Aromatics production from lignocellulosic biomass: shape selective
dealkylation of lignin-derived phenolics over hierarchical ZSM-5
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ABSTRACT: The selective conversion of lignin or lignin-derived products into bulk chemicals is the foremost challenge for near-
future lignocellulosic biorefineries. This study investigates the production of phenol and propylene from lignin-derived 4-n-
propylphenol (4-n-PP) via gas-phase dealkylation over hierarchical ZSM-5 zeolites in the presence of steam. A series of hierarchical
ZSM-5 zeolites with different degrees of mesoporosity and acid properties were prepared by alkaline treatment and mild acid washing.
The catalytic evaluation reveals a predominant contribution of the strong acid sites to the dealkylation catalysis. Hierarchization of
ZSM-5 zeolites via desilication in alkaline generates Lewis acid sites and reduces the amount of strong Brgnsted acid sites. Despite
their higher activation energy for dealkylation, reactions on the Lewis acid sites are faster at the thermodynamically required high
temperature due to a larger entropic contribution to activation on these sites. In addition to the high catalytic activity, the hierarchical
zeolites preserve the high phenol and propylene selectivity as bimolecular side reactions such as disproportionation, transalkylation
and some C-C cleavage pathways were inhibited. This observation suggests that both the strong Lewis and Brgnsted acid sites are
located in confined spaces in which selectivity is determined by transition state shape selectivity. The catalytic stability is improved
upon hierarchization as the results of lowering of the total amount of strong acid sites and prevention of substantial product diffusion
issues (caused by shortening of diffusion paths). Therefore, dealkylation over mesoporous zeolites can be processed under lower

water partial pressure.

Shape selective catalysis with microporous zeolites plays a vital
role in current oil refinery.:* Most well-known family of shape
selective zeolites feature the mordenite framework inverted
(MFI) topology, of which ZSM-5 is the most renowned
member. Its commercial utilizations in e.g., aromatic alkylation,
xylene isomerization, cracking, and methanol-to-hydrocarbons
(including aromatics) have been reported.> * The molecule size
of the aromatic products in these processes is usually smaller
than that of certain trimethylbenzene isomers due to the
confinement effect imposed by the micropores of the MFI
structure (pores: 5.1x5.5 A, 5.3x5.6 A).° Usage of zeolites,
including the beneficial role of shape selective catalysis, has
also been recognized in biomass conversion.®* For instance,
ZSM-5 shows shape selective properties in the cracking of
biomass-related oil, pyrolysis of glucose and lignocellulose,
and hydrogenation of triacylglycerols.?18

Though beneficial for the product selectivity, the sole presence
of micropores in the zeolite crystal may cause restrictive active
sites accessibility and mass diffusion limitations, reducing the
utilization efficiency of the microporous crystal.?® Hierarchical
porous architectures, presenting a well-interconnected network
of micro- and mesopores, are capable of circumventing these
disadvantages. Accordingly, hierarchical zeolites show an
enhancement of the active sites accessibility and shortening of
the diffusional paths throughout the crystal, as reported in the
petroleum chemistry and biomass upgrading. 1%-2® For instance,
hierarchical ZSM-5 shows higher activity and selectivity for

benzene ethylation to ethylbenzene than the microporous ZSM-
5.272% The catalytic activity of hierarchical ZSM-5 for
isomerization of o-xylene is also higher, but a decrease of p-
xylene selectivity is observed due to a reduced effect of the
(product) shape selectivity in the mesoporous zeolite
structure.® Analogue advantages were demonstrated for the
catalytic fast pyrolysis of lignocellulose with hierarchical ZSM-
5. Hierarchization led to higher aromatics yield and less coke
and char formation as the results of enhanced accessibility and
shorter product diffusion path.?> %0

