24, 25],...) are already used in petrochemical

applications.

Top-down procedures, such as chemical etching, on the other hand, have been utilized since the
commercial introduction of zeolites as catalysts [26]. However, these methods affect not only their
textural properties but also the chemical composition (increases or decreases of Si/Al ratio impacting
the acidic properties of the active sites). Acid leaching causes dealumination [27] and the extracted
Al is removed from the zeolite while after steaming, the extra-framework Al remains inside the
zeolite micro- or mesopores [28]; after caustic leaching both Si and Al are removed but as under
these conditions Si species (silicates) are more soluble than Al (aluminates), the net result is a
desilication of the parent zeolite [29]. The effectiveness of these methods depends on the parent
zeolite Si/Al ratio, e.g. a high silica zeolite dissolves more severe under caustic conditions than a low

silica zeolite [30]. Such methods are referred to as biased. NH4F-etching, on the other hand, is a
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recently developed unbiased chemical etching procedure [26, 31, 32], leaving the Si/Al ratio
unchanged. NH,F-etching allows to decouple textural and compositional properties, contrary to
caustic or acid-leaching techniques [33]. An unbiased etching also provides additional benefits:

1) It is not limited by the Si/Al ratio of the parent zeolites as it dissolves the crystals independently of
their composition by selectively attacking defects in zeolite crystals like grain boundaries, interfaces
between intergrown crystals,.. [26]. 2) Microporosity is retained [34], leaving intact the shape-
selectivity of the zeolite catalyst. This method has been applied to well-understood, laboratory
synthesized materials and some commercially available zeolites [35].

Post-synthesis engineering of zeolite properties (acidity/basicity [36], electronic properties [37],
porosity [38], morphology [39], confinement around the active sites [40] ...), often referred to as
zeolite crystal engineering, is a major tool to fine-tune their performances in adsorption and
catalysis. In the emerging field of biomass conversion, alcohol dehydration plays a key role. Bio-based
alcohols are currently being produced on an industrial scale by fermentation, and associated
downstream processes convert them to their corresponding alkenes [41]. While ethanol dehydration
has been studied extensively [26, 42, 43], n-butanol dehydration is worth investigating for multiple
reasons: 1) it is the most simple alcohol for which multiple alkene isomers can be formed and their
ratio at low conversion reveals features of the active sites [44]. 2) Dibutyl ether (DBE) is readily
formed over different zeolite catalysts (MFI, FAU, MOR, FER, TON) [45, 46] and the DBE/butenes
ratio can be linked to pore geometry at the active center and active site density [46]. In short, n-
butanol dehydration allows to attribute catalytic performances to physicochemical properties of the

zeolite material.

The exact consequences of modifications on zeolite catalysts are difficult to extract and often remain
unclear, as multiple properties are affected simultaneously. It is for instance near impossible to
associate the altered performance of a zeolite to changes at the active site level [47] as transition
state energies, adsorption stabilities, generation of new and different active sites [48, 49], diffusional
effects could play a role to various extents. Furthermore, differences in behavior are also a function
of the reaction mechanism itself. This makes unraveling property-function relationships a non-trivial

task.

In this work, properties of commercially available ZSM-5 zeolite crystals are engineered by NH4F
etching, introducing secondary mesoporosity without affecting the active site itself. To highlight the
catalytic consequences of NH4F chemical etching and obtain a quantitative structure-property-
function relation, we have studied the dehydration of n-butanol over a series of 9 zeolite catalysts: 3

commercially available H-ZSM-5 (MFI topology) parents with Si/Al = 15, 25 and 40 and their NH4F



etched derivatives under two different severities (etching times 5 and 40 minutes). Microkinetic

modeling is used to relate the catalytic properties with the reaction mechanism.

2. Methodology

2.1 Catalyst preparation

2.1.1 Ammonium fluoride etching
Three commercial NH,"-ZSM-5 zeolites from Zeolyst are used as parents: MFI15 (CBV 3024E, Si/Al =
15), MFI25 (CBV 5524G, Si/Al = 25),and MFI40 (CBV 8014 with a Si/Al = 40).

NH,F crystals (Sigma Aldrich), are dissolved until a clear 40 wt% NH,F aqueous solution is obtained,
prior to every treatment. The experimental conditions to produce derivatives of the above parents
are: liquid/solid ratio is 40 g/g, the etching time is 5 or 40 minutes, the temperature is fixed at 25°C in
an oil bath. After etching, the zeolite is recovered by filtering over cellulose filter paper and washed
at least 4 times with 90°C distilled water, so that no residual fluorine is present [50]. All samples are
dried at 60°C overnight before and after treatment. Table 1 summarizes the codes attributed to the
parent zeolites and their derivatives together with their respective etching conditions. The etching

yield is defined as the relative amount of dry zeolite retained upon etching.

Table 1. Zeolite catalysts studied in this work, NH,F etching conditions, and material yield upon etching.

