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ABSTRACT: Catalyst deactivation due to coking is a major challenge in the catalytic fast pyrolysis (CFP) of biomass. Here, a
multitechnique investigation of a technical Al2O3-bound ZSM-5-based extrudate catalyst, used for the CFP of pine wood and
cellulose (at a reactor temperature of 500 °C), provided insight into the effects of extrusion, the catalytic pyrolysis process, and
catalyst regeneration on the catalyst structure. As a result of a reduction in acidity and surface area due to the coking catalyst, the
activity dropped drastically with increasing time-on-stream (TOS), as evidenced by a decrease in aromatics yield. Strikingly, confocal
fluorescence microscopy at the single-particle level revealed that vapor components derived from whole biomass or just the cellulose
component coke differently. While pine-wood-derived species mainly blocked the external area of the catalyst particle, larger carbon
deposits were formed inside the catalyst’s micropores with cellulose-derived species. Pyridine FT-IR and solid-state NMR
spectroscopy demonstrated irreversible changes after regeneration, likely due to partial dealumination. Taken together with <30 g
kg−1 aromatics yield on a feed basis, the results show a mismatch between biomass pyrolysis vapors and the technical catalyst used
due to a complex interplay of mass transfer limitations and CFP chemistry.
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■ INTRODUCTION

Catalytic fast pyrolysis (CFP) is a thermochemical upgrading
technology that enables the production of BTX (Benzene,
Toluene, and Xylenes) aromatics, polycyclic aromatic hydro-
carbons (e.g., naphthalene and derivatives) and C2−C3 olefins
from lignocellulosic biomass.1,2 A considerable amount of
research on the CFP of biomass has been performed over the
past few decades,3−6 aiming the use of the produced
hydrocarbons either toward gasoline-range blending compo-
nents or toward a source of base chemicals. Zeolite ZSM-5
generally shows a superior performance in catalytic upgrading
of oxygenate-containing vapors7,8 and is typically the catalyst
material of choice for BTX production from biomass. Despite
the promising advances shown by ZSM-5 catalyzed CFP, the
process is also characterized by low carbon yields and rapid
catalyst deactivation as a result of excessive coke formation.9,10

More insight is needed into the nature and spatiotemporal
development of the pyrolysis vapor-derived coke formed on
the catalyst to ultimately reduce the loss of carbon through the
design of a more robust catalyst.
The conversion of biomass-derived oxygenates to hydro-

carbons has drawn inspiration from zeolite-based catalysis in,
e.g., the methanol-to-hydrocarbons (MTH) type pro-
cesses.11,12 Consequently, this led to the idea that, similar to
MTH, the mechanism of biomass CFP also proceeds through a
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hydrocarbon-pool mechanism.13 According to this view,
oxygenated pyrolysis vapors follow a series of cracking and
dehydration reactions to produce small olefins inside the
zeolite micropores followed by aromatization.14−16 Analo-
gously, coke formation mechanisms in biomass CFP would
then be expected to also be similar to MTH. In the MTH
process, highly methylated monoaromatics are produced
through the dual-cycle mechanism over zeolite-based cata-
lysts,17 which then lead to the formation of condensed coke
precursors.18 However, catalyst deactivation with biomass
pyrolysis vapors10 is more rapid than in MTH,19 implying that
this analogy may not hold. Indeed, to improve biomass CFP
efficiency, thorough analysis of the nature and the location of
coke deposits formed upon CFP of biomass and their impact
on (ir)reversible changes in catalyst structure is required, in
particular for shaped catalyst extrudates.
An in-depth characterization of the catalyst, pre/post-

reaction and after regeneration, could shed light on that
issue. From a feedstock perspective, fragments of the original
polymeric components of lignocellulose present in the
pyrolysis vapors (i.e., those derived primarily from the lignin
fraction) are too large20 to be able to diffuse into the
micropores of the zeolite. Wang et al.21 indeed reported that
aromatic hydrocarbon yield in micropyrolysis tests decreased
in the order of cellulose (29.8 C%) > hemicellulose (19.4 C%)
≫ lignin (7.4 C%). They also found that the yield of catalytic
coke was the highest with cellulose (30% on carbon basis),
while with lignin, thermal production of coke by condensation
seemed to contribute more to the solid carbonaceous residue.
Stanton et al.22 recently showed that lignin-derived vapors
contributed less to catalyst deactivation by irreversible
structural changes in a technical zeolite ZSM-5-based catalyst
than that of cellulose-derived vapors did, as evidenced by the
higher amounts of acid sites (76%) and micropore area (93%)
retained on the catalyst following regeneration after the CFP of
lignin. Together, these studies suggest that lignin-derived
monomers and oligomers coke on the external surface, while
cellulose-derived vapors coke via successive aromatization
inside the micropores.
Previous studies21,23 have shown that the (powdered) bulk

zeolite material is far too active for efficient oxygenates-to-
hydrocarbon conversion, giving extensive coke formation
instead. Shaped catalysts, in which the active zeolite phase is
diluted in other (binder) components, are, however, typically
applied industrial practice to achieve optimal physical and
chemical performance in real-life industrial reactors, whether it
is a fluidized bed or an ex situ fixed-bed reactor. Technical
catalysts, for example, provide mechanical strength, and avoid
excessive pressure drops inside the reactor vessels.24,25 As
binder addition also leads to alteration of the material’s
physicochemical properties (e.g., mass transport, acidity), it is
of paramount importance to also study the performance of
such shaped catalyst materials in biomass CFP. For example,
typical binder materials such as alumina (Al2O3), silica (SiO2),
or clays can alter catalytic activity by additional precracking of
larger oligomers taking place in the binder matrix. Mesoporous
Al2O3 binders have been shown to improve robustness and add
precracking activity in diverse catalytic processes when
compared to technical catalysts made with inert SiO2
binders.26−28 Studies at the single particle catalyst level
previously already showed that (micro)spectroscopic spatio-
temporal studies can provide critical information on the
accessibility, predominant active sites, and possible deactiva-