Generally, two synthetic strategies are identified: top-down and
bottom-up, to introduce mesoporosity into the microporous
zeolite crystal.2® 3132 Top-down approaches relate to application
of (sequences of) post-modifications of conventional
microporous zeolites by alkaline (with strong or mild bases,
such as NaOH3®: 33 and NH,OH*?%), acid, and steam
treatment®®. Bottom-up methods refer to modification of the
hydrothermal synthesis protocol such as using specific organic
structure-directing templates to create a network of mesoporous
channels. The bottom-up method usually features technical
challenges including low synthesis concentration, expensive
templates, long synthetic time, low hydrothermal stability,
which constrains its commercial prospect, but they are unique
instruments to study more deeply the hierarchization effect on
catalysis.**% Although the top-down approach is always
accompanied by extra step and loss of material, its versatility


mailto:bert.sels@kuleuven.be
mailto:danny.verboekend@kuleuven.be

and ease of implement enable it more applicable to the
industrial scale.3" %

In the context of lignocellulose conversion, cellulose utilization
has been extensively studied,®*2 but valorization of lignin is
still one of the key challenges. Lignin, an alkyl phenolics bio-
polymer, around 15 wt.% to 40 wt.% present in lignocellulose,
may serve as an ideal renewable carbon source, specifically for
aromatics production, rather than being directly burned for
energy.**** Since lignin contains versatile functional groups
besides those present in most aromatic chemical products such
as BTX, phenol and catechol,® selective defunctionalization
strategies are entailed to obtain aromatic chemicals from
lignin.2 Harsh processing conditions can be applied directly on
the biomass, but they are usually accompanied with a lot of
heavy tars and light gases.*® Selective depolymerization of
lignin into a few structurally similar monomers with high yields
is more attractive but challenging. Recent protection strategies
processing in planta lignin under relatively mild conditions
showed high yields of several phenolic chemicals.*® 4% Such
lignin-first, and in particular the reductive catalytic
fractionation (RCF) strategies, are very promising. They
selectively produce, for example, 4-n-propylguaicol (PG) and
4-n-propylsyringol (PS) from raw wood lignin. Lignin-first
concepts have currently being extensively investigated to define
not only the role and stability of the catalysis or the feedstock
type, but also the technological advancements with regard to
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Scheme 1. Conversion of lignin toward phenol and propylene.

Considering the chemical structure of the lignin-first derived
phenolic molecules and the specific pore architecture of zeolites
like ZSM-5, the application of zeolites to further upgrade
lignin-derived phenolics into useful aromatics such as bio-
phenol, along with other valuable co-products like methanol
and propylene, may be an excellent choice. In this context, we
recently demonstrated that commercial microporous ZSM-5
zeolites act as a selective catalyst for almost quantitative
dealkylation of 4-n-propylphenol (4-n-PP),¢ which can be
obtained by PG or PS hydroprocessing, into phenol and
propylene (Scheme 1).”%72 The high product yield is attributed
to the existence of transition state shape selectivity of ZSM-5.
However, rapid catalyst deactivation by pore blocking due to
coking/bulky molecules restricts long catalyst service times,
except with co-fed of large quantities of water, but the latter
could infringe the structural integrity of the zeolite on the long
term.” Besides, it has been shown that alkylphenols stream

obtained from hydroprocessing of lignin-first derived
monomers contains not only 4-n-propylphenol, but also more
sterically demanding molecules such as propylcresols and 3-n-
propylphenols and impurities such as n-propylbenzene.
Hierarchical ZSM-5 zeolite is required to deal with these
sterically  demanding  alkylphenols and  impurities.”
Nevertheless, the precise role of hierarchization and the
importance of the acid properties are not studied, to the best of
our knowledge.

Hence, in this work, a series of hierarchical ZSM-5 zeolites
were prepared via alkaline treatment of commercial highly
siliceous ZSM-5 (Si/Al=40 mol mol?) with varying NaOH
concentrations, followed by acid washing with HCI. The
influence of mesoporosity introduction on the catalytic activity,
selectivity, and catalytic stability of ZSM-5 was investigated in
detail in the dealkylation. Pure 4-n-PP was selected as substrate
to avoid the complexity of the real alkylphenols obtained from
hdyroprocessing of lignin-first derived monomers. It is
demonstrated that hierarchization can improve the activity and
stability of ZSM-5. The role of water in the stable catalysis is
revisited here for hierarchical zeolites. These results highlight
the importance of performing a kinetic study to evaluate
hierarchical zeolites. This work shows promising opportunities
to valorize biomass-derived oxygenates over hierarchical
zeolites.