Sample® Etching time (minutes) Etching temperature (°C) Liquid/solid ratio (g/g) Yield (%)
MFI15 / / / /
MFI15-25-05 5 25 40 75
MFI15-25-40 40 25 40 68
MFI25 / / / /
MFI25-25-05 5 25 40 77
MF125-25-40 40 25 40 68
MFI40 / / / /
MF140-25-05 5 25 40 80
MF140-25-40 40 25 40 65

®Coding: MFIx-y-z: MFI zeolite with x: Si/Al ratio — y: etching temperature — z: etching time

All zeolites, are calcined under a constant and dry airflow (100 L/h) at 823 K for 4 h, with a heat ramp
of 1 K min™ to produce acidic (H*) zeolite catalysts. They are further pelletized and sieved and the 75-
100 um fraction is retained for catalytic testing. The retained zeolite is then stored in a drying oven at

393 K until collected for catalytic testing.



2.2 Catalyst characterization

Surface area and pore volume are determined by N, physisorption at 77 K (Micromeritics Triflex). The
samples are degassed under vacuum at 573 K for 6 hours prior to measuring. The BET area is
calculated applying Rouquerol’s criteria [51], and the external surface area from the t-plot method
[52]; micropore volume and pore size distributions are determined using the non-local DFT method,
assuming cylindrical pores [53]. X-ray diffraction (XRD) assesses whether any crystallinity or
structural changes occur through the etching procedure. All FTIR measurements are performed on a
Nicolet 6700 spectrometer. FT-IR spectroscopy of the dehydrated zeolite reveals acid sites and silanol
groups. The pyridine adsorption is monitored in-situ by FT-IR to quantify the Brgnsted and Lewis acid
sites. The amount of acid sites is calculated after desorption at 423 K from areas of the bands at 1454
cm™ (Lewis) and at 1545 cm™ (Brgnsted). Prior to FTIR analysis, the samples are pressed into 2 cm?
self-supporting wafers and degassed in-situ overnight at 723 K under vacuum. The FTIR spectra/areas
are normalized to a pellet density of 10 mg/cm? and the extinction coefficients are: €(B)s45=1.02 and
€(L)1454 = 0.89 cm mol™ [34, 54]. Si and Al elemental analysis is performed by ICP-OES to determine
the Si/Al ratio. By calculating the ratio of Brgnsted acid sites over amount of Al, an acid site
accessibility parameter is obtained [55]. Solid-state *’Al NMR spectra are recorded on a Bruker
Avance [1I-500 spectrometer, the powder samples are introduced into a 4 mm Zr rotor to perform
MAS experiments, using a spinning speed of 14 kHz. The chemical shifts are referenced to a 1M
AI(NOs); aqueous solution. Transmission electron microscopy (TEM, JEOL JEM-2200FS) images are

obtained to visualize the hierarchization.

2.3 Catalytic testing

The catalysts are tested in a high-throughput setup [44, 46]; the reactor tubes have a length of 0.8 m
and an internal diameter of 2.2 mm. All catalysts are diluted with inert a-Al,O; in a 1/10
catalyst/inert ratio to avoid hot and cold spots. Liquid n-butanol (>99.5%, Merck, hereinafter referred
to as BuOH) or an aqueous BuOH solution (80/20 BuOH/H,0 mass ratio) are the feeds used
throughout this work. The feed composed of 80/20 BuOH/H,0 is a saturated BuOH solution, which is
used to represent a bio-butanol stream, i.e., the mixture contains the maximum amount of water
soluble in BUOH at room temperature [56]. Nitrogen (Air Liquide) is the carrier gas to regulate the
inlet partial pressure of BUOH. The calcined and dried (i.e., kept at 120°C before use) catalyst is
loaded inside the reactors, heated to reaction temperature and kept for at least 4 hours under a
steady N, flow of 10 NI/hr. Downstream of the reactor section, all piping is heat traced at 433 K. The

reactor effluent is analyzed by GC-FID, with ethane as the internal standard. All material balances in
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this work close within 5%. Literature correlations indicate no mass transfer limitations under such

experimental conditions [57].

The inlet partial pressure of BUOH is kept at 29 kPa in all experiments, as in previous work [21, 44, 46,
58)]. To compare the catalysts on an active site basis, turnover frequencies (TOF) are calculated as

follows:

0
FBuOH — FBuOH

TOF =
W« C,

with: F, o the inlet flowrate of BUOH (mol s™), Fg, oy the outlet flowrate of n-BuOH (mol s™), W
the mass of catalyst (kg), and C, the active site density (amount of Brgnsted acid sites in the catalyst

in mol kg'l). All reported TOFs are calculated at conversions, Xg,,0n, below 25%, as:

0
FBuOH - FBuOH

Xpuon = FO
BuOH

To compare the catalytic activity over a broader conversion range, the site time is varied; it is defined
as:

wc,

(4
BuOH

Site time =

Hence, independent of the feed (pure or aqueous BuOH), the site time is related to the amount of

BuOH fed.
The selectivity of product i, S; is:

§i= -t
L FO
CBuoH!'BuOH

with b; the number of carbon atoms of effluent i, F; the outlet molar flowrate of j, of the number of

carbon atoms in the feed component BuOH (= 4).

2.4 Microkinetic modeling

To gain a more fundamental understanding of the catalytic materials, a microkinetic modeling
approach is applied for the MFI25 series (MFI25, MFI25-25-05, and MFI25-25-40). The model used is
based on DFT-based reaction mechanisms for the dehydration of n-butanol on H-ZSM-5 by John et
al,, [59, 60]. Gunst et al. evaluated and compared the DFT-based kinetic model with experimental

data for commercial H-ZSM-5 zeolites [61]. This model has been extended in our group to other



zeolites (FER, TON, MOR) [45, 46]. For more details on the mechanistic aspects of the model and

kinetic data, the reader is referred to these papers.