tion pathways of zeolite ZSM-5-based catalyst materials in
different complex matrices including fluid catalytic cracking
and CFP catalysts.28−30 For example, Heracleous et al.31

recently reported on the nature and location of carbon deposits
formed within technical ZSM-5-based catalyst extrudates upon
CFP of biomass, using novel catalyst formulation of ZrO2
incorporated nanocrystalline ZSM-5, agglomerated with
attapulgite. As such, it may not be straightforward to decouple
the influence of individual components (ZrO2, nanocrystalline
zeolite, and the attapulgite clay) on coke formation.
Literature dealing with a detailed characterization of the

catalyst properties along with bench scale CFP testing is in
general scarce, however. Using a multitechnique character-
ization approach covering multiple length scales,32 we here
study the structure−performance relations governing ZSM-5/
Al2O3 technical catalysts for the CFP of pine and cellulose
biomass. Bench-scale experiments were performed in a
continuously fed fast pyrolysis system that enabled ex-situ
upgrading of pyrolysis vapors over a fixed-bed of the catalyst.
Yields and bio-oil compositions were determined for the fresh
and the regenerated catalyst to investigate the effect of reaction
and regeneration. Catalyst performance could thus be
correlated with the (spatially resolved) physicochemical
properties. The extensive analysis of the catalysts revealed
the mismatch between the biomass pyrolysis vapors and the
catalyst system due to a complex interplay of mass transfer
limitations and CFP chemistry. Also, different catalytic
mechanisms seem to dominate pine and cellulose CFP.

■ EXPERIMENTAL SECTION
Biomass. Pine wood (Bemap Houtmeel B.V., Bemmel, The

Netherlands) with a particle size range of 1.0−2.0 mm and cellulose
(Cellets 1000, Pharmatrans Sanaq AG, spherical pellets) with a
particle size range of 1.0−1.4 mm were used as feedstock materials in
the catalytic and noncatalytic fast pyrolysis experiments. The pine
wood feedstock had an elemental composition of 0.47 g g−1 C, 0.06 g
g−1 H, and 0.46 g g−1 O on a dry basis. The biochemical composition
of the pine wood used is 0.35 g g−1 cellulose, 0.29 g g−1 hemicellulose,
and 0.28 g g−1 lignin (on dry biomass basis). The cellulose feedstock
contained 0.42 g g−1C, 0.06 g g−1 H, and 0.52 g g−1O. The feedstocks
used within this study, pine wood and cellulose, are denoted as PW
and CELL, respectively.

Catalyst Synthesis. HZSM-5/Al2O3 composites were prepared
by mixing alumina powder (PURAL SB from Sasol), ZSM-5 powder
(CBV 2314 from Zeolyst, with SiO2/Al2O3 = 23), water, and an
aqueous acid solution in a kneader for about 60 min at room
temperature. Subsequently, the obtained paste is passed through an
extruder to obtain the extrudates in a spaghetti-like structure.
Afterward, extrudates were dried at room temperature overnight.
The dry catalyst extrudates were then crushed to obtain a particle size
between 1.0 and 3.0 mm, which was followed by a calcination
sequence, first at 350 °C for 16 h and then at 600 °C for 16 h. The
composites obtained contained 50% zeolite ZSM-5 and 50% alumina
by weight. While fresh catalyst extrudates are denoted as HZSM-5/
Al2O3 throughout the manuscript, the individual zeolite and binder
powders are denoted as HZSM-5 and Al2O3, respectively. Prior to any
characterization, the individual components of the extrudates, HZSM-
5 and Al2O3, were also subjected to the same two-step calcination
procedure mentioned above.

Catalyst Characterization. A large variety of analytical
techniques has been used to extensively characterize the fresh,
spent, and regenerated technical ZSM-5-based catalyst extrudates
used in this work. Physicochemical properties of the HZSM-5/Al2O3
extrudate catalyst were investigated by X-ray diffraction (XRD), Ar
physisorption, Hg porosimetry, (FIB)-SEM-EDX, NH3-TPD, FT-IR
spectroscopy, and 27Al solid state NMR (ss-NMR). Analysis of the
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coke deposits (i.e., nature and location of carbon deposits) has been
carried out by Temperature-Programmed Oxidation (TPO) with
online Mass Spectrometry (MS) and Confocal Fluorescence
microscopy (CFM). Experimental details are given in the Supporting
Information.
Spent catalyst extrudates were collected at 10, 60, and 180 min

time-on-stream after catalytic pyrolysis tests, and they were analyzed
without further treatment, unless otherwise stated. It should be noted
here that no apparent coke gradient was observed along the axial
direction of the catalyst bed at the end of our experiments. Therefore,
it is assumed that the use of a fixed-bed configuration for the catalytic
reactor does not conceal the effect of biomass pyrolysis vapors on the
catalyst. Regenerated catalyst extrudates were obtained after calcining
the spent extrudates at 250 °C for 40 min with a heating ramp of 4.5
°C·min−1 under a static air atmosphere followed by a second
calcination at 600 °C for 5 h with a heating ramp of 5 °C·min−1 under
an air atmosphere.33 Spent and regenerated catalyst extrudates are
further denoted following the feedstock-TOS and feedstock-TOSr
sequences, respectively. The feedstock indicates the feed (either
CELL or PW for cellulose and pinewood, respectively) used in
catalytic pyrolysis tests, and TOS indicates the time-on-stream at
which the sample is collected. For example, spent and regenerated
extrudates obtained at TOS = 10 min from the CFP of cellulose and
pine wood are represented as CELL-10 and CELL-10r and as PW-10
and PW-10r, respectively.
Catalytic Fast Pyrolysis Experiments. Catalytic Fast Pyrolysis

