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gNMR Spectroscopy, Bijvoet Center for Biomolecular Research, Utrecht University, Padualaan 12, 3584 CH Utrecht, the Netherlands
hOrganic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, the Netherlands
a r t i c l e i n f o

Article history:
Received 17 June 2019
Revised 16 September 2019
Accepted 12 October 2019
Available online 15 November 2019

Keywords:
Catalytic pyrolysis
Biomass
Zeolite ZSM-5
Catalyst deactivation
Catalyst extrudates
a b s t r a c t

A major issue in the catalytic fast pyrolysis (CFP) of biomass is the rapid deactivation of the typically
employed zeolite-based catalysts. Detailed understanding of the deactivation pathways and the type
and location of coke deposits are essential for the further development of improved or new catalyst mate-
rials, including appropriate regeneration protocols. Such deactivation and regeneration studies focus
almost invariably on small-scale CFP reactor units employing catalyst materials in powder form. In this
study, we report the in-depth characterization of deactivated and regenerated ZrO2-promoted zeolite
ZSM-5 catalyst extrudates after ex-situ CFP tests carried out in a bench scale reactor. The findings support
that coking is the main reason for catalyst deactivation, i.e. for the observed decreased activity in cracking
and deoxygenation. Post-mortem characterization by confocal fluorescence microscopy reveals an egg-
shell spatial distribution of the coke deposits within the catalyst extrudates. These deposits are heavily
poly-aromatic in nature. The majority of the coke build-up occurs in the first 20 min of the reaction
and is formed on the strong Brønsted acid sites, which promote deep deoxygenation and cracking.
With increasing time-on-stream, the coke deposition slows down, occurring now mainly on the external
surface of the zeolite to generate a softer, i.e. more hydrogen-rich, coke on the ZrO2 domains. The catalyst
is readily regenerated via thermal oxidation in air, with optimal regeneration at 500 �C. This temperature
removes all coke deposits, with no detrimental effect on the catalyst’s structural, textural and acid (type
and strength) properties.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Catalytic fast pyrolysis (CFP) of biomass is considered as one of
the most promising thermochemical routes for the production of
2nd generation biofuels with satisfactory quality at high liquid
yields [1]. The process can be operated in two main configurations:
in-situ, where the catalyst is placed in the pyrolysis reactor and
acts also as the heating medium, and ex-situ, where the catalytic
upgrading of the thermally-generated biomass pyrolysis vapors
takes place in a second reactor closely coupled to the pyrolyzer.
The latter approach has received significant attention in the last
years due to the possibility of individually optimizing the two
steps [2]. Ex-situ CFP is also an effective way to avoid the poisoning
of the catalyst from biomass-derived metals, as the metals are typ-
ically retained in the char produced thermally in the first reactor
[3]. A plethora of catalytic materials, such as zeolites, mesoporous
materials with uniform pore size distribution (i.e., MCM-41, MSU,
and SBA-15), microporous/mesoporous hybrid materials optionally
doped with noble and transition metals, and base catalysts have
been investigated as candidates for biomass pyrolysis, with zeolite
ZSM-5 being the most widely studied material [4].
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One of the main drawbacks of using zeolites as catalysts in bio-
mass CFP is their fast deactivation. During the course of the reac-
tion, the catalysts rapidly deactivate due to pore blockage, active
site poisoning, mineral deposition, dealumination and mechanical
instability and require appropriate regeneration [5,6]. To gain
detailed insight into the operational deactivation phenomena,
extensive characterization of the nature and location of the coke
deposits and the chemical changes that occur in the catalyst mate-
rial is required. Such knowledge is essential to guide the design of
the next generation catalyst materials and the related conversion
process, such as the type of the catalytic reactor (fixed vs. fluidized
bed) and the size and operating conditions of the regenerator,
parameters that significantly affect the overall economics of the
catalytic process. Although this topic has been extensively studied
in the case of catalysts used in petrochemical refining [7–10], the
deactivation/regeneration of biomass pyrolysis catalysts has
received much less attention and the mechanism of zeolite deacti-
vation in biomass upgrading is not yet fully understood.

Vitolo et al. [11] studied the recyclability of a zeolite ZSM-5 cat-
alyst in the upgrading of wood-derived pyrolysis oil in a fixed bed
reactor at 450 �C. Repeated upgrading/regeneration cycles showed
that the catalyst gradually deactivates after each cycle and loses its
activity irreversibly after five such cycles. The loss of activity was
mainly connected with the loss of strong acid sites, even at low
regeneration temperature (500 �C), due to local hot spots in the
regeneration bed. Similar results were also obtained over a zeolite
USY catalyst employed for the CFP of lignin [12]. Although regen-
eration restored porosity and acidity to a large extent, deactivation
was not completely reversible because of structural changes in the
catalyst during the regeneration process. In addition, Wan et al.
[13] showed that the density of acid sites in zeolite ZSM-5 plays
a critical role in catalyst stability, with lower Si/Al ratios leading
to increased catalyst deactivation rates. Yung et al. [14] investi-
gated the effect of regeneration temperature on the properties
and activity of ZSM-5 (Si/Al = 15) in order to understand the effec-
tive conditions to regenerate zeolites in CFP. Oxidative treatment
at high temperatures (650 and 700 �C) fully regenerated the cata-
lyst, which maintained its catalytic performance over several reac-
tion/regeneration cycles on a micro-scale reactor. Lower
regeneration temperatures, i.e. 550 �C and 600 �C, required longer
regeneration times and in the case of regeneration at 500 �C, the
catalyst activity was not fully restored due to remaining coke
species.