In this work, the microkinetic model is utilized to understand how the chemical etching procedure
affects the surface chemistry at a molecular level. Furthermore, the kinetic modeling approach

allows quantification of the occurring effects.

All simulations are performed with python3, catalytic activities and selectivities are simulated,
solving the microkinetic model as a function of reaction conditions in a plug flow reactor model. The
reactor model is necessary to allow assessment of the effect of a realistic build-up of product
pressures. This is necessary to calculate meaningful turnover frequencies (TOFs), that allow
comparison with experimental results. Without consideration of the product pressures, no re-
adsorption or equilibrium setting is allowed. Continuity equations are applied for the gas-phase
components i and surface species k along with a site balance to determine individual turnover

frequencies (TOFs), coverages () and overall rates (R)):

dF;
dVl; =R, = Caz v;;TOF;,withF; = F;gatW = 0 1)
j
db,
W=zvjk TOF_‘I =0 (2)
i
9* + Z Bk = 1 (3)
k

where TOF; is the turnover frequency of elementary step j (mol MoOlgies ™ 57, v;; the stoichiometric
coefficient of component i in the elementary step j, 8, the fractional coverage of surface species k
(mol molgies™), 8" the fractional coverage of free acid sites (mol molgs ), C, the concentration of
Brgnsted acid sites (molges kg™), F; the molar flow rate of gas-phase component i (mol s™), W the
mass of the catalyst (kg) and R; the net production rate of gas-phase species i (mol kg™ s™). This set of

equations was solved numerically using the LSODA module of ODEPACK [62].

3. Results and discussion

3.1 Physicochemical characterization

All parent zeolites (MFI15, MFI25 and MFI40) display a type | isotherm (Figure S1) of a microporous

zeolite, but with some minor mesoporosity as well. Comparing the parents to their etched



derivatives (Figure 1), it is noticeable that the mesopore fraction depends on etching time and the

MFI25 series shows the lowest increase in mesopore volume.
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Figure 1. Nitrogen sorption isotherms of the MFI15, MFI25 and MFI40 series; insets are semi-log plots of the
isotherms.

From the sorption isotherms, and their analysis, microporosity is hardly affected by the etching
procedure. The nitrogen uptakes at low relative pressures are almost identical, and the resulting
micropore volumes (Vpmicro) and micropore areas (Smicro) Vary barely upon etching (Table 2). The total
pore volume, on the other hand, nearly doubles for the MFI15 and MFI40 series. The increasing pore
volume, together with the BJH pore size distributions (Figure S2), shows that with increasing etching

time, both the amount of mesopores and their pore width increase (> 40 nm).



Table 1. Textural characteristics of the parent zeolites and their etched derivatives (N,-physisorption)

Sample vV (cm*/g) V_(cm’/g) S _(m?/g) S (m*/g) S (m?*/g)
MFI15 0.167 0.248 428 382 46
MFI15-25-05  0.161 0.333 446 380 66
MFI15-25-40  0.167 0.407 454 388 65
MFI25 0.176 0.263 441 395 46
MFI25-25-05  0.172 0.298 444 393 50
MFI25-25-40  0.178 0.366 460 399 61
MFI140 0.184 0.265 469 413 56
MFI40-25-05  0.162 0.385 485 375 110
MFI40-25-40  0.163 0.455 491 376 115

TEM analysis is used to visualize the secondary porosity. NH,F etching first dissolves the zone of
structural stress at the interface of twins or randomly intergrown crystals [63]. Going deeper in the
crystal volume, the interfaces between misoriented grain boundaries are dissolved, generating
rectangular mesopores [26]. This dissolution mechanism is characteristic of any zeolite subjected to a
fluoride medium etching. However, the particularities of the dissolution process are more difficult to
observe in the case of nanosized and heavily intergrown crystals. Similarly to the micron-sized
crystals the nanosized samples in this study are dissolved along the planes of intergrowth. This
divides the material into very small nanocrystals, connected by mesoporous cavities. TEM images,
Figure 2, indicate that the nature of the mesoporosity is different for the MFI25 series compared to
the MFI15 and MFI40 series. The MFI15 and MFI40 series mesopores appear as cut aggregates,
allowing disassembly into smaller nanocrystals. A lot of tiny cavities are already present in the parent
MFI40 zeolites compared to the MFI15 parent zeolite; which increases the external surface area.
Together with MFI40 being the most intergrown of the studied parent materials, this is probably why
it is the most responsive to NH4F etching, a kinetically controlled step. The higher responsiveness of
MFI40 to the etching procedure likely causes the small decrease in microporosity (Table 2). Upon
etching, the cuts in MFI15 and MFI40 start near the edges of the crystal aggregates and follow a
straight line to the center. Straight cuts or “cracks” obtained upon NH,F etching have already been
observed before for MOR-crystal aggregates [64]. These straight cuts follow the intergrowth
interface and reveal information on the crystallization history. Seeding was probably used in the
preparation of this industrial sample. At saturation concentration and with many nuclei, intergrowth
formation is enhanced in the parent MFI15 and MFI40 zeolites. Hence, the ubiquitous intergrowth
areas observed for these crystals where the cracks can be initiated [65]. For the supplied MFI25

parent, the crystals are more perfect, less aggregated and less intergrown. As a result, more intra-
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particle mesopores with straight edges are therefore obtained upon etching. These types of
mesopores have been linked to the mosaic structure of the zeolite crystals [31], where small nano-
domains are dissolved during the etching procedure. Overall, the outcome of the etching procedure
on MFI zeolite samples is largely dictated by the crystallization or manufacturing procedure and the
resulting properties of the parent zeolite. Consequently, a ‘perfect zeolite’ without defects or

intergrowths would be the least responsive to NH4F etching.