Results and discussion

Zeolite catalysts and their properties. Post-modification
conditions and material yields for alkaline treatment (with
varying base concentrations) and subsequent mild acid washing
with HCI are provided in the experimental section and Table
S1.

The alkaline treated samples ZSM-5-H show increased uptake
at middle-to-high-relative pressures (Figure S1), which
indicates the co-presence of micropores and mesopores. The
shift to larger pore sizes with the increase of base concentration
of the post-treatment, as shown by the corresponding size
distribution plots (Figure S1), is accounted for by the formation
of mesopores. The conventional (ZSM-5-P) and all hierarchical
samples (ZSM-5-H) show XRD patterns characteristic of the
MFI structure (Figure S2). As expected, the diffraction peak
intensity of the hierarchical zeolites is lower than that of the
conventional sample, and the intensity lowers with the alkaline
concentration of the post-treatment, in accordance with the size
reduction of the crystalline domain upon hierarchization by
alkaline treatment, as well as by formation of some amorphous
species.® 74

Quantified porosity and acid properties of ZSM-5-P and the
various hierarchical ZSM-5-H samples are summarized in
Table 1. The volume of the micropores (Vmico) decreases
continuously, from 0.11 to 0.06 cm® g, with the alkaline
concentration increasing from 0 to 0.4 M, while the mesopores
volume (Vmeso) increases substantially, from 0.13 to 0.81 cm® g
! Smeso, presenting the mesopore and external surface area,
increases gradually from 166 to 282 m? g* for the conventional
and hierarchical samples, up to the sample ZSM-5-H-0.3M.
Smeso 1S not further improved in ZSM-5-H-0.4M due to
excessive zeolite leaching. Acid washing only slightly improves
Smeso and Vmeso, as illustrated for instance by comparison of
ZSM-5-H-0.2M-HCI and ZSM-5-H-0.2M. All these trends are
consistent with previous reports on ZSM-5 base post-
modification.®®



Table 1. Porosity and acidity of ZSM-5 zeolites.

423 K 523 K 623 K
BET®/  Vmeso®/  Viicro® / Smeso” /
Samp|e meso micro meso Cet/ C.c/ Ce/ C.c/ Cet/ C.c/
2 ~-1 31 3 N1 2 N1
mg cm9 cmg mg umol g umol g umol gt umol g umol g umol g*
(%) (%) (%) (%) (%) (%)
ZSM-5-P 368 0.13 0.11 166 174 (100) 37 (100) 165 (95) 18 (49) 162 (93) 8 (44)
ZSM-5-H-
0.1M 379 0.19 0.10 189 172 (100) 66 (100) 165 (96) 57 (87) 154 (90) 34 (51)
ZSM-5-H-
0.2M 425 0.39 0.09 259 156 (100) 104 (100) 141 (90) 83 (80) 127 (81) 52 (50)
ZSM-5-H-
02M-HCl 482 043 0.10 278 159 (100) 50 (100) 155 (97) 41 (82) 152 (96) 33 (66)
ZSM-5-H-
0.3M 435 0.66 0.08 282 125(100) 144 (100) 103 (82) 116 (81) 73 (58) 61 (42)
ZSM-5-H-
0.4M 396 0.81 0.06 282 129 (100) 157 (100) 98 (76) 118 (75) 67 (52) 74 (47)

2 determined by N, sorption; ® t-plot was used to determine the Vimicro and Smeso, Vimeso=Vpore-Vimicro, Where Vpre is the total volume
(adsorption value at p/p,=0.97), Smeso includes mesopore and external surface area; ¢ determined by pyridine FTIR; ¢ % of site number
remaining after evacuation (1 mbar) at the given temperature, compared to the value determined at 423 K.