Characterization of the nature of the coke deposited on zeolite
ZSM-5 [15] and Ni-modified zeolite ZSM-5 [16] during the upgrad-
ing of bio-oil, co-fed with methanol, to hydrocarbons showed the
coke to be heterogeneous, depositing on both the external and
internal zeolite surface. Most of the coke was found to be deposited
outside the zeolite crystals and consisted of oxygenates and
oxygenated-aromatics, formed from the polymerization of lignin-
derived products in bio-oil. Mukarakate et al. [17], who investi-
gated the conversion of pine pyrolysis vapors over fixed beds of a
zeolite ZSM-5 catalyst as a function of catalyst deactivation, also
concluded that coking initially occurs on the outside of the cata-
lyst, leaving the micropores largely intact. It was also shown that
the amount of oxygen in the upgraded reaction products was
related to the level of deactivation of the ZSM-5 catalyst.

All of the above highlight the importance of understanding the
type and location of coke deposits in biomass pyrolysis catalysts to
employ appropriate regeneration protocols that can recover the
initial catalyst properties and activity. Most of the cited studies,
however, were conducted in small-scale pyrolyzers or micro-
reactors using small amounts of catalysts in their powdered form.
Commercial operation would require shaped catalyst bodies, such
as extrudates and tablets, for which the modes of catalyst deactiva-
tion can differ substantially. Comparison of tablet-shaped and
ring-shaped Pt/CeO2/a-Al2O3 catalyst materials in natural gas
steam reforming, for example, showed the latter to perform signif-
icantly better both in initial activity and deactivation resistance
[18]. Bobadilla et al. [19] investigated the influence of the shape
of Ni catalysts in glycerol steam reforming. Although the initial
activity was the same for all samples, powders and egg-shell pel-
lets were found to deactivate much faster than monoliths. These
variations were attributed to the different degrees of coking, with
the monolith exhibiting much lower coke formation and pore
blockage than the other two solids.

Not only the shape, but also the binder element used to mold
the catalyst system into shape can significantly influence catalyst
properties and hence performance, including stability. Ibáñez
et al. [20] reported the transformation of chloromethane into ole-
fins by technical catalysts consisting of zeolite ZSM-5 extruded
with bentonite and Al2O3 as binders. Regeneration in air at
550 �C showed that deactivation by coke is reversible but only if
a maximum reaction temperature of 400 �C is employed; for reac-
tions carried out at higher temperature additional dealumination
by formed HCl leads to irreversible deactivation. Evaluation of
HZSM-5 (Si/Al = 15) catalysts with different binders (alumina, sil-
ica, and clay) in the upgrading of pine pyrolysis vapors on a
micro-scale analytical Py-GCMS/FID [21] showed that the catalyst
with alumina gives higher coke yields and exhibits faster deactiva-
tion than clay and silica-containing catalysts. This was attributed
to the additional acidity provided by alumina. Hutchings et al.
[22] investigated the effect of temperature, time and atmosphere
on the regeneration of extruded zeolite H-Y catalysts and found
the application of oxygen at temperatures of 450–500 �C to be
most efficient when considering the extent of carbon removal.
Milder regeneration conditions, however, avoided irreversible dea-
lumination by the gases formed upon burning and were preferred
over the harsh regeneration conditions that readily remove coke,
but inevitably damage the catalyst structure, ultimately extending
the lifetime most. In a recent work, Whiting et al. investigated the
deactivation of zeolite ZSM-5 in combination with a clay mineral
as binder material, namely kaolinite or bentonite, for the
methanol-to-hydrocarbons reaction [23]. Using confocal fluores-
cence microscopy in combination with fluorescent dyes of different
molecular sizes, it was possible to spatially map the gradual forma-
tion of different types (and growing molecular size) of coke (pre-
cursor) deposits within the zeolite-clay catalyst extrudates with
increasing time-on-stream. A relationship between decreasing
pore accessibility and increasing catalyst deactivation rate was
reported.

In this work, we investigate the deactivation phenomena in the
ex-situ catalytic fast pyrolysis (CFP) of wood-based biomass at
bench scale over shaped ZrO2-promoted nanocrystalline zeolite
ZSM-5 catalyst extrudates agglomerated with attapulgite as the
clay binder material. We have previously shown the remarkable
performance of ZrO2/n-ZSM-5 in biomass catalytic pyrolysis as a
result of a balanced combination of accessibility for bulky mole-
cules (due to its nanocrystalline nature) and acidic properties
[24]. Modification of the zeolite’s acidity by incorporation of ZrO2

effectively decreases the extent of secondary reactions, such as
severe cracking and coke formation, and promotes the conversion
of the oligomers formed initially by lignocellulose pyrolysis.
Agglomeration of ZrO2/n-ZSM-5 with attapulgite considerably
enhances the bio-oil deoxygenation activity in comparison with
the binder-free material, due to the good balance between acid
and basic sites in the technical catalyst [25]. Here, deactivated
ZrO2/n-ZSM-5-ATP catalyst extrudates obtained from bench scale
tests after different pyrolysis times are regenerated at three differ-
ent temperatures. The fresh, used and regenerated catalyst materi-
als are characterized extensively. Special attention is paid to the
formation of coke deposits within deactivated samples, analyzed
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by both bulk thermochemical analyses and by post-mortem spatial
examination with confocal fluorescence microscopy to assess both
the origin of deactivation of tailored zeolite extrudates exposed to
biomass pyrolysis vapor upgrading and the influence of the differ-
ent regeneration protocols on the catalyst properties.
2. Experimental