Figure 2. TEM images of the zeolite crystals used in this work. From left to right: parent — sample after 5
minutes of etching — sample after 40 minutes of etching. From top to bottom: MFI15 — MFI25 — MFI40 series.

The concentration of Brgnsted and Lewis acid sites measured by pyridine-FTIR on the various zeolites

is summarized in Table 3.
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Table 2. Amount of Brgnsted acid sites, Lewis acid sites (Py-FTIR), Si/Al ratio (ICP-OES) and H*/Al (Py-FTIR + ICP-
OES) for the series of catalysts

Cs (umolg?)  Ci(umolg™)  Cior(umolg™)
Sample Si/Al H'/AI
423 K 523K 423K 523K 423K 523K

MFI15 565 506 169 128 744 633 15.3 0.55
MFI15-25-05 536 444 139 95 675 539 19.8 0.67
MFI15-25-40 615 513 204 140 819 652 204 0.79
MFI25 335 267 57 64 392 331 28.5 0.59
MFI25-25-05 367 307 87 90 455 397 29.0 0.66
MFI25-25-40 423 360 109 72 532 432 284 0.75
MFI40 314 237 87 60 401 297 423 0.82
MFI140-25-05 236 206 77 58 312 264 414 0.60
MF140-25-40 247 212 111 81 358 292 384 0.58

Silanol groups are also present in the different samples (Figure 3). The sharp peak at 3745 cm™
corresponds to external silanols, located on the external surface and edges of the crystals [66]. The
intensity of the band characteristic of Brgnsted acid sites at 3610 cm™ is greater for lower Si/Al
ratios. The band at 3664 cm™ indicates the presence of extra-framework Al generating Lewis acidity
[50, 67]. MFI15 clearly has the most intense band at 3664 cm™, thus the most extra-framework Al, in
agreement with Rodriguez-Gonzalez et al., where a lower Si/Al ratio for MFI zeolites was linked to
higher amounts of extra-framework Al [68]. The broad IR band (3500-3100 cm™) is due to internal
silanol nests [69], which originate from a missing T atom in the framework [70]. This indicates that
MFI25 possesses the lowest amount of silanols, hence, its lower sensitivity to chemical etching.
Furthermore, it has the lowest amount of Lewis acid sites of all parent zeolites (measured at 423 K).
For all derivatives, the intensity of the band at 3745 cm™ increases upon etching (Figure $3), due to
the increased external surface [34]. The broad band ascribed to internal silanol nests decreases upon
etching, just as the intensity at 3664 cm™, related to extra-framework Al, highlighting again that

etching preferably attacks weak spots (often referred to as defects) in zeolites.

MFI40 has a higher number of Lewis acid sites than MFI25 at 423 K, probably due to some
dealumination during its processing on a large scale. Dealumination could also explain why MFI40
has the highest initial mesoporosity and its higher reactivity to chemical etching. This is also
corroborated by *’Al NMR, where MFI40 clearly has the most Al(VI). After etching, all materials have
a decreased peak at 0 ppm (Figure S4 to S6), indicating fewer octahedral Al, as corroborated by the

in-situ FTIR. Nevertheless, the MFI15 and MFI25 series show a broad signal between 45 and 10 ppm,
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which might indicate extra-framework Al clusters in a less-organized extra-framework phase [71].
This signal is more pronounced for MFI15 and could explain why it is more susceptible to etching
compared to MFI25, as the extra-framework Al can initiate the etching. None of the etched samples
show an AIF; peak at — 20 ppm, indicating that the samples are thoroughly washed, leaving no

residual fluoride species [72].

Oddly, the amount of available Brgnsted acid sites decreases in the MFI40 derivatives, while
accessibility is expected to increase after such a treatment. The total amount of acid sites measured
after pyridine desorption at 250°C is almost identical for the treated and parent sample in the MFI40
series. This indicates that some of its extra-framework Al is more difficult to extract than framework

Al and might be due to the presence of polymeric alumina species in the zeolite agglomerate.

Generally, the Brgnsted acid site accessibility increases upon NH4F-etching, but more Lewis acidic
sites become available, indicating an increased accessibility of the present extra-framework Al.
Furthermore, the susceptibility to chemical etching seems to be related to the amount of silanol
defects present. The amount of external silanols increases due to the etching, and the amount of

internal silanol nests decreases.
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Figure 3. Normalized FTIR spectra in the OH-stretching region for the parent catalysts activated at 723 K.

3.2 Kinetic screening of n-butanol dehydration over hierarchized ZSM-5
A temperature screening is first performed on all zeolites to determine optimal conditions for a
detailed kinetic evaluation (section 3.3). The TOF of n-butanol dehydration/conversion, depending on

temperature, from 453 to 503 K, is shown in Figure 4. All TOFs are calculated at conversions below

25% and are normalized per Brgnsted acid site.
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Figure 4. n-butanol turnover frequency (TOF) at conversions below 25% as a function of temperature for parent
MFI zeolites (o), hierarchical derivatives etched for 5 minutes (X) and 40 minutes ([1). The inlet partial pressure
of n-butanol is 29 kPa, the total pressure is 5 Bar, the space time for all datapoints is approximately 5 kg s mol ™.