(CFP) experiments were performed in a continuously operated fast
pyrolysis system34 employing auger reactor technology for the
pyrolysis part and a fixed-bed reactor for the integrated ex-situ
catalytic upgrading. Ex situ catalytic pyrolysis is preferred to avoid
contact between biomass minerals (e.g., alkali and alkaline earth
metals) and the catalyst particles,35,36 thereby minimizing the
contribution of minerals to the catalyst deactivation. The biomass
(either pine wood or cellulose) was fed at a rate of ca. 0.2 kg h−1 while

the catalyst bed contained 0.04 kg of catalyst. In this way a weight
hourly space velocity (WHSV) of 5 h−1 on a feed basis was achieved.
The temperature of the pyrolysis reactor and that of the catalytic
reactor were kept at 500 °C during the experiments. CFP tests were
performed at three different times-on-stream (TOS): 10, 60, and 180
min. The reactor scheme (Figure S7), with a detailed explanation of
the experimental procedure and product analysis, is provided in the
Supporting Information.

■ RESULTS AND DISCUSSION
Characterization of Fresh Catalysts. Textural properties

of catalyst extrudates, such as porosity and crystallinity, are
mainly dictated by the percentages of binder and active phase,
and the preparation method used. Pore size distributions
obtained after Hg porosimetry and Ar physisorption at −196
°C are shown in Figure 1a and b, respectively. In addition to
HZSM-5 microporosity, alumina (Al2O3) mesopores were
detected with a rather broad pore size distribution (up to 15
nm), confirming its highly amorphous nature. The technical
HZSM-5/Al2O3 materials meso- and macroporosity (14 nm
and ∼45 nm) are attributed to the Al2O3 and interparticle
domain formation upon extrusion. These meso- and macro-
pores can accommodate larger feedstock molecules.37

The physicochemical properties of the fresh extrudates are a
weighted combination of the individual components (50:50),
showing no major deviations. Figure 1c shows the FT-IR
spectrum of the HZSM-5/Al2O3 catalyst extrudates (Figure 1c,
see Table S1 for OH stretch assignments) shows similar
vibrations as for the HZSM-5 and Al2O3 individual phases,
revealing that no new sites were formed after extrusion.
The 27Al solid state nuclear magnetic resonance (ss-NMR)

spectra of zeolite, alumina, and the fresh composites (Figure

Figure 1. Pore size distribution graphs after (a) Hg porosimetry and (b) Ar physisorption at −196 °C. (c) Fourier transform-infrared (FT-IR)
spectra of the OH-stretching region. (d) 27Al solid state nuclear magnetic resonance (ss-NMR) of fresh, individual components and the HZSM-5/
Al2O3 catalyst extrudates. The intensities in the ss-NMR spectra were normalized by weight.
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1d) show that all individual contributions are present in the
fresh HZSM-5/Al2O3 extrudates; i.e., no new aluminum sites
are formed after extrusion. Two main peaks at 68 and 9 ppm
are seen for the binder, corresponding to calcined and
dehydrated boehmite-alumina.38,39 Extra-framework octa- (0
ppm) and pentahedral (30 ppm) Al sites40 and tetra-
coordinated framework Brønsted acidic aluminum sites (55
ppm) are detected for the zeolite.41−43

Table 1 shows a summary of the physicochemical properties
of the individual components and HZSM-5/Al2O3 catalyst

extrudates. HZSM-5/Al2O3 showed a larger external surface
area value than the HZSM-5 component after the addition of
alumina, which may facilitate the condensation and/or
cracking of large oligomeric species in pyrolysis vapors.
Acidity in the catalyst extrudates was evaluated by

temperature-programmed desorption (TPD) of NH3 (Figure
S1b) and pyridine FT-IR spectroscopy and Brønsted and
Lewis acidity calculated based on the latter44 (see Table 1).
HZSM-5/Al2O3 catalyst extrudates again showed a roughly

additive contribution of acid sites from each individual
component. In short, no dealumination was observed to
occur during the synthesis-extrusion process of the catalyst
extrudates. Expectedly, both individual components contain
Lewis acid sites (LAS), while only the zeolite has Brønsted acid
sites (BAS). Mixing and extrusion led to a slightly higher
amount of both the Lewis and Brønsted acid sites in the
HZSM-5/Al2O3 extrudates than expected, possibly because the
higher external surface area enabled an improved accessibility
and diffusion of the basic probe molecules. There is therefore
no evidence indicating dealumination or neutralization of BAS
by Al migration from the binder to the zeolite: the intrinsic
acidity of the HZSM-5 component remained intact after
extrusion. The contribution of additional LAS, introduced by
the Al2O3 binder, is significant and needs to be taken into
account in the catalytic activity studies (vide inf ra, see next
section).
The morphology and distribution of the zeolite and alumina