2.1. Catalyst materials and synthesis

The catalyst material used for the study was a 10 wt% ZrO2-
promoted zeolite ZSM-5 catalyst (with a Si/Al ratio of 45) agglom-
erated with 30 wt% attapulgite in an extrudate form. ZrO2 impreg-
nation was carried out by diluting zirconyl (IV) nitrate hydrate
(Acros, 99.5%) in distilled water at 40 �C under continuous stirring.
Once dissolved the zeolite ZSM-5 was added by doses, and the sus-
pension was stirred at 60 �C for 12 h. The viscous paste was subse-
quently transferred to a drying plate inside an oven, at 100 �C. Once
dry, it was crushed, milled and homogenized. Calcination was car-
ried at 450 �C for 3 h in air. The powder was then mixed with atta-
pulgite and water was slowly added to perform the agglomeration.
When the extrusion was completed, the catalyst extrudates were
sieved and dried in a fluidized bed dryer. After drying, sieving
was performed to remove any remaining fines. Finally, the catalyst
extrudates, in the shape of cylinders with 3 mm diameter and 5–
6 mm length, were dried in an oven for 3 h and calcined at
550 �C for 3 h in air.
2.2. Bench scale catalytic pyrolysis of biomass

The catalyst deactivation studies were carried out in a fully
automated continuous biomass pyrolysis bench scale unit, shown
schematically in Fig. S1. The unit consists of two reactors, a flu-
idized bed and a fixed bed reactor, connected in series. The first
reactor is used to perform the thermal pyrolysis step of the process,
while in the second reactor the catalytic upgrading of the biomass
pyrolysis vapors takes place. The feedstock employed was a typical
lignocellulosic biomass (oak) supplied by ENCE in Spain with the
following properties: Moisture 8.6 wt%; ash 0.6 wt% d.b.; C
49.6 wt% d.b.; H 5.9 wt% d.b.; O 43.9 wt% d.b. by difference.

Biomass was introduced in the fluidized bed reactor through a
screw feeder at a feed rate of 5 g/min. At the same time, N2 was
inserted at the bottom of the reactor to achieve fluidization. The
reactor was loaded with silica sand used as inert material and
was heated by an external furnace at 550 �C, with the temperature
being controlled by suitable thermocouples. The pyrolysis vapors
produced in the first reactor during the thermal pyrolysis were
introduced into the second reactor, loaded with 25 g of the ZrO2/
n-ZSM-5-ATP catalyst extrudates. The upgrading reactor was
heated by a different furnace up to 450 �C and the exit stream
was directed to the product separation and collection section of
the unit. In all tests, the liquid and gaseous products were sepa-
rated, collected and measured.

The liquid product was collected in two separate vessels and
was analyzed after mixing into a single sample. The water content
of the bio-oil was determined by Karl-Fischer titration (ASTM
D6304). Carbon and hydrogen were determined concurrently in a
LECO-800 CHN analyzer, measured as CO2 and H2O by selective
infrared cells (detectors). The oxygen content was calculated by
difference. The organic phase of the bio-oil was analyzed by GC–
MS using an Agilent 7890A/5975C gas chromatograph-mass spec-
trometer system (Electron energy: 70 eV; Emission: 300 V; Helium
flow rate: 0.7 cm3/min; Column: HP-5MS (30 m � 0.25 mm
ID � 0.25 lm)). Internal libraries were used for the identification
of the compounds found in the bio-oil and their categorization into
main functional groups. The analysis performed was semi-
quantitative and the results refer to the relative area of the peaks
of the different compounds in the chromatograph. Gases were ana-
lyzed in a GC (determination of CO2, CO, H2, CH4, C2, C2

=, C3, C3
= and

other light hydrocarbons up to C6), while solid products (char &
coke) were measured together during the regeneration stage, by
replacing the nitrogen in the bed with air and increasing the bed
temperature of both reactors up to 650 �C.

In order to investigate the deactivation of the catalyst, biomass
pyrolysis tests with ex-situ upgrading were performed at two dif-
ferent run times, namely 20 and 40 min time-on-stream, at con-
stant reaction conditions (WHSV = 12 h�1 and P = 1 bar). Three
repetitive experiments were conducted for each run time. The
mass balance of the catalytic pyrolysis tests was better than 90%.
In the last test of each series, the catalyst material was not regen-
erated and the reactor was cooled under nitrogen to collect the
deactivated catalyst extrudates. The fresh and deactivated samples
from the two runs at 20 and 40 min are denoted as Fresh, Used20
and Used40, respectively.

2.3. Catalyst regeneration

The deactivated ZrO2/n-ZSM-5-ATP catalyst extrudates after
20 min and 40 min time-on-stream in continuous biomass pyroly-
sis tests with ex-situ upgrading were regenerated at three different
temperatures, 400 �C, 500 �C and 600 �C, for 3 h (heating rate: 5 �C/
min), in a furnace with static air. The regenerated samples are
denoted as RegX_T, where X is 20 or 40 (for pyrolysis time of
20 min and 40 min, respectively) and T the regeneration
temperature.

2.4. Catalyst characterization

Transmission Electron Microscopy (TEM) images of fresh, used
and regenerated catalysts were taken on a Tecnai 20 (FEI,
200 kV) transmission electron microscope. Samples were depos-
ited on Cu with C coating TEM grids, after grinding and suspending
in ethanol. One representative TEM image, from an average of
10–16 pictures taken from random locations, is shown per sample,
with additional TEM images included in the SI.