The activity of all hierarchical zeolites is systematically higher than their parent. Moreover, in all
three families of catalysts, the activity of hierarchical derivatives etched for either 5 or 40 minutes
are identical. Nevertheless, the apparent activation energies are constant within 5 kJ mol™ for each
catalyst family; E, ,pp = 142-147 kJ mol™ for the MFI15 series, 103-105 kJ mol™ for MFI25 and 110-114
kJ mol™ for the MFI40 series. Hence, the reaction chemistry and dominant reaction mechanisms
remain unaltered. The activity of hierarchized zeolites on an acid site basis is higher compared to the
parent material, probably due to enhanced accessibility of the acid sites. Yet, severe etching
apparently does not further increase accessibility compared to mild etching. Hence, the activity upon
deep etching is identical to the mildly etched zeolite, even though the amount of available acid sites

to catalyze the dehydration reaction increases with etching time.

Based purely on activity data, the causes of the increased activity of the hierarchical derivatives are
not evident: physical (enhanced diffusion) or chemical (energy barriers, surface coverages...).
However, diffusional effects seem unlikely, as the zeolite crystals are nanosized, the reaction rates at

453 K are low, and the kinetics are considered intrinsic until much higher temperatures (and rates).

Another important measure of a catalyst is product selectivity. Especially for BUOH dehydration, it
has been shown that the activity of a catalyst is strongly linked to the reaction pathways.
Experimentally, different product selectivity is a simple measure to assess dominant reaction
pathways. To this end, we have extended the experimental dataset for the activity measurements to
assess the selectivity profile, Figure 5. The most interesting selectivity behavior is at lower
conversions, as at higher n-butanol conversion levels, thermodynamic equilibrium between the
butene isomers is set [58], independently of the Si/Al ratio [61] or framework topology [46].
Interestingly, for the MFI15 (Figure 5) and MFI40 (Figure S7) series, no selectivity effects are
observed. Previously, Gunst et al. explained such a behavior of an increased activity without affecting

selectivity by adsorption strength and active site coverage [61].
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Figure 5. Selectivity of products during n-butanol dehydration over MFI15 (o), MFI15-25-05 (X) and MFI15-25-

40 (

). Temperature ranges for MFI15 & MFI15-25-05: 453 — 513 K, for MFI25-25-40: 453 — 493 K, the inlet

partial pressure of n-butanol is 29 kPa, the total pressure is 5 Bar, and the space-time for all datapoints is
approximately 5 kg s mol ™.

For MFI25, on the other hand, we see an increased selectivity to DBE compared to the butenes for

the hierarchical materials compared to the parent material (Figure 6). This different behavior is

somewhat unexpected when compared to the other series, nevertheless, MFI25 is also the material

on which the etching procedure had a different effect compared to MFI15 and MFI40. Because of this

different behavior, this set of materials is considered the most interesting for further investigation.
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Figure 6. Selectivity of products during n-butanol dehydration over MFI25 (o), MFI25-25-05 ( X) and MFI25-25-
40 ([J) for the temperature screening experiments (range MFI25: 453 — 513 K, MFI25-25-05: 453 — 533 K,
MFI25-25-40: 453 — 523 K). The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5 Bar, the
space time for all datapoints is approximately 5 kg s mol™.

The average number of interactions between the reagent and active site, Ny,, is defined by Khare et
al. as the crystal size (in nm) divided by the Si/Al [73]. As the crystal size for the parent zeolites are
similar, changes in selectivity have to be related to the number of interactions a reactant can have
with acid sites in the microporosity. As the DBE selectivity decreases with increasing Al in the crystal
(or decreasing Si/Al ratio), isomerization is facilitated; the DBE formed is promptly decomposed in
the micropores of the low Si/Al ratio zeolites. Variations in selectivity due to a different Al content
per crystal were already observed by Khare et al. for MTO in H-ZSM-5 [73]. Overall, these results are
specific to the MFI25 series and could be linked to textural properties. In the MFI15 and MFI40 series,
only cuts appear in the crystal aggregates leaving the molecular pathlength in the micropores almost
unaltered. Hence, apart from the cuts in the zeolite crystals, the etched zeolite aggregates remain
similar to the parent crystals. The MFI15 and MFI40 derivatives behave as their parent, but the
overall activity is increased. Variable activity, without a change in selectivity, has been observed
before and explained by a different active site occupation due to changes in overall adsorption

strength [61]. Next to adsorption effects, the increased activity is likely related to a better
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accessibility of the active sites upon etching. The increased accessibility of the acid sites is due to: (i)
the secondary porosity reduces the pathlength of the molecules in the micropores, and acid sites
that were inaccessible prior to etching are now exposed. (ii) The internal silanol nests are removed
upon etching (Figure S3), whilst these can act as a trap for molecules and coke precursors [69, 74],
which could block acid sites. Li et al. observed that for two ZSM-5 samples with similar
physicochemical properties apart from silanol nest content, the activity for furfuryl alcohol

etherification is noticeably higher for the sample with low silanol nest content [75].

The etched MFI25 derivatives, on the other hand, behave as smaller crystals as rectangular blocks are
removed from their parent. This increases the number of pore mouths and leads to higher
conversion [76]. To validate this hypothesis, catalyst stability is monitored in section 3.4, as an
increased amount of pore mouths and hierarchization is correlated to a more stable catalyst. This
increased activity and change in selectivity for MFI25-25-05 and MFI25-25-40 requires more in-depth

analysis and is the focus of the next sections.