Besides porosity, acid properties play a vital role in catalysis,”
and they are therefore characterized and defined. NH3-TPD was
used to analyze the strength of acid sites, while pyridine probe
FTIR is able to distinguish between Bransted and Lewis acids,
and allows quantification of their number and strength. The
Brensted acid sites density (Cg) consistently decreases (almost
linearly) with the alkaline concentration in expense of a
significant enhancement of the Lewis acid sites density (C.)
(Figure 1). This can be explained by the redistribution of Al-
species upon alkaline treatment.” 778 The loss of Brensted acid
sites is slightly overcompensated by the newly-formed Lewis
acid sites, and the total acidity becomes therefore slightly higher
than that of the parent ZSM-5-P sample. This
overcompensation may be caused by the improved accessibility
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Figure 1. The Brgnsted (B), Lewis (L), and total (B+L) acid
sites density (determined by pyridine FTIR at 423 K) as a
function of NaOH concentration (Cnaon) Used for post-
treatment. The hollow symbols are acid washed sample.

to the acid sites, though one should be cautious with
experimental errors in quantifying the different acid site types.

Despite the formation of Lewis acid sites, zeolites treated with
mild alkalinity (<0.2 M) predominantly contain Brensted acid
sites, while Lewis acid sites dominate in zeolites contacted with
alkalinity above 0.2 M. The Lewis acid sites can be partly
removed upon mild HCI acid washing, while the Brgnsted acid
sites are well preserved. This is illustrated in the Table 1 and
also illustrated in Figure 1 for ZSM-5-H-0.2M, before and after
the acid washing.

In addition to the acid density, the acid strength was analyzed
and evaluated. Figure S3 shows the NHs-TPD profiles (and
their deconvolutions) of different ZSM-5 samples. Alkaline
treatment of ZSM-5-P clearly increases the percentage of weak
acids sites (Table S2, Ts73). The presence of the weak acid sites
are most likely associated to the generated Lewis acid sites at
the expense of the Brensted acid sites. A clear linear
relationship between the number of the weak sites, using the
integrated data of the low temperature signal of the NH;-TPD
plot (Table S2), and the amount of Lewis sites, calculated from
the FTIR experiment, is indeed obtained (Figure S4). The acid
strength of the remaining Brensted acid sites stays high for
zeolites treated with mild alkalinity; more than 90% of the
Brensted acid sites comprises of the strong sites (Table 1). The
situation is different for zeolites modified with strong alkalinity.
Here, only about 50% of the total acid sites belongs to the
category of the strong acid sites.

In summary, a defined set of ZSM-5 zeolites are available for
the catalytic tests, with variations in porosity properties and
surface area, and in acid density and strength properties.
Catalysis and role of hierarchization. Catalytic dealkylation
of 4-n-PP (to phenol and propylene; see Scheme 1) over the
parent and post-modified samples were conducted in a fixed-
bed reactor in a temperature range from 473 to 743 K, at two
different contact times, viz. 3.7 h' and 55.5 h' WHSV.
Temperature dependency of the conversion and selectivity was
investigated by using practical light-off experiments. Their
reliability is verified by sufficient similarity of the conversion
rate and selectivity values with steady-state values of single



temperature experiments at different contact times (see e.g., the
star symbols in Figure 2). Two different contact times were
tested to distinguish thermodynamic and kinetic effects in the
temperature range. The higher conversion rates with increasing
temperature follow Arrhenius law, but the dealkylation of n-PPs
is thermodynamically limited in the studied temperature range.
The equilibrium shifts to the products with increasing
temperature, as expected for endothermic reaction. The
systematic significantly lower conversion rate at the lower
contact time proves that kinetics are investigated far from the
equilibrium at 55.5 h" WHSV. Data analysis at low conversions
(differential mode) allows to investigate the kinetics of the
catalytic experiments in the fixed-bed reactor.
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Figure 2. (a) Conversion (X) of n-PPs as a function of
temperature (T) and (b) selectivity (S) to phenol and propylene
as a function of conversion (X) in the dealkylation of 4-n-PP
over ZSM-5-P, ZSM-5-H-0.2M, and ZSM-5-H-0.2M-HCI at
low (3.7 h') and high (5.5 h'Y) WHSV. Ramping rate=1 K min’
1 water/4-n-PP=6. The star symbols in (a) are the data obtained
from single temperature experiments with time on stream (taken
after 4 hours). In (b), the conversion was varied by increasing
the temperature. Note: since ZSM-5 can also dealkylate the
isomers of 4-n-PP, the conversion is the conversion of all
isomers (n-PPs) here.