Surface areas of the samples were determined by N2 adsorption
at �196 �C, using the multipoint BET analysis method, with an
Autosorb-1 Quantachrome flow apparatus. Prior to the measure-
ments, the samples were dehydrated in vacuum at 450 �C over-
night. The Brunauer–Emmet–Teller (BET) equation was used to
calculate the apparent surface area (SBET), while the micropore vol-
ume (Vmicro) and the external surface (Sext) were calculated using
the NLDFT model.

X-ray diffraction (XRD) measurements were performed using a
SIEMENS D-500 diffractometer employing CuKa1 radiation
(k = 0.15405 nm) and operating at 40 kV and 30 mA. The XRD pat-
terns were accumulated in the 2h range of 5–80� with a 0.02� step
size and a counting time of 2 s per step.

27Al magic angle spinning solid-state nuclear magnetic reso-
nance (MAS ssNMR) experiments were performed at 11.7 T on a
Bruker Avance III spectrometer equipped with a 3.2 mm MAS
probe. The ssNMR spectra were recorded at ambient temperature
using 15 kHz MAS. An RF field of 50 kHz was used for the 27Al
p/12 pulse followed by 26 ms acquisition. 10,240 scans were accu-
mulated using an inter-scan delay of 1 s. The 27Al chemical shift
was externally referenced to aluminum nitrate (Al(NO3)3(aq)).
The 1D spectra were processed using a line-broadening of
100 Hz. A zero-quantum (ZQ) filtered multiple-quantum magic
angle spinning (MQ-MAS) pulse-sequence was used to correlate
the 27Al isotropic chemical shift (F1) with the quadrupolar line-
shape (F2). The excitation and conversion pulses were applied with
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an RF field of 62 kHz. For the selective pulse following the Z-filter
delay, an RF field of 6.5 kHz was used. The incrementation time
for the indirect dimension was set to one rotation period and 36
increments were recorded. The direct acquisition time was set to
2.5 ms and 240 scans were accumulated using an inter-scan delay
of 2 s. MQ-MAS data were Fourier Transformed and sheared using
the software of Bruker Topspin3.5 and 250 Hz line-broadening was
applied in both dimensions.

FT-IR spectra after pyridine adsorption were collected using a
Nicolet 5700 FT-IR spectrometer (resolution 4 cm�1) by means of
OMNIC software. Data processing was done with the GRAMS soft-
ware. All samples were finely ground in a mortar and pressed into
self-supporting wafers (15 mg/cm2). The wafers were placed in a
homemade stainless steel, vacuum cell, with CaF2 windows. High
vacuum was reached by means of a turbomolecular pump and a
diaphragm pump placed in line. The infrared cell was equipped
with a sample holder surrounded by a heating wire for the heating
steps and connected to a heated vacuum line, to avoid pyridine
condensation or adsorption on the walls. Before FT-IR analysis,
all samples were heated up to 450 �C under high vacuum (10�6

mbar) for 1 h in order to desorb any physisorbed species. All spec-
tra were collected at 150 �C in order to eliminate the possibility of
pyridine condensation. Adsorption of pyridine was realized at
1 mbar by equilibrating the catalyst wafer with the probe vapor,
added in pulses for 1 h. The desorption procedure was monitored
by stepwise evacuation of the sample for 30 min at 150, 250, 350
and 450 �C and subsequent cooling to 150 �C, recording the corre-
sponding spectrum after each step. These temperatures represent
the very weak, weak, medium and strong acid sites, respectively.
The amount of acid sites was calculated using the Lambert-Beer’s
law and the appropriate molar extinction coefficients, using the
1450 cm�1 and 1545 cm�1 bands for the Lewis and Brønsted acid
sites, respectively [26–28].

The carbon and hydrogen content of all catalyst samples was
determined by elemental analysis using a LECO-800 CHN analyzer.
The nature of coke deposits on the used samples was analyzed with
temperature programmed oxidation (TPO) and isothermal oxida-
tion (IO) in a home-made gas flow system equipped with a quadru-
pole mass analyzer (Omnistar, Balzers). Typically, the ground
catalyst sample (100 mg) was placed in a quartz reactor. For the
TPO tests, the temperature was raised from room temperature to
800 �C with a heating rate of 3 �C/min in air flow (100 cm3/min)
and was maintained constant at 800 �C for 30 min. For the isother-
mal tests, the temperature was raised to the desired temperature
under inert atmosphere and the flow was then switched to air
(100 cm3/min) for 3 h. In both cases, the main (m/z) fragments reg-
istered were: CO2 = 44, CO = 28, H2O = 18, CH4 = 16 and He = 4.

Confocal fluorescencemicroscopy images of the used and regen-
eratedcatalystmaterialswereacquiredwithaNikonEclipse90i con-
focalmicroscopewith a 100 � 0.73NAdry objective. Excitation light
was provided by focusing three specific laser lines, i.e., 488, 561 and
642 nm, simultaneously on the desired sample, located in an open
cell (Linkam Instruments, FTIR 600). The microscope was equipped
with aNikonA1 scanhead, accommodating the optics,which couple
fiber optics for excitation and emission light microscope. A spectral
analyzer in the Nikon A1 systemwas equippedwith 32 photomulti-
plier tubes (PMTs) set to collect emission light in the region of ca.
450–700 nm, with a resolution of 6 nm.
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Fig. 1. Pyrolysis product yields at run time 20 min (WHSV = 12 h�1, B/C = 4).
3. Results