3.3 Kinetic evaluation of MFI25 series for bio-alcohol dehydration

3.3.1 n-butanol dehydration
An in-depth kinetic evaluation of the MFI25 series is essential to assess structure-property-function
relationships. It takes place at two temperatures (483 and 513 K) for the parent and its two

derivatives. The conversions are reported in Figure 7.
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Figure 7. n-butanol conversion (Xguon) as a function of site time for MFI25 (o), MFI25-25-05 (X) and MFI25-25-
40 (). The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5 Bar, reaction temperature = 483
K (a), 513 K (b).

As in the temperature screening experiments, BUOH conversion on the etched catalysts is higher
than their parent, and equal on an active site basis at 513 K. For BUuOH dehydration, careful

considerations are necessary to decouple activity and selectivity as the pathways towards the
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different products vary in intrinsic activity. Thus, depending on the operating conditions (e.g., partial
pressure of n-butanol), the activity can differ as the dominant reaction pathways shift, leading to
both a different activity and selectivity. Therefore, the activity analysis is coupled with a selectivity
analysis. At 483 K (Figure S8), the selectivity towards DBE is higher over the etched zeolites at the
cost of selectivity towards the 2-butenes. The mechanistic basis for this behaviour is discussed in
section 3.5, in which we propose that the behaviour could be related to a decreased surface stability
of DBE* on the etched derivatives. The increase in activity is partly explained by an increased active
fraction of the acid sites. At 483 K, MFI25-25-05 behaves intermediately between the parent sample

and MFI25-25-40, this allows zeolite crystal engineering to steer the activity and product distribution.

However, at 513 K, this difference in selectivity between the parent and etched samples seems to
disappear (Figure 8), while the activity difference remains. This indicates that enhanced diffusion of
bulky DBE in the mesopores is not the cause for an increase in activity; the DBE selectivity difference
between the parent MFI25 and etched derivatives would otherwise appear with higher
temperatures. The suppression of differences in selectivity at higher temperatures, is not completely
unexpected. Under these higher temperature conditions, the selectivity approaches thermodynamic
equilibrium at lower conversion levels compared to the lower temperature experiments.
Nevertheless, at lower conversion levels, it is probable that the selectivity towards DBE and the 2-
butenes could differ, however, due to the high activity for the etched materials, it is difficult to
obtain such low conversions at 513 K. Ultimately, the active centers themselves remain unaltered
upon etching, although their accessibility is enhanced. Therefore it is reasonable that the selectivity
of the dehydration products remains largely unaffected at higher temperatures. Upon full
conversion, when the secondary reaction (oligomerization, cracking,..) products become more
important, selectivity differences are expected due to the size of these products involved. The
formation of these secondary products is purposely suppressed to focus on the dehydration reaction

itself by working at lower conversion conditions.
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Figure 8. Selectivity of products during n-butanol dehydration over MFI25 (o), MFI25-25-05 (X) and MFI25-25-
40 ([1). The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5 Bar, the reaction temperature is
513 K.

The etching leads to increase in the activity without affecting the selectivity at higher temperature
and conversion. This is essentially possible because the active site is not altered upon treatment.
Therefore, etching the materials allows for overcoming activity/selectivity trade-offs at relevant

operating conditions, which is very attractive from an industrial point of view.

3.3.2 Aqueous n-butanol dehydration

To investigate the performance of the zeolite catalysts for a bio-based alcohol stream, the effect of
water in the feedstock is assessed. BUOH and water mixtures are only soluble in limited quantities;
approximately 7 m% of BUOH in water and 20m% of water in BUOH [56]. Therefore, we have tested a
saturated BuOH/H,0 mixture, where a feedstock is prepared with the maximum amount of water
soluble in BUOH. Under the studied conditions, it is not expected that water has any effects on the
structural stability of the studied zeolites [77], although at higher temperatures steaming could occur
[28, 67]. The BuOH conversion at 513 K over the MFI25 and etched derivatives for both a pure and
aqueous feed is shown in Figure 9, these results illustrate that the activity is not affected by
cofeeding water; the conversion as function of site time is unaltered for all catalysts whether a pure
or aqueous BuOH feed is used. Similar observations have been reported earlier [58, 78, 79]. The DFT-
computed adsorption energy of n-butanol is much higher than that of water [60, 79], hence
cofeeding water will not affect the surface coverage substantially. The activity results indicate no
change in reaction mechanism, as the reaction rate is unaffected, as proposed by John et al. based on
DFT-predicted reaction networks [60, 79]. Nevertheless, a selectivity analysis is required to confirm

the absence of water effects on the reaction mechanisms, vide infra.
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Figure 9. n-butanol conversion (Xg,on) as a function of site time for MFI25, MFI25-25-05 and MFI25-25-40 for
pure BUOH and aqueous BUOH feeds. The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5

Bar, reaction temperature is 513 K.

Similar as for a pure n-butanol feed, a selectivity analysis is performed, here the product selectivity

over the zeolite catalysts for a pure and aqueous feed are compared for MFI25 (Figure 10), MFI25-

25-05 (Figure S9) and MFI25-25-40 (Figure 11).
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Figure 10. Selectivity of products during pure (hollow symbols) and aqueous (full symbols) n-butanol
dehydration over MFI25. The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5 Bar, the

reaction temperature is 513 K.