domains over the composite catalyst extrudates were analyzed
by scanning electron microscopy−energy-dispersive X-ray
(SEM-EDX; Figure S2),28,45 using Si and Al signals to identify
the zeolite alumina domains (which have a much higher Al
content than the zeolite). Focused ion beam−scanning
electron microscopy (FIB-SEM) experiments allowed the
distribution of each phase within the catalyst extrudate to be
visualized in detail (Figure 2). The SEM electron image
(Figure 2a) reveals an irregular and dotted pattern which
clearly corresponds to the zeolite (darker domains as they
coincide with the Si-rich yellow parts) and alumina phases as
indicated in the EDX images (Figure 2b).
Moreover, voids can be seen (∼ 0.1 μm) that contribute to

the macropore interparticle network between the zeolite and
alumina agglomerates, as also suggested by Hg porosim-
etry.18,37,46 However, even these relatively large-sized pore
networks may not be large enough to accommodate the
aerosols produced also upon pyrolysis of cellulose and lignin
biopolymers. Indeed, the particle diameter of these aerosols is

Table 1. Physicochemical Properties of the Individual
Components and the Fresh HZSM-5/Al2O3 Catalyst
Extrudatesa

HZSM-5 Al2O3 HZSM-5/Al2O3

SBET (m2 g−1 cat) 460 188 273
Smicro (m

2 g−1 cat) 405 - 166
Sext (m

2 g−1 cat) 55 208 107
Vmicro (cm

3 g−1 cat) 0.14 - 0.06
Vmeso (cm

3 g−1 cat) 0.05 0.52 0.27
total amount of acid sites (μmol g−1
cat)

862 408 620 (635)

desorption temperature of strong acid
sites (°C)

380 - 358

Lewis acid sites (μmol g−1 cat) 94 237 129 (165)
Brønsted acid sites (μmol g−1 cat) 144 - 79 (72)
aBetween brackets, the theoretical acidity values calculated for an
ideal 50:50 wt % mixture of zeolite and alumina are shown.

Figure 2. (a) Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) images of (b) Al and Si, (c) Al, and (d) Si obtained after
the focused ion beam (FIB) milling in the center of the cross section of a fresh HZSM-5/Al2O3 catalyst extrudate.
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reported to be between 0.5 and 10 μm, the majority of them
being close to 1.0 μm.47,48

Catalytic Fast Pyrolysis Experiments. Catalytic fast
pyrolysis (ex situ) of pine wood and cellulose using HZSM-5/
Al2O3 extrudates as catalysts yielded char, noncondensable gas,
bio-oil (water and condensable organics), and coke as
products. The product yields, including those from a
noncatalytic (NC) pyrolysis experiment as a reference, are
summarized in Figure 3. At high catalyst-to-biomass ratios (i.e.,

low space velocities), the conversion of pyrolysis vapors to
catalytic products is reportedly very high,49,50 but such
operating conditions prevent observing the long-term effects
of the vapors on the catalyst materials.51 We therefore chose a
rather high space velocity (5.0 h−1) to clearly see the effects of
pyrolysis vapors on the catalyst as well as on the evolution of
catalytic products with increasing TOS.
For both feedstock types the catalytic product distribution

differed significantly from the one obtained from the

Figure 3. Product yields of catalytic pyrolysis of (a) pine wood and (b) cellulose obtained at the experimental conditions of Tpyrolysis = 500 °C,
Tcatalysis = 500 °C, and WHSV = 5.0 h−1. Noncatalytic pyrolysis (NC) yields (run time = 60 min) for each feedstock are provided for comparison.
Error bars represent standard deviation from the mean of duplicate experiments for all cases.

Figure 4. (a) Oxygen content (dry basis) and carbon yield of bio-oil fractions obtained upon ex-situ catalytic pyrolysis of pine wood and cellulose.
Aqueous fractions at 10 min TOS are not included in the plot as they contain mostly water (>0.97 g g−1). NC-PW (●) and NC-CELL (▲) values
in the plot represent the noncatalytic pyrolysis yields of pine wood and cellulose, respectively. Conditions: Tpyrolysis = 500 °C, Tcatalytic = 500 °C,
WHSV = 5.0 h−1. The composition of catalytic and noncatalytic bio-oils produced from (b) pine wood and (c) cellulose. Total aromatics = BTX
and polycyclic aromatics (naphthalene, indene, and their substituted forms). Phenols = phenol and substituted phenols; oxygenates = acids,
aldehydes, ketones, furans, and anhydrosugars.
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noncatalytic pyrolysis tests; it indicates a substantial catalytic
activity of the HZSM-5/Al2O3. Overall, similar trends in
product distribution were observed for pine wood and
cellulose. The organic fractions produced upon pyrolysis are
mostly converted to gas, water, and coke, especially at the
shortest time-on-stream (i.e., highest catalyst/biomass ratio),
in agreement with the literature.6,27,52 Dehydration reactions
are known to be the primary pathway of deoxygenation during
catalytic pyrolysis of biomass,53 particularly when using acidic
zeolite ZSM-5-based catalysts. When the catalyst is at its most
active state (10 min TOS), very similar water yields of 0.31 kg
kg−1 and 0.34 kg kg−1 (on dry feed basis) are obtained for pine
wood and cellulose, respectively. Correcting for thermally
produced water during pyrolysis (see Figure 3 for the thermal
(noncatalytic) water yields), the amounts of water produced at
10 min TOS by catalysis would be 0.16 kg kg−1 and 0.10 kg
kg−1 for pine wood and cellulose, respectively. The hemi-
cellulose and lignin fractions of pine wood thus considerably
contribute to the observed catalytic dehydration, with the
hemicellulose-derived vapors likely contributing the most. In
addition to dehydration, decarbonylation and decarboxylation
reactions also contribute to deoxygenation during biomass
CFP. The formation of noncondensable gases (NCG), in
particular CO and CO2 (see Table S4), during the catalytic
pyrolysis of pine wood seems to primarily originate from the
reactions of the cellulose-derived vapors over the catalyst. This
is evidenced by the substantial increase in the catalytic NCG
yields of cellulose compared to the thermal (i.e., noncatalytic)
NCG yields. In line with this, Wang et al.21 showed that
catalytic COx formation is more prominent for cellulose, if
compared to lignin and hemicellulose. In terms of coke
formation, a slightly higher fraction of feed intake is converted
to coke with pine wood compared to cellulose. This slight
increase may be attributed to lignin-derived vapors coking on
the external surface of the catalyst.22 With increasing TOS, the
product distribution and the yields of individual product
streams converge to the noncatalytic case, indicative of
(partial) deactivation of the catalyst. However, the extent of
the deactivation is not very severe. For instance, with the
sample PW-180 (biomass-to-catalyst ratio of ∼15), the
noncatalytic biomass pyrolysis vapors seem to be still