3.1. Bench scale ex-situ catalytic pyrolysis of biomass

The performance of the ZrO2-modified zeolite n-ZSM-5 extru-
dates in the ex-situ catalytic fast pyrolysis (CFP) of oak was initially
assessed in a bench scale unit for 20 min run time at WHSV 12 h�1

and a total biomass to catalyst (B/C) ratio of 4. The yields of the dif-
ferent reaction products are shown in Fig. 1. It should be noted that
at least three tests were performed at each condition and averaged
results are presented. The three repetitive experiments were per-
formed with the same catalyst batch after a regeneration cycle in
40% O2/N2 at 600 �C. The variation in the performance was within
experimental error, already signifying the robustness of the mate-
rial after regeneration. A bio-oil yield of about 43 wt% is obtained
with a water content of 18 wt%. The rest of the reaction products
consist mainly of COx gases and solid by-product (char/coke). The
high yield of decarboxylation and decarbonylation products
demonstrates the high activity of the nanocrystalline ZSM-5 based
catalyst in the upgrading of biomass pyrolysis vapors. This is also
confirmed by the quality of the produced bio-oil, since the oxygen
content in the organics is equal to ~ 23 wt%. Semi-quantitative
analysis of the organic phase of bio-oil by GC–MS shows that the
bio-oil consists mostly of oxygen-free mono-aromatics, with the
rest of the compounds being mainly phenols and poly-aromatic
hydrocarbons (Fig. S2).

To investigate catalyst stability, tests were performed at run
times of 20 min and 40 min time-on-stream. The catalyst gradually
lost cracking and deoxygenation activity, in agreement with previ-
ous reports [6,29]; this is evidenced by the increase in the organic
liquid product, having a higher oxygen content, and the large
decrease in water yield (Fig. 2). The amount of coke deposited on
the catalyst surface also increased proportionally, already suggest-
ing that catalyst deactivation is possibly related to coking [30]. The
total gas yield remained more or less constant with increasing
time-on-stream (not shown), but did show changes in composi-
tion. As summarized in Fig. 2, deactivation of the catalyst went
hand in hand with a decrease in the formation of CO and an
increase in the formation of CO2. These data are in agreement with
results reported by Vitolo et al. [11] and Ibanez et al. [15] on the
deactivation of zeolite ZSM-5 catalysts in bio-oil upgrading.
3.2. Properties of spent and regenerated catalysts

The spent catalysts obtained after 20 and 40 min reaction time
were subjected to a regeneration procedure at three different tem-
peratures (i.e. 400 �C, 500 �C and 600 �C) for 3 h in a static furnace.
The fresh, used and regenerated samples were thoroughly charac-
terized to assess the impact of deactivation and regeneration on
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Fig. 2. Pyrolysis product yields and coke on catalyst as a function of run time.

Table 1
Textural properties of the fresh, deactivated and regenerated samples.

Property Fresh Used20 Used40 Reg20_400 Reg20_500 Reg20_600 Reg40_400 Reg40_500 Reg40_600

SBET (m2/g) 303 255 250 296 294 296 293 301 298
SExt (m2/g) 130 102 103 103 118 114 124 119 120
SMicropore (m2/g) 173 153 147 180 176 182 169 182 178
Total PV (cm3/g) 0.58 0.47 0.49 0.50 0.55 0.50 0.56 0.53 0.53
VMacro (cm3/g) 0.12 0.09 0.10 0.12 0.11 0.11 0.13 0.12 0.13
VMeso (cm3/g) 0.38 0.31 0.32 0.30 0.36 0.31 0.35 0.33 0.32
VMicropore (cm3/g) 0.08 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08

Coke
C (wt. %) – 4.80 6.90 0.50 – – 0.50 – –
H (wt. %) – 0.03 0 0.13 – – 0.20 – –
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the physicochemical properties of the catalyst (Table 1). The fresh
catalyst presents a relatively complex porosity, consisting of
zeolitic micropores and additional macro/mesopores associated
with the voids existing between the ZSM-5 nanocrystals and the
attapulgite needles. While the micropores represent just about
14% of the total pore volume, they contribute to 57% of the BET sur-
face area. Expectedly, the BET surface area of the ZrO2-modified
zeolite ZSM-5 catalyst decreased after reaction. Both the macro/
mesopore and micropore surface areas were affected, with the
decrease being stronger for the former. Similar observations per-
tain also to the pore volume. Thus, taking into account the overall
reduction of the pore volume in the used catalysts (c.a. 0.1 cm3/g),
about 90% of it corresponds with macro/mesopores and just 10% is
associated with micropores. This finding suggests that the coke
deposits are formed mostly outside the zeolite micropores. The dif-
ferences between the used20 and used40 samples are very small,
indicating that the major part of the deactivation occurs early in
the reaction. Regeneration at all investigated temperatures largely
recovered the original surface area and porosity, showing the effec-
tiveness of this treatment in removing most of the coke deposits.

All samples exhibit the characteristic diffraction pattern of the
orthorhombic phase of zeolite ZSM-5 (PDF 00-044-0003) (Fig. 3)
[31,32]. No clear XRD peaks originating from a crystalline ZrO2

phase are observed for any of the samples [33,34]. Although the
catalyst retains its orthorhombic crystalline structure after the
pyrolysis reaction, even for prolonged time-on-stream, some small
changes are observed. In addition to the lower intensity of the zeo-
lite ZSM-5 main XRD peaks, Fig. 3a shows the merge of the split
peaks at 2h 23.2 (inset ii) and 45.4� seen for the fresh sample into
a single peak after reaction. In addition, the peak at 23.2� is
enlarged in intensity compared to the peak at 24.0�, as compared
to the fresh catalyst sample (inset ii). This enlargement can be
directly attributed to the incorporation of organics within the zeo-
lite pores [31,35]. The estimated intensity differences are very sim-
ilar for both the used20 and used40 (see values in Table S1),
suggesting that the coke build-up in the zeolite occurs mostly
within the first 20 min of reaction, in line with the BET results.