Firstly, inspection of the conversion rate reveals a higher
catalytic activity after hierarchization. This is for instance
apparent by comparing the data of ZSM-5-H-0.2M and ZSM-
5-P at both contact times (Figure 2a). The difference is
obviously more pronounced at the low contact time (55.5 h*!
WHSV). The rate improvement is most significant for the
samples treated under mild alkaline conditions, viz. 0.2 M
NaOH, indicating that there is an optimal modified catalyst with

certain acid composition/properties and pore structure (Figure
S5). Washing the base-treated catalyst with HCI (0.1 M)
selectively removes (extraframework) Al (related to Lewis acid
sites), and that clearly reduces the catalytic activity. This result
accords with previous observation, suggesting that Lewis acids,
which are removed here by the acid washing, are also able to
catalyze the dealkylation of alkylphenols.®® ™ Although the
total acidity and the corresponding acid strength of ZSM-5-H-
0.2M-HCI are fairly similar to the parent sample ZSM-5-P,
ZSM-5-H-0.2M-HCI gives higher conversion rates (Figure 2a).
Besides the effect on activity, hierarchization of zeolites may
impact the products selectivity, especially for the shape
selective sensitive reactions.®® Figure 2b shows the product
selectivity (to phenol and propene) at different conversions (at
different contact times and temperatures) for the tested
catalysts. More details about the product distribution at each
conversion/temperature is available in Figure S5. There are no
clear indications that the chemistry, as reported for non-treated
microporous ZSM-5,%°7° proceeds differently in the presence of
hierarchical zeolite samples. Isomerization is a fast reaction and
occurs favorably at low temperature, showing the formation of
n-propylphenol isomers, whereas iso-propylphenol isomers
were hardly observed for all samples (Figure S5). Bimolecular
reactions such as transalkylation and disproportionation are
thermodynamically favored at low to intermediate temperature,
but the corresponding dipropyl phenolic products were seldom
observed. This agrees well with the existence of transition state
shape selectivity as the result of the specific pore structure of
MFI topology.”™ High temperature allows dealkylation, which
selectively occurs in the confined spaces of ZSM-5 according
to a monomolecular mechanism. For the same reason the
bimolecular cracking pathways were not observed here with the
hierarchical ZSM-5 samples, e.g., no significant cresols
formation is observed, as opposed to reported data of USY and
y-alumina.®®" Figure 2b shows that the selectivity is slightly
lower at the high contact time (3.7 h™* WHSV) in comparison to
low contact time (55.5 h" WHSV) due to inhibition of the side
reactions at low contact time.

Overall, it seems that hierarchization has only little impact on
the product selectivity of n-PPs dealkylation. As the high
phenol selectivity is controlled by the occurrence of transition
state shape selectivity, it may be concluded that the introduction
of mesopores does not have a significant influence on the local
confinement of the remaining active sites. This also suggests
that both the majority of Brensted sites and Lewis acid sites are
located in sufficiently confined spaces such as micropores and
micropore mouths. Such space is too small to allow the
bimolecular ~ reactions  such  as  disproportionation,
transalkylation (to form dipropylphenols) and C-C cracking (to
form cresols), but large enough to accommodate the
monomolecular reactions and to exert the transition state shape
selective effect.

The kinetics of the dealkylation reaction (at 55.5 h"* WHSV)
were studied into more detail by expressing the conversion rates
in turnover frequencies (per total acid site, Brgnsted and Lewis
acid sites; TOF, TOFga and TOF_a) using the amount of acid
sites determined by the pyridine FTIR experiment (Table 1).
Before performing the kinetic study, control experiments and
calculations were done to rule out external, inter- and
intracrystalline diffusion limitations, as reported before.%"°
Since hierarchization of ZSM-5-P reduces the average size of
the crystalline domain, diffusion limitations can also be
excluded for the mesoporous ZSM-5-H samples.