converted to gas and water. This is in contrast to the literature
where HZSM-5 catalysts are reported to be completely
deactivated at biomass-to-catalyst ratios of around 3 to 4,
indicated by an increase in yields and oxygen contents of the
catalytic liquids to the level of noncatalytic liquids.10,54 The
alumina binder could be causing this delay in deactivation by
virtue of the introduced mesoporosity (see Table 1), similar to
the hierarchical catalysts.55,56 But with the current set of
experiments, however, the reason behind this observation
remains unknown.
The oxygen contents (on a dry basis) versus the carbon

yields of the liquid product streams (aqueous and organic
fractions), an important efficiency parameter,9,57 are plotted in
Figure 4a and highlight two shortcomings of the CFP process.
First, the loss of C in the products of catalytic pyrolysis is
obvious, if compared to the noncatalytic case, and for most
cases not justified by the degree of deoxygenation levels
obtained. Second, catalytic water production during CFP leads
to phase separation in the bio-oil product resulting in aqueous
and organic fractions. The aqueous fractions primarily
contained water-soluble oxygenated pyrolysis products, while
the organic fractions contained aromatic hydrocarbons and
water-insoluble oxygenates. The phase separation in the bio-oil
induced upon CFP will likely increase the downstream
processing costs if both aqueous and organic streams are to
be utilized. The valorization of the aqueous fractions will be of
importance in particular at higher TOS (60 and 180 min),
considering that the C yields in the aqueous and organic
fractions are similar. The C yields of the aqueous phase of CFP
liquids typically range from 3 to 14 wt % in the literature.58

While the C yields of aqueous fractions reported here are at the
higher end of that range, similarly high C yields (around 15 wt
%) for aqueous fractions have been reported recently by
Castello et al.59 The compositions of catalytic and noncatalytic
bio-oils were analyzed by GC/MS (Figures 4b and c) for both
pine wood and cellulose. The total aromatics are the combined
BTX and (substituted) polycyclic aromatic hydrocarbons (e.g.,
naphthalenes), while oxygenates are (non)catalytic products of
biomass pyrolysis. It should be noted that (substituted)
phenols can both be lignin-derived thermal products as well as
result from the reaction of water and aromatic intermediates

Figure 5. Product yields of catalytic fast pyrolysis (CFP) of (a) pine wood and (b) cellulose obtained with the regenerated catalysts at the
experimental conditions of Tpyrolysis = 500 °C, Tcatalysis = 500 °C, and WHSV = 5.0 h−1. NC = Noncatalytic pyrolysis yields.
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under biomass CFP conditions.60 Lower aromatic hydrocarbon
yields were obtained than reported in the literature, which may
be attributed to the high WHSV employed in this work.1,50,61

The precracking activity of the binder, by virtue of its Lewis
acidity, cannot be neglected,26,61−63 as demonstrated by py-
GC/MS tests using a mixture of only the binder (Al2O3) and
cellulose (see Figure S6). Given that only a limited fraction
(<160 g kg−1 in case of pine wood) of the catalytic liquids
could be quantified by GC/MS, it would be reasonable to
assume that a significant fraction of the catalytic liquids is
composed of high molecular weight components. This suggests
that the precracking activity of the alumina binder seems to be
limited under the process conditions investigated. On the other
hand, the molar ratio of methane to light hydrocarbons (C 2s
+ C 3s; see Table S4) is still lower for PW-180 (1.8) than that
of NC-PW (3.3), suggesting that there could still be some
cracking going on even after 180 min time-on-stream. This
form of cracking, however, could be ascribed to both the
cleavage of propenyl structures from lignin-derived molecules
and the cracking of cellulose-derived oxygenates. While the
aromatic hydrocarbons (monoaromatics and polycyclic
aromatics) dominate the liquid product chromatogram at a
short time-on-stream, the composition of organics produced
starts to resemble the noncatalytic cases with increasing TOS,
again in line with (partial) deactivation of the catalyst. The
selectivity toward aromatics production was found to be higher
for cellulose than for pine. Compared to the noncatalytic
results, a higher quality liquid product (i.e., lower oxygen
content, more hydrocarbons) is obtained albeit at the expense
of carbon yields; obviously a significant fraction of carbon in
the feed is converted to coke and COx. While the loss of

carbon through formation of COx is inevitable when the
objective is to deoxygenate the pyrolysis vapors, loss through
coke formation on the catalyst should be avoided and seems to
be the primary obstacle for the CFP process. Because coke
formation not only leads to the loss of feed C but also causes
rapid catalyst deactivation, it increases the operating costs for
the CFP process.