Upon regeneration, the intensity of the low angle diffraction
peaks at 8.0 and 8.9� in the regenerated samples increased again
compared to the used samples (Fig. 3b(i)) [31,35]. In addition,
the split peaks at 2h 23.2� (inset ii) and 45.4� reappeared after
regeneration. Surprisingly, this signal recovery is stronger for the
reg40 than for the reg20 samples (Fig. 3b). Also, the difference in
intensity between the XRD peaks at 23.2� and 24.0� considerably
reduced after regeneration (Table S1), indicating that organics/
impurities previously incorporated within the pores are effectively
removed [31]. For the reg40 samples, the peak located at ca. 26.6�
wasmore intense and sharper than for the used40, but less than for
the fresh catalyst. This XRD peak may be attributed to the atta-
pulgite phase, suggesting a possible re-dispersion of the attapulgite
binder upon reaction. Alternatively the better resolution of the
26.6� XRD peak could be due to the disappearance of the graphite
peak of coke, which locates at a very similar position to quartz [36–
38].

Changes in aluminum speciation in the fresh, used40 and reg40
samples after regeneration at 400 �C, 500 �C and 600 �C were
examined by solid-state 1D 27Al MAS (Fig. 4a) and 27Al MQ MAS
ssNMR (Fig. 4b-e) analyses. Expectedly, the ssNMR spectrum of
the fresh sample (red series) showed the presence of mainly frame-
work tetrahedral (AlIV, 54 ppm) and some extra-framework octa-



Fig. 3. XRD patterns of (a) fresh, deactivated and (b) regenerated samples. Insets: (i) and (ii) correspond to zoomed peaks at ca. 8 (i) and 23-25� (2h) (ii). Marked out peak at
26.6� could be assigned to quartz/graphite.
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hedral (AlVI, 2 ppm) Al species [39,40]. After reaction, the concen-
tration of tetrahedral Al sites is lower than in the fresh sample,
with its peak maximum shifting upfield to 52 ppm, affected by
coke formation [12,41,42]. The anisotropy of the tetrahedral Al sig-
nal in the used40 sample (black series) is readily evidenced by MQ
MAS analysis (b), indicating that the framework Al species suffer
from distortion upon reaction. As for the extra-framework Al sites,
the spectrum of the spent sample showed these to be less defined,
broadly distributing in the hump formed at 30 to �20 ppm, includ-
ing penta-coordinated, whose resonance typically locates at ca.
30 ppm [12], and octahedrally coordinated AlV species. The larger
diversity of Al environments in the spent samples is probably
related to the interaction of the Al species with organic compounds
present in the coke deposits, affecting their coordination.

After regeneration at 400 �C (blue series), the original features
were recovered, with the increased anisotropy seen in the used
sample being significantly reduced (c), resulting in an almost com-
plete recovery of the original intensity and peak position of the
tetrahedrally coordinated Al (a, inset). The same was observed
for the extra-framework octahedral Al species, located at ca.
2 ppm. For the reg40_500 sample, AlIV species are located at
53 ppm (orange series, inset in a, d), between the resonances
shown by the fresh and the used40 sample; two types of AlVI spe-
cies were evidenced by clear resonances at 2 ppm and 0 ppm, indi-
cating also some degree of distortion when compared to the fresh
sample. For the reg40_600 sample, the tetrahedral AlIV species
remained at the same position as in the used40 sample (green ser-
ies, inset a, e). Also the broad signal at 30 to �20 ppm, which cor-
responds to miscellaneous extra-framework Al species, is
maintained, the octahedrally coordinated AlVI species being how-
ever better defined. The ssNMR results suggest that any changes
in the Al environment/coordination induced during reaction are
more efficiently reversed at lower combustion temperatures.
Higher combustion temperatures provoke zeolite dealumination
effects, thought to be the result of harsher steaming upon coke
combustion. Yet, the limited and, in principle, reversible changes
in Al speciation rule out zeolite dealumination as a main deactivat-
ing factor for the used40 sample. By inference, any changes in Al
speciation in used20 sample (not measured) are expected to be less
or at most the same as for the used40 sample.

The morphology and structure of the fresh, used and
regenerated catalyst samples was examined by scanning electron
microscopy (SEM) as well as transmission electron microscopy
(TEM). SEM images of the fresh sample (Fig. S3) showed aggregates
(20–50 lm) consisting of zeolite ZSM-5 nanocrystals between 30
and 100 nm. As shown by TEM, the zeolite crystals are embedded
within agglomerated needle-like clay mineral crystals (typical
dimensions 0.5 lm � 30 nm) (Fig. 5a) [43]. Next to the zeolite
(i.e., ZSM-5) and the clay mineral (i.e., attapulgite) crystals, three
additional other solids could be identified in the TEM images:
ZrO2 nanoparticles (ca. 3 nm) of rugged morphology [44], identi-
fied with the digit 1 in Fig. 5 and Figs. S4–S6; bigger (25–50 nm)
spherical shapes (2), which might correspond to quartz, a common
impurity in attapulgite [45,46]; and amorphous carbonaceous
deposits [47–49] and graphite flakes (3) [36,37,50]. TEM examina-
tion revealed the used samples to be more agglomerated than the
fresh, in particular after 40 min reaction (Fig. 5c, Fig. S4g,i). Amor-
phous carbonaceous deposits are abundantly present, co-existing
with the zeolite crystals and with a seemingly re-dispersed atta-
pulgite phase in the catalyst sample after use for 40 min, in agree-
ment with the XRD results.