ZSM-5-P, ZSM-5-H-0.2M and ZSM-5-H-0.2M-HCI clearly
show different reaction rates, but a similar apparent activation
energy, around 100 kJ mol? (Figure S6). This high value
supports the absence of diffusion limitations in both ZSM-5-P
and ZSM-5-H. Such observation has also been reported for n-
hexane cracking over conventional and hierarchical ZSM-5,
and propane cracking over conventional and hierarchical
SAPQO-5.7%81 Since 4-n-PP can enter the micropores of ZSM-5
and there is no diffusion limitations under the applied reaction
circumstances, the different catalytic activity (on per acid site
basis) between microporous and hierarchical ZSM-5 cannot be
ascribed to differences in mass diffusion (as corroborated by the
equal apparent activation energy) and accessibility issues (since
sites probed by pyridine were used).
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Figure 3. (a) Predicted conversion of n-PPs versus
experimental conversion of n-PPs; (b) Turnover frequency
(TOF) of n-PPs dealkylation over Brgnsted acid (BA) sites
and Lewis acid (LA) sites, with the indication of activation
energy. The densities of Brgnsted and Lewis acid sites
measured at 523 K (the kinetic study was conducted between
548 K and 593 K) and 423 K were used to predict the
conversion and calculate the TOF for with and without
considering acid strength, respectively.

The difference might be caused by alterations of the intrinsic
activity of the acid sites, that is the efficiency of the present
active sites to facilitate the reaction, as the acid properties (the
acid amount and strength of BA and LA) of ZSM-5 are changed
after hierarchization (Table 1 and Figure S3). To elaborate on
this hypothesis, an attempt was done to estimate the kinetics on
per Brgnsted and Lewis acid site basis, while taking into
account the strength of the sites. An iterative approach was done
to obtain the best fit for the overall conversion rate by
summation of the conversion rate per Brgnsted and Lewis acid

site, viz. rateg=rategatrate a (see supporting information),
considering the amount of the acid sites and their various acid
strengths, as measured by the pyridine FTIR experiment.
Various data points of the different ZSM-5-H samples were
used to achieve the fitting. An illustration of the fits assuming
all acid sites (hollow symbols) or only the strong Brgnsted and
Lewis acid sites (solid symbols) contributed to catalysis is
presented in a parity plot in Figure 3a.

The best fitting was obtained by considering only the strong
acid sites (solid symbols, Figure 3a), showing an apparent
activation energy of 91+1 and 11611 kJ mol* for Brensted and
Lewis acid sites, respectively (Figure 3b). The higher value for
the Lewis acid sites agrees well with previous reports for
dealkylation chemistry; for instance, 98 kJ mol?! has been
measured for Brensted acid catalysts, while 153 kJ mol* was
observed for y-alumina.” Although Lewis acid sites have higher
activation energy, they are clearly more active for n-PPs
dealkylation than Brgnsted acid sites at the higher temperature
range, viz. >523 K (Figure 3b), which favors the dealkylation
thermodynamically.”® The higher rate is ascribed to a higher
entropic contribution of activation at the Lewis acid site,
compared to that of the Brgnsted acid sites (see Eyring plot in
Figure S7), causing a significantly stronger rate increase with
temperature on the Lewis acid sites. Such difference in kinetic
behavior is not unexpected given the different mechanism of
activation at the two acid sites (hydride vs. proton), and the
potentially different location of the sites in the zeolite.
Although ZSM-5-H-0.4M contains more Lewis acid sites than
ZSM-5-H-0.2M, it is slightly less active than the latter. This is
attributed to i) the weakening of the acid site strength (see Table
1) as the differences of the amount of Brgnsted and Lewis acid
sites at 623 K are larger and smaller, respectively, than those at
523 K, and ii) a lower amount of Brgnsted acid sites. The
activity decrease of ZSM-5-H-0.2M-HCI compared to ZSM-5-
H-0.2M (Figure S5) is largely due to the removal of the most
active (strong) Lewis acid sites by mild acid washing, while the
Brgnsted acid sites content is slightly higher. These results
emphasize that change in acid strength and amount of active
sites is crucial to evaluate the catalytic performance of
hierarchical zeolites, next to the pore architecture. The strong
acid sites are required to be able to perform the C-C cleavage.®
Our data seem therefore to infer that zeolites containing strong
and confined Lewis acids should be the most active and
selective catalyst for the n-PPs dealkylation under study.
Besides activity and selectivity, the decay of activity or
deactivation of the catalyst was investigated for all samples (at
high conversion, viz. >30%, and same conditions). A typical
empirical decay formula was used to describe the loss of
activity in function of time on stream (see supporting
information).%*® Figure S8 illustrates the time on stream
behaviors of different catalysts at 658 K and 55.5 h"t WHSV.
The data were used to construct the relative activity vs. time on
stream plots, as presented in Figure 4. The solid lines present
the decay fitting.