Catalytic Fast Pyrolysis Tests with Regenerated
Catalysts. Catalytic pyrolysis activity after regeneration is
shown in Figure 5, showing that organic product yields are
lower with the regenerated catalysts (specifically at the shortest
TOS). It should be noted that the mass balance closures are
not as good as those obtained with the fresh catalysts (see
Figure 3). The pine wood experiments indicate a clear decrease
in dehydration activity at higher TOS, possibly due to the loss
in acid sites following regeneration (see Figure 10). Addition-
ally, lower coke yields were obtained which may be attributed
directly to the slight decrease in Brønsted acid sites.
Overall, the carbon yield and oxygen content of the liquid

products (Figure 6a) suggest that the loss of acid sites
observed after one reaction/regeneration cycle does not affect
the overall product composition drastically, however. In
general, the trends observed with the fresh catalysts seem to
prevail with the regenerated catalysts. The organic fractions
obtained with the regenerated catalysts materials (shown in
Figure 6b and c) contained 5−15% fewer aromatic hydro-
carbons. Such a small decrease in aromatic hydrocarbons
production upon catalyst regeneration is in line with previous
reports.33,64 The rapid deactivation and reduced performance
already after one reaction/regeneration cycle suggest that a
frequent addition of fresh makeup catalyst to the reactor would

Figure 6. (a) Oxygen content (dry basis) and carbon yield of bio-oil fractions obtained upon ex-situ catalytic fast pyrolysis (CFP) of pine wood and
cellulose with regenerated catalysts. Aqueous fractions at 10 min TOS are not included in the plot as they contain mostly water (>0.97 g g−1). NC-
PW (●) and NC-CELL (▲) values in the plot represent the noncatalytic pyrolysis yields of pine wood and cellulose, respectively. Conditions:
Tpyrolysis = 500 °C, Tcatalytic = 500 °C, WHSV = 5.0 h−1. The composition of catalytic and noncatalytic bio-oils produced from (b) pine wood and (c)
cellulose. Total aromatics include benzene, toluene, xylene, and polycyclic aromatics such as naphthalene, indene, and their substituted forms.
Phenols include phenol and substituted phenols and the oxygenates include acids, aldehydes, ketones, furans, and anhydrosugars.
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be required for long-term CFP operation. As shown in the
previous sections, formation of carbon deposits on catalysts
during CFP is directly correlated with the reaction conditions
and feedstock used,65 leading to a temporary deactivation of
the catalyst materials. Regardless of regeneration, catalyst
performance remains affected to a certain extent.50,66

Characterization of Spent Catalysts. Cellulose fast
pyrolysis primarily produces levoglucosan and other small
oxygenates (e.g., glycolaldehyde) in the bench-scale setup
employed. The kinetic diameter of levoglucosan (0.67 nm) is
reported to be slightly larger than the pore diameter of ZSM-5
(0.63 nm),67 but levoglucosan may undergo dehydration
reactions on the surface of the catalyst to produce smaller furan
compounds which could easily diffuse into the pores of the
catalyst.21,68 In addition, hemicellulose-derived vapors would
be composed of monomeric (anhydro)sugars and their
defragmentation products, which can also diffuse easily into
the pore network of the catalyst. However, the lignin-derived
fraction of the vapors, which could correspond to up to 15% of
pine wood vapors,69 would next to phenolic monomers also
contain oligomeric species. It is this relatively small fraction of
oligomeric lignin species that could cause differences between
the behavior of pine wood and cellulose vapors. While being
larger than the pore diameters of the catalyst, these lignin
oligomers will be condensed and/or cracked on the external
surface of the catalyst.
Previous studies have demonstrated that an increase in coke

contents correlates positively with a decrease of acidity and
porosity.70,71 In Figure 7, the coke content, the acidity, and the
porosity of the spent extrudates are plotted as a function of
TOS. Pine wood CFP leaves more coke on the spent catalyst
extrudates. Independently of the quantity of coke formed for

each feedstock, the decrease in the amount of acid sites occurs
at a similar pace (Figure 7b). However, the micropores (Figure
7c) seems to be blocked faster with cellulose derived pyrolysis
intermediates, in particular at the shortest TOS. While the
coke content of the sample CELL-10 is ca. 30% lower than that
of PW-10, a higher percentage of original micropore area is
retained with the sample PW-10 (61% vs 52%). Additionally,
the final values for the remaining micropore area and acid sites
are lower in the CELL-180 than in the PW-180 (Table S2).
Lignin-derived oligomers present in the pine wood vapors thus
seem to block the external surface of the catalyst, restricting the
access of small-sized (hemi)cellulose derived vapor phase
compounds to the micropores. In contrast, during the CFP of
cellulose, coke deposits appear to predominantly form in the
zeolite micropores due to the unrestricted access of the small-
sized cellulose-derived monomers, in line with recent
observations.22 Temperature Programmed Oxidation (TPO)
analysis provided information on the carbonaceous deposits on
and in the catalyst extrudates (Figure S3). At first glance, the
MS profiles of all the samples display a similar pattern,
revealing that the nature of coke does not depend on the type
of feedstock (e.g., pine wood or cellulose) used, but only on
the time on stream. As shown in other studies, CO2 formation
profiles may be used to determine the nature10,72−77 or the
location56,72−74,78 of the coke in the catalyst. By monitoring
CO2 desorption profiles together with the H2O desorption
profiles, a more accurate estimation about the nature of the
carbon deposits (e.g., soft or hard coke) can be obtained,1,76

essential formation in order to determine the most efficient
regeneration conditions (e.g., temperature, time). While soft
coke species were observed in all spent samples, their share in
overall coke species seemed to increase with increasing TOS as