The morphology of the regenerated catalysts after 20 min reac-
tion time remained largely unaltered compared to the used20 sam-
ple (Fig. 5d, Fig. S6a,b), except for a higher degree of agglomeration
in the reg20_600 sample (f), as well as bigger spherical particles, as
highlighted in region 2, assigned to quartz impurities of atta-
pulgite. Such spherical quartz particles can be easily confused with
a sintered ZrO2 phase, both distributing randomly but frequently.
Smaller rugged-like nanoparticles, identified in region 1 for the
fresh and used samples and assigned to intact ZrO2 particles, are
less frequently seen. In reg40 samples, ZrO2 nanoparticles
appeared slightly more agglomerated, especially at higher combus-



Fig. 4. (a) Normalized 27Al MAS ssNMR of fresh (red), Used40 (black), Reg40_400 (blue), Reg40_500 (orange) and Reg40_600 (green). Overlaid 27Al MQ MAS ssNMR spectra of
Used40 (black) and: (b) Fresh, (c) Reg40_400, (d) Reg40_500 and (e) Reg40_600 samples.
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tion temperature, as represented by reg40_600 (i). Remaining gra-
phite coke flakes could also be distinguished (region 3) in
reg40_400 (g).
3.3. Acidity of the spent and regenerated catalysts

The total acidity and the type of acid sites determined by pyri-
dine FT-IR spectroscopy are presented in Table 2 for the fresh,
deactivated and regenerated samples. All materials exhibit
Brønsted acidity, mainly attributed to the presence of zeolite
ZSM-5, and Lewis acid sites, provided by the zeolite, the attapulgite
binder and the ZrO2 phase [51]. After 20 min of reaction, the cata-
lyst loses half of its acidity, with a similar degree of reduction in
both types of sites (used20 sample). Longer exposure to reaction
conditions leads only to additional decrease in Lewis acid sites,
with the Brønsted sites showing no further drop in abundance or
strength (Fig. 6). Regeneration resulted in the recovery of the acidic
properties, the extent depending both on the duration of the pyrol-
ysis reaction and the regeneration temperature. Better recovery
was attained upon regeneration at 500 �C, with both the 400 �C
and 600 �C treatments leading to lower total acidity. This applies
also to the strength of the recovered Brønsted acid sites, as shown
in Fig. 6. In the case of the low temperature regeneration, the
effects are most probably related to incomplete coke combustion,
as discussed below. The acidity reduction is more severe at
600 �C, possibly due to the above commented dealumination tak-
ing place at this coke combustion temperature. Yung et al. [14] also
reported lower Brønsted/Lewis acid ratio and lower bridging vs.
non-framework AOH vibrations on HZSM-5 regenerated at
700 �C (after biomass CFP) as compared to the fresh sample. This
was attributed to the conversion of Brønsted to Lewis acid sites
due to high temperature steaming during regeneration. With
regards to the pyrolysis time, contrary to expectations, the recov-
ery of the acidic properties is higher in the regenerated samples
after 40 min reaction time compared to the regenerated ones after
20 min pyrolysis.
3.4. Nature and location of coke deposits

3.4.1. Temperature programmed and isothermal oxidation
Temperature programmed oxidation (TPO) was performed to

investigate the nature of coke formed over the ZrO2-modified



Fig. 5. TEM images of Fresh (a), Used20 (b), Used40 (c), Reg20_400 (d), Reg20_500 (e), Reg20_ 600 (f), Reg40_400 (g), Reg40_500 (h) and Reg40_600 (i).

Fig. 6. Percentage of the strong Brønsted acid sites in the fresh, used and
regenerated catalyst samples.

Fig. 7. Temperature programmed oxidation (TPO) profiles of the deactivated
catalyst samples.
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zeolite ZSM-5 deactivated samples. Both samples present one main
CO2 evolution peak, with maxima at 415 �C and 406 �C for used20
and used40, respectively (Fig. 7). As expected, the emitted CO2 was
higher for used40, in line with its larger coke content. In both sam-
ples the CO2 profile is quite broad, extending from ~150–620 �C.
This suggests the presence of coke species of different nature



116 E. Heracleous et al. / Journal of Catalysis 380 (2019) 108–122
(i.e., soft and harder coke) and location within the catalyst struc-
ture (i.e., intra-porous and external coke). The difference between
the CO2 evolution profiles of the two deactivated samples is also
shown in Fig. 7. It can be clearly observed that the ‘‘extra” coke
forming on the technical catalyst from 20 to 40 min reaction time
is mainly of soft type, i.e. hydrogen-rich forms of coke deposits that
can be easily removed with oxidation at relatively low
temperatures.

TPO was conducted also after regeneration at the three investi-
gated temperatures. No CO2 evolution was observed for the sam-
ples regenerated at 500 �C and 600 �C. In contrast, a CO2 peak of
low intensity was detected for the two regenerated catalyst sam-
ples at 400 �C, located in the 480–500 �C range (Fig. 7, dashed
lines). The high maximum temperature of this peak suggests that
it is related with the combustion of the remaining graphite coke
flakes observed by TEM. Elemental analysis confirmed the com-
plete removal of coke after regeneration at 500 �C and 600 �C,
whereas a small amount (~0.5 wt%) still remained on both samples
after coke oxidation at 400 �C (Table 1). This is also apparent visu-
ally, as the black used samples regained the initial color of the fresh
catalyst after regeneration at high temperatures, while they
remained grey after regeneration at 400 �C (see also the image in
Fig. 9).