In agreement with the above activity study, ZSM-5-H-0.2M and
ZSM-5-H-0.3M show the highest conversion (Figure S8), as
these catalysts contain a high content of Lewis and Brgnsted
acid sites along with preservation of the high strength of the acid
sites. ZSM-5-H-0.1M has less Lewis sites (overcompensating
the little higher content of the Brgnsted acid sites) and is
therefore less active. ZSM-5-H-0.4M has reduced acid strength
and Brgnsted acid sites, which is also less active compared to
ZSM-5-H-0.2M and ZSM-5-H-0.3M. But all hierarchical



zeolites show higher conversion compared to ZSM-5-P. Figure
S8b illustrates the loss of activity upon acid washing as a result
of Lewis acid removal. Note that the activity of ZSM-5-H-
0.2M-HCI remains higher than that of ZSM-5-P, which is due
to the higher content of Lewis acid sites (see Table 1), but also
a higher stability of the catalysis is observed with that sample,
as will be discussed in the following.

The decay curves generally show two different deactivation
behaviors: a significant and fast exponential deactivation at the
initial stage, followed by a linear deactivation at longer service
time. The first deactivation is usually explained by fast coking
of the strong acid sites at the external crystal surface and pore
mouths, blocking part of the pore entrances, whereas the linear
decay is due to gradual pore blockage, e.g. due to pore diffusion

limitation of large products accumulating within the crystal.®*
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Figure 4. Relative activity (Xu/Xo.2s) of ZSM-5 zeolites as a
function of time on stream (TOS) in the dealkylation of 4-n-PP. (A)
ZSM-5-P, ZSM-5-H-0.1M, ZSM-5-H-0.2M, ZSM-5-H-0.3M, and
ZSM-5-H-0.4M; (B) ZSM-5-P, ZSM-5-H-0.2M, ZSM-5-H-0.2M-
HCI. WHSV=55.5 h™!, temperature: 658 K. Water to 4-n-PP is 6.

It is noticeable that the initial exponential decay decreases with
the increase of base concentration during post-treatment. This
observation indicates that the hierarchization influences the
catalyst coking. For instance, a non-treated ZSM-5-P losses up
to 25% activity in the first one hour, whereas the loss is less
than 10% for ZSM-5-H-0.4M. This may be explained by the
lower total amount of strong acid sites (parameter a in Figure
S9) in the hierarchical samples (Table 1, 623 K, the total acidity
of ZSM-5-H-0.4M is already lower than that of ZSM-5-P). The
higher external surface area of the treated catalysts, preventing
fast blockage of the pore entrances, may also contribute to the
slower deactivation. The linear decrease part shows no
significant difference for different samples, which is likely due
to the presence of water in the feed, preventing product
diffusion (of large compounds such as diphenyl ether that can