Figure 7. (a) Coke content, (b) total number of acid sites, and (c) micropore area from spent catalyst obtained at different time-on-stream (TOS)
after catalytic fast pyrolysis (CFP) of pine wood (PW) and cellulose (CELL).

Figure 8. 27Al solid state nuclear magnetic resonance (ss-NMR) spectra of (a) spent extrudates obtained after catalytic fast pyrolysis (CFP) of pine
wood and (b) spent extrudates obtained after CFP of cellulose.
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previously noted.31 Additionally, after curve fitting of the CO2
desorption profiles, we could clearly distinguish three
secondary desorption regions revealing information about the
location of the coke species on and in the catalyst extrudates.
These distinct CO2 desorption regions showed that the coke
species are present on the alumina binder (or on the external
surface of the zeolite crystals),74 at the pore mouth of the
zeolite micropores78 and on the catalytic sites of the
micropores of the zeolites (see description in section 1.2 in
Supporting Information). The intensities of these secondary
CO2 desorption regions suggest that, at higher TOS, the ratio
between thermal coke and catalytic coke seems to increase.
When catalysts remain for a longer time on stream, the amount
of catalytic coke formed is limited because of a reduction in the
number of active sites, as also observed by other authors.56 At
the same time, the quantity of thermal coke keeps increasing,
even at the highest TOS, because its production is determined
by noncatalytic condensation of oxygenated compounds. The
formation of catalytic (hard) coke seems to start immediately
upon the contact of pyrolysis vapors with the catalyst. The
harsh, high T conditions required to remove such catalytic
(hard) coke are expected to negatively affect the structure and
the composition of the technical catalyst, for example leading
to severe dealumination and dehydroxylation.31,76

The ss-NMR spectra of the spent samples showed a decrease
in intensity and a notable broadening and shift toward lower
chemical shifts above 50 ppm with increasing TOS (Figure 8a
and b). As indicated by changes in the signal at 55 ppm, the
loss of BAS is more substantial when using cellulose as the
feedstock for pyrolysis. This observation is in accordance with
the drop in micropore area shown in Figure 7c. This, together
with the broadening and small shift to lower values of the 68
ppm peak, may be attributed to a structural change in the Al
environment (poisoning and dealumination) caused by the
formation of coke species.79

Confocal fluorescence microscopy (CFM, Figure S4a)
provided insight into the spatial distribution of different
carbon deposits over the extrudate.80−82

Fluorescence microscopy images of a cross section of PW-10
and CELL-10 spent catalyst materials and the corresponding

magnifications are shown in Figure 9a and b. Almost no
fluorescence was emitted from the cross-section of spent
extrudates obtained at higher TOSs (i.e., 60 or 180 min),
because of the higher concentration of condensed graphite-like
coke species throughout the extrudate. Carbon deposits could
be distinguished by size and nature83,84 when illuminated with
488 and 642 nm lasers simultaneously, in the cross section of
PW-10 and CELL-10 (Figure S4b and c). According to
previous works,18,85 the 488 nm laser only excites small
aromatic species emitting green fluorescence (simple con-
jugated systems/rings; e.g., single aromatic carbocationic
rings), while the 642 nm laser excites larger aromatic species
emitting red fluorescence (≥2 aromatic carbocationic rings).
Larger conjugated species (e.g., >3 aromatic rings) cannot be
formed because the size of these species is much larger than
the zeolite internal structure.86,87

For both spent extrudates a dense, nonfluorescent external
layer of coke can be observed, corresponding to graphitic coke.
Smaller coke species are detected over the cross-section for
PW-10 than for CELL-10, with the latter also showing bigger
aromatic carbon species in the core of the extrudate particle.
For both samples, when going from the edge to the center of

the extrudate, a thin green layer followed by a pale orange
domain located in the center can be discerned in Figure 9a,
corresponding to a transition from a region where small
conjugated species dominate (benzene- and/or naphthalene-
like carbocations) to one where larger conjugated species do
(naphthalene- and/or pyrene-like carbocations).18 The more
intense orange/red inner ring in CELL-10 (Figure 9b)
indicates the higher concentration of larger carbocations
compared to PW-10, suggesting that cellulose vapors diffuse
more easily through the extrudate pores due to their smaller
size. Eventually, these species react and form larger aromatics,
becoming larger coke deposits. The thicker external layer of
condensed coke seen for PW-10, again, suggests that the larger
molecules in its vapors condense and oligomerize mostly at the
external surface.22

According to the observations made by Whiting et al.,18

molecules enter the catalyst pores and as they diffuse through
the catalyst extrudate, they undergo cracking and oligomeriza-