The selectivity of products does not differ significantly for an aqueous feed compared to a pure BuOH

feed for the commercially obtained MFI25 zeolite. This corroborates that there is no change in
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reaction mechanism upon cofeeding water, facilitating the processing of fermentation streams. For
MFI25-25-05 (Figure S9) and MFI25-25-40 (Figure 11), similar results are obtained, where no
noticeable effect on selectivity is observed. These results again indicate that the etching has no
influence on the active site itself, as no noticeable effects are observed for either the parent and

etched samples for both pure alcohol and aqueous feeds.
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Figure 11. Selectivity of products during pure (hollow symbols) and aqueous (full symbols) n-butanol
dehydration over MFI25-25-40. The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5 Bar, the
reaction temperature is 513 K.

3.4 Catalyst stability for n-butanol dehydration on hierarchical ZSM-5

Next to activity and selectivity, the stability of the catalytic material is crucial to assess its
performance. Therefore, the stability of MFI25, MFI25-25-05, and MFI25-25-40 is tested over a
period of 60 hours for a pure BuOH feed (Figure 12, left) and an aqueous BuOH feed (Figure 12,
right).
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Figure 12. n-butanol (left) and aqueous n-butanol (right) conversion rates as a function of time for MFI25 (o),
MFI25-25-05 (X ) and MFI25-25-40 ([1). The inlet partial pressure of n-butanol is 29 kPa, the total pressure is 5
Bar, the reaction temperature is 513 K.

For a pure BuOH feed, the etched materials show a more stable n-butanol conversion activity over
time than their parent counterparts. An increased stability upon etching has been observed before
[26, 76]. Nevertheless, it is remarkable that the etched materials are both more active and more
stable. Typically, the more active the material, the less stable it becomes. For the etched zeolites this
activity-stability trade-off has been overcome. Again, there is little difference noticeable between
MPFI25-25-05 and MFI25-25-40. The relative deactivation of MFI25 is 20%, where it is only 13% for
MFI-25-25-05 and 15% for MFI25-25-40. Upon etching for only 5 minutes at the investigated
conditions, the deactivation rate has been reduced by 35%, and the activity has increased by 60%.
The reduced deactivation is explained by the materials behaving as smaller nanocrystals.
Furthermore, as seen in section 3.1, upon etching the internal silanols were removed. Internal
silanols have been linked to catalyst deactivation for other alcohol conversion studies (MTO, ETH)
[26, 69] by retaining coke precursors at the internal defects [80]. Hence, coke is less prone to build up
inside the micropores and is formed more on the external surface [81]. Coke formation is considered
to have a smaller deactivating effect in the larger mesopores. Furthermore, the decreased adsorption

strength of the strongest bound intermediate also leads to a lower deactivation.

Interestingly, the stability increases for all materials upon cofeeding water (Figure 12 left vs right),
this effect is most noticeable for MFI25. This indicates that indeed internal silanols could be the
cause of deactivation due to their ability to trap coke precursors [69, 74]. Cofeeding water has been
shown to be able to sweep retained species from internal silanols [82] and decrease the deactivation
rate of H-ZSM-5 for MTO. MFI25 has the most silanols and consequently its stability shows the
strongest increase by cofeeding water. Another possibility could be that the cofed water influences
(weakens or strongly adsorbs on) the strongest acid sites, where coke formation could otherwise

initiate [83]. For aqueous feeds, the catalyst stability is nearly identical for all materials (relative
22



deactivations between 4 [MFI25-25-40] and 8 % [MFI25], hence within experimental error). It is not
unlikely that this difference would increase for longer runs, giving a slight advantage to the etched

materials.

3.5 Microkinetics of the n-butanol dehydration over hierarchized ZSM-5

To acquire new insights into the interesting behavior of the MFI25, MFI25-25-05 and MFI25-25-40
sequence, we performed a microkinetic modeling analysis (Figure 13; activity, Figure 14; selectivity at
513 K and Figure S10; selectivity at 483 K). The in-house developed microkinetic model for n-butanol
dehydration is based on DFT calculations performed by John et al. [60, 79], which has been further

extended over the years for other zeolite topologies [46], multiple Si/Al ratio’s [61].

When comparing the behavior in the MFI25 series, the following differences are observed: (i) the
activity is higher for both etched samples compared to the parent material, (ii) the selectivity to DBE
increases slightly with etching time, similarly, the selectivity to 2-butenes is slightly lower for the
etched materials. Therefore, the modifications to the microkinetic model should be limited
preferably to 2 parameters, as there are only two important changes in behavior compared to the
commercial material. All elementary reaction steps and corresponding kinetic and thermodynamic

parameters are listed in Table S1.

The increased selectivity to DBE could be caused by an increased reaction rate towards the ether,
e.g., by decreasing the energy barrier for ether formation. Another possibility is that the
decomposition of the ether is suppressed over the etched materials, e.g., by an increased energy
barrier for decomposition reactions. Changes in energy barriers imply that the zeolites are modified
at an active site level, however, our experimental characterization indicates little to no effects to the
active site itself. Therefore, it is probable that the additional mesoporosity and decreased internal
silanols due to etching primarily affect the confinement near the active site. For large molecules, it is
known that the interaction of the molecule with the zeolite framework is the primary contributor to
adsorption energy rather than the acid site [84]. Furthermore, internal silanols can retain larger
molecules (often related to coke formation [69, 74]), but also butanol [85] and DBE. Because DBE is
larger, a stronger interaction with the internal silanols is expected. Thus, the confinement near the
active site in turn, will influence the stability of large surface species, such as adsorbed dibutyl ether.
From previous modeling studies for commercial H-ZSM-5 materials, we know that adsorbed DBE
inhibits the catalytic activity for n-butanol dehydration [46, 61]. Decreasing the stability of adsorbed
DBE on the acid site thus will lower the surface coverage of DBE, increasing its selectivity. Because
adsorbed DBE is also the most abundant surface intermediate, a lower surface coverage of DBE (and