be formed in the pores in water-poor conditions) and unwanted
side reactions that could lead to pore blockage; product
diffusion limitation is therefore not a big issue in the presence
of steam conditions.
Acid washing further reduces the deactivation rate compared to
that of the alkaline treated sample. The initial exponential decay
is not significantly influenced by acid washing, but the linear
part is significantly reduced (Figures 4b and S7). This may be
explained by the removal of the most accessible Al species (that
are related to Lewis acid sites). These Al species can cause coke
formation at pore mouth to block the micropores. A similar
result that dealumination can improve the catalytic stability has
been reported for other cracking reactions.®® The TGA analysis
of spent catalysts shows indeed that the hierarchical sample
ZSM-5-H-0.2M and ZSM-5-H-0.2M-HCI produces less coke
than the microporous zeolite ZSM-5-P (Figure S10).
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Scheme 2. Schematic representation of diffusion in
microporous and hierarchical ZSM-5. The presence of
secondary porosity improves the number of pore mouth to
diffusion in and out of the micropores, as well as it shortens the
diffusion path.
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Figure 5. Conversion of n-PPs after 4 h of time on stream as a

function of water/4-n-PP molar ratio over ZSM-5-P and ZSM-

5-H-0.2M-HCI. WHSV=3.7 h'}, 578 K.

o

Our previous study has shown that the fast initial deactivation
is largely reduced by the presence of water.% " The decay of
the rate of n-PPs dealkylation over ZSM-5-P is much more
pronounced in the absence of steam in the feed (Figure S11).
Presence of water facilitates the desorption of (alkyl)phenol
from the active sites due to a higher adsorption enthalpy of



water, inhibiting the formation of larger molecules from
secondary reactions (such as the dehydration of phenol to
diphenyl ether), which would otherwise lead to blockage of
transport in the micropores. 8- 7

Since the hierarchical structures have shorter diffusion paths
(Scheme 2), such product diffusion limitation should have less
impact, and thus lower amounts of water in the feed should be
feasible. To investigate this hypothesis, ZSM-P and ZSM-H-
0.2M-HCI were evaluated for their deactivation sensitivity in
the presence of different amounts of water. The results are
displayed in Figures 5 and S10.

ZSM-5-H-0.2M-HCI indeed gives always higher conversion
with different water to 4-n-PP molar ratios than that of ZSM-5-
P, even in the absence of water (Figures 5 and S10). Besides,
ZSM-5-H-0.2M-HCl requires less water to stabilize the catalyst
compared to ZSM-5-P (water/4-n-PP=0.5 vs. 1). Although for
both samples, water can promote the (alkyl)phenol desorption
from the active sites, the diffusion paths of (alkyl)phenol in the
micropore channel is shorter for the hierarchical sample.
Therefore, hierarchical zeolite requires less water to stabilize
the activity of alkylphenol dealkylation on stream. In this case,
less water will ensure longer time on stream structural stability
of zeolites. As generally known, if less water is processed, less
energy will be required, for instance for potential waste water
treatment in the biorefinery.

Conclusion

Hierarchical ZSM-5 zeolites, prepared by alkaline treatment,
show improved catalytic activity compared to the microporous
parent material for dealkylation of 4-n-propylphenol to phenol
and propylene without compromising the product selectivity.
The hierarchization reduces the amount and strength of the
Brgnsted acid sites and induces a change in Al sites, leading to
the formation of Lewis acids. The strong (and also confined)
Lewis acid sites have higher activity than the Brensted acid
sites at sufficiently high temperature, which is the result of
larger entropic contribution of activation. Therefore, ZSM-5-H-
0.2M, containing high content of Lewis and Brgnsted acid sites
along with preservation of the high strength of the acid sites, is
the highest active catalyst. The smaller amount of strong acid
sites and higher external surface area of the hierarchical
structures minimize fast deactivation, and therefore less water
is required to stabilize long time on stream dealkylation
catalysis due to the better diffusion characteristics of the
hierarchical material.
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Hierarchical ZSM-5

Hierarchization of ZSM-5 improves the catalytic activity and stability for the selective dealkylation of lignin-derived alkylphenol to phenol
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