Figure 9. Confocal fluorescent microscopy (CFM) images obtained after irradiating the cross section of spent catalyst after 10 min time-on-stream
(TOS) with 488 and 642 nm lasers after catalytic fast pyrolysis (CFP) of (a) pine wood (PW-10) and (b) cellulose (CELL-10).
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tion reactions over time to form polyaromatic or conjugated
species. If a transport barrier is present at a certain location
inside the extrudate (e.g., pore narrowing), these enlarged
species will be unable to diffuse out of the interior again.
Instead, they will accumulate in the central part of the catalyst
body. As shown in Figure S2, both zeolite and alumina
domains are distributed evenly over the entire volume of the
catalyst particle, suggesting that the intrinsic catalytic activity
must be the same and comparable all along the catalyst
extrudates. Diffusion limitations of the various pyrolysis vapors
(size-dependent barrier) are therefore most likely the main
reason for the observed circular fluorescent microscopy
patterns. A possible and fast solution one can think of is the
partial enlargement of the microporous structure to avoid mass
transfer limitations. However, it is not an easy task as previous
investigations on the incorporation of mesopores to MFI
zeolites have revealed it to negatively affect aromatics
selectivity, with the enlarged pore network leading to more
coke formation instead.55,56

Characterization of Regenerated Catalysts. Regener-
ation of the spent catalysts by two-step calcination completely
restored the textural properties of the catalysts used for pine
wood CFP (Table S3), while some surface area loss was noted
for spent cellulose CFP catalyst.
In Figure 10, the number and type of acid sites and the 27Al

ss-NMR spectra of the regenerated extrudates are shown.
NH3-TPD and pyridine FT-IR analyses show that the total

acidity could not be completely restored by the applied
regeneration process, showing a slight drop in acidity for all
samples (Figure 10a, b, and c). A more pronounced loss of
Lewis acid sites (LAS) is seen for the regenerated CELL
extrudates, as also evidenced by a decrease in intensity shown
in the ss-NMR spectra for the Al (VI) sites at 0 ppm (Figure

10e). In contrast, for Brønsted acidity, a larger drop is observed
for the CELL batch than for the PW batch at short TOS, likely
as a result of partial restoration or partial dealumination of the
zeolite. The NMR spectra of the regenerated extrudates still
show a lower intensity for the peak at 55 ppm compared to the
fresh extrudates. In the case of dealumination, it is noteworthy
that the loss of catalyst acidity is dependent on (a) the type of
pyrolysis feedstock (either being pine wood or cellulose) and
(b) the time on stream during CFP.
The lower acidity values could be a cause of dealumination

due to the high temperatures used during calcination, because
coke deposits were reported to be efficiently removed from
ZSM-5-based catalyst extrudates at calcination temperatures
around 500 °C.31 If dealumination is one of the causes, that
will imply that acid sites are being lost as a result of the CFP
process (500 °C) and of the regeneration process itself (600
°C). However, other authors reported that regeneration of
catalysts consisting of ZSM-5 need at least calcination
temperatures around 650 and 700 °C to fully restore porosity
and acid sites after biomass CFP.76 On the basis of our results,
we believe that the lower acidity values obtained from our
regenerated catalysts are most likely an indication that a partial
regeneration has taken place instead of a partial dealumination,
since our technical and shaped system is slightly more robust
(HZSM-5/Al2O3) than pure ZSM-5 powder. Although, further
experiments are required to confirm this hypothesis.

■ CONCLUSIONS

The performance of an Al2O3-bound ZSM-5-based technical
catalyst has been assessed in the ex situ CFP of pine wood and
cellulose. Postextrusion characterization of the technical
catalyst indicated the effective dilution of the bulk zeolite’s
catalytic activity. However, the size of the meso- and

Figure 10. Total number of acid sites (a) of the regenerated extrudates was obtained by NH3-TPD. (b) The total number of Lewis acid sites and
(c) the total number of Brønsted acid sites available after regeneration were calculated after pyridine adsorption and FT-IR measurements. 27Al ss-
NMR spectra of the regenerated catalyst after one cycle for (d) the CFP of pine wood and (e) the CFP of cellulose.
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macropore domains observed within the catalyst extrudates
might be too small to accommodate the large aerosols ejected
during pyrolysis of biomass. Catalytic pyrolysis product yields
and composition converged to that of noncatalytic pyrolysis
with increasing time-on-stream as a result of catalyst
deactivation by coking. In agreement with previous reports,
coking seems to be the primary challenge for the CFP process,
leading to both a loss of carbon and catalyst deactivation.
Interestingly, the Lewis acid sites of the alumina binder also
exhibited catalytic activity, highlighting the importance of
binder selection in future studies. Multitechnique character-
ization of spent catalysts showed subtle differences between
pine wood and cellulose CFP, suggesting that the constituents
of the lignocellulosic biomass coke differently. While small
oxygenates (mostly derived from cellulose) form catalytic coke
via ring-growth reactions inside the micropores of the catalyst,
large oligomeric species (mostly derived from lignin) appear to
form thermal coke on the binder and the external surface of the
zeolite. The catalytic coke, known to be refractory to
regeneration, starts to form immediately upon contact of the
pyrolysis vapors with the catalyst. The thermal coke can be
removed easily by regeneration; however, its presence blocks
the access of small molecules to the active sites of the catalyst.
Following catalyst regeneration, irreversible chemical changes
in the catalyst structure (e.g., decrease in the aluminum
content) were observed for both feedstock types, causing a loss
of activity even after a single reaction/regeneration cycle. In
conclusion, the feed-dependent interplay of mass transfer
limitations and CFP chemistry appears to govern the CFP
process. This complexity makes it very challenging to design a
zeolite-based catalyst capable of efficiently converting biomass
pyrolysis vapors to hydrocarbons.
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