hence facilitated DBE desorption) will lead to more available active sites, increasing the observed
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activity. In this context, we have modeled the three materials of the MFI25 series, where only the

adsorption enthalpy of DBE, AH,4(DBE), has been altered for the etched materials.
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Figure 13. Experimental data (points) compared with model simulated results (lines) for the conversion of n-
butanol as a function of site time over the MFI25 series at 483 K (a) and 513 K (b).
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As can be seen in Figures 13 and 14, the microkinetic modeling results agree relatively well with the
three materials. More importantly, the trends are captured adequately: (i) the activity of the etched
samples is significantly higher compared to the parent material but barely differs amongst one
another, (ii) the difference in selectivity between the materials is more pronounced at 483 K (Figure
$10) than at 513 K and decreases with conversion. Simulation results for an aqueous BuOH feed
show no observable difference from a pure BuOH feed. This indicates that the surface stability of DBE
could cause the marked increase in activity, with limited selectivity effects at 513 K. The DBE

adsorption enthalpies are listed in Table 4.

Table 3. Changes in mesopore volume upon etching and resulting adsorption enthalpy of DBE.

Sample Vineso (cm3 g™ AV peso (cm3 g™) AH,4s(DBE) AAH,4(DBE)
(kJ mol™) (k) mol™)
MFI25 0.087 0 -217.6 0
MFI25-25-05 0.126 0.039 -214.9 2.7
MFI25-25-40 0.188 0.101 -213.6 4

Ultimately, the microkinetic modeling has allowed a quantified structure-property-function relation,
where the additional mesoporosity and reduced, internal defects are related to a change in

adsorption enthalpy for DBE.

4. Conclusions

In this contribution, an emerging and easy-to-use, unbiased NH,F-etching to develop mesopores in
commercial ZSM-5 zeolites is outlined. The etching is studied at room temperature for 5 and 40
minutes. The etching behavior of the parent zeolites and characterization of its derivatives provides
valuable insights into the zeolite synthesis procedures. NH,F-etching targets specifically intergrowths
and point defects of the zeolites to create mesoporosity without affecting microporosity and overall
composition (Si/Al). Such a treatment of the parent zeolites with Si/Al = 15 (MFI15) and Si/Al = 40
(MFI40) produces hierarchical zeolites in which the crystal aggregates are cut from the crystal edge
towards the center. Another parent zeolite, Si/Al = 25 (MFI25), has a less aggregated structure and
consists of more perfect crystals, and therefore, rectangular nano-domains are removed inside the

crystals upon etching.

In the MFI25 series, the degree of etching impacts activity and selectivity at 483 K: for the mildly
etched derivative these two properties are between its parent and the more severely etched
derivative. This feature provides a textural property engineering of the zeolite. At higher

temperatures, the zeolites etched for only 5 minutes display the same catalytic performance as those
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etched for 40 minutes. This makes the etching procedure very efficient and allows for very short
modification procedures. Only for the MFI25 series, there are selectivity effects noticeable upon
treatment. These effects are clearly present at low temperatures and conversion, but
thermodynamics dictates the selectivities at higher conversion. At higher temperatures, the
conversion range for which selectivity effects are present decreases, thus, the etching procedure
increases the activity but barely affects the selectivity. Cofeeding water shows no significant effects
on BUOH dehydration rates. The experimental trends are captured with an in-house developed
microkinetic model for n-butanol dehydration, which is extended toward the etched derivatives. The
microkinetic analysis enables a mechanistic explanation for the observed behavior: the additional
porosity and removal of internal silanol defects decrease the surface saturation by DBE*, increasing
the observed activity. A quantified structure-property-function relation is therefore available. To the
best of our knowledge, this is the first time that chemically etched zeolites behavior is described at
such an elementary-step level. Future work could focus on in-situ DRIFTS studies, where the surface

of the engineered zeolites is probed during reaction and the microkinetic model can be validated.

In addition, another key catalyst property, stability, is increased, circumventing traditional
activity/stability tradeoffs. As the etching procedure has little effect on the active site, but may
influence its near environment by removing some internal silanols, the absence of strong selectivity
effects is reasonable for n-butanol dehydration. However, care should be taken for reactions where
local confinement at the active site plays a crucial role in selectivity. Interestingly, for all zeolite
catalysts, stability increases upon cofeeding water, yielding promising perspectives for bio-based
alcohol streams. In conclusion, the NH4F etching procedure offers a solution for various reactions

where coke formation hinders zeolite performance.

A final word on the NH,F etching procedure: the scale up to commercial scale of this procedure could
present HSE issues due to the processing of fluorine containing streams. Such streams have been and
are taken care of in a safe way in the processing of other zeolites, such as LZY-210; this zeolite first
patented by Union Carbide (D.W. Breck, G.W. Skeels, US Patent 4,503,023 [1985] [86]) is a Y zeolite
dealuminated with aqueous (NH,),SiFs and commercialized by UOP after their acquisition of the

Union Carbide zeolite business unit.
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