Isothermal oxidation (IO) experiments under air flow were car-
ried out to investigate the rate of coke combustion at 400 �C, 500 �C
and 600 �C. Fig. 8a presents the CO2 signal for the first 10 min of
the isothermal oxidation test. The CO2 peak became bigger and
sharper as the oxidation temperature increased due to the higher
coke combustion rate. The integration of the CO2 signal is pre-
sented in Fig. 8b, expressed as amount of remaining carbon on
the catalyst versus time. At 600 �C, coke combustion proceeded
rapidly on both samples and was completed in the first 10 min of
the isothermal oxidation test. The combustion behavior was simi-
lar at 500 �C, albeit with lower rate. On the other hand, the rate of
coke combustion was very slow at 400 �C, with significant differ-
ences observed between the two samples. In used20, only about
30% of the coke was removed in the first 10 min of isothermal oxi-
dation at 400 �C, with a relatively constant rate as a function of
time. The used40 catalyst initially exhibited a high coke oxidation
rate for the first minute, similar to that recorded at 500 �C and
600 �C, probably attributed to the presence of easily-oxidized soft
coke. The reaction then slowed down, indicative of oxidation of
harder-to-remove coke species similar to those present in the
used20 sample, leading overall to only ~45% removal of the coke
after 10 min. Similar results have also been reported for the regen-
eration of ZSM-5 following catalytic fast pyrolysis of pine at regen-
eration temperatures ranging from 500 �C to 700 �C [14]. Full coke
removal was observed at temperatures exceeding 650 �C; higher
than the temperature determined in this work. This difference
could be attributed to the conditions of the regeneration, as in
the above-mentioned work the oxidative treatment was performed
in 4% O2/N2 as opposed to the use of air that we employed.

3.4.2. Confocal fluorescence microscopy
To study the spatial distribution of the (fluorescent) coke

formed on the deactivated samples, the catalyst extrudates were
studied by confocal fluorescence microscopy [52]. The confocal flu-
orescence microscopy images of the fresh, used and regenerated
catalyst extrudates are shown in Fig. 9. The deactivated samples
were almost totally black due to the formed coke. The used ZrO2/
n-ZSM-5-ATP catalyst extrudates were studied both at the external
surface and over a cross-section of the catalyst bodies with the 488,
561 and 642 nm excitation lasers.

Representative confocal fluorescence microscopy images for
used20 (i) and used40 (ii) samples are shown in Fig. 10, with the
corresponding spectral information. The cross-section of the
used20 catalyst extrudate showed an egg-shell spatial distribution
of the coke deposits (see Fig. 9b). When the catalyst surface is irra-
diated, no fluorescence could be detected due to the high poly-
aromaticity or (even) graphitic nature of the coke formed, which
absorbed all incident light and did not allow for light emission
(Fig. 10i,a). Nevertheless, the fluorescence progressively increased
in intensity when moving from the edge (Fig. 10i,b, see spectrum
for B) to the center of the extrudate (Fig. 10i,b,c, see spectrum for
A) of the catalyst extrudate, where the coke is very poly-
aromatic, i.e. H-poor, but less than for B, showing more intense flu-
orescence, as confirmed by the emission bands (d). There are also
regions (C) with a higher presence of naphthalene/anthracenes-
like species (emitting light at 400–550 nm) [53] than poly-
aromatic-like species (emitting over 550 nm). These regions of
softer coke can tentatively be assigned to ZrO2 and/or attapulgite
domains with lower concentration of Brønsted acid sites that do
not favor the formation of poly-aromatics or hard coke.

Confocal fluorescence microscopy analysis of the used40 cata-
lyst extrudate (Fig. 10ii) showed lack of fluorescence at the edge
of the cross-section (ii,b), differentiating this sample from the
used20 catalyst extrudate. The center still remained fluorescent
though (c-f). Coke continued to accumulate in a radial direction
with run time, which illustrates that diffusion is not totally
blocked. The analysis of different zones for the used40 catalyst
extrudate was very similar to used20. Regions with high fluores-
cence and large presence of poly-aromatics (i.e., region A), regions
closer to the edge of the extrudate and thus less intense (i.e., region
B), as well as regions with higher presence of naphthalene/
anthracenes (i.e., region C) could be distinguished. Note that the
lower intensity of the A regions in used40 compared to used20 is
due to the darker coloration of the former given the more domi-
nant presence of coke.

Considering that coke is not fully burned off upon regeneration
at 400 �C, the remaining coke on reg20_400 and reg40_400 sam-
ples was also studied by confocal fluorescence microscopy and
the results are shown in Fig. 11. In the reg20_400 extrudate, the
poly-aromatic fraction of coke was considerably reduced upon
regeneration at 400 �C. The fluorescence, now yellowish, showed
the presence of less conjugated poly-aromatics whose maximum
emission peak was located at k ~ 600 nm on the catalyst surface,
and at k ~ 560 nm on the cross-section (Fig. 11i,d), compared to
used20 where it was located at k ~ 660 nm on the cross-section
(Fig. 11i). Yet, even after partial coke combustion, the coke (precur-
sor) species were still distributed in an egg-shell manner, being
more concentrated on the catalyst extrudate surface – forming a
dark grey ring (Fig. 9) - than at the center of the catalyst extrudate.
This was visually confirmed by the confocal fluorescence micro-
scopy images and the related emission spectra, which showed spe-
cies emitting light at longer wavelengths at the surface (i.e., region
A) than in the center of the extrudate (i.e., regions B and C). The
same observations are made for reg40_400, with most of the con-
densed poly-aromatic coke gone after regeneration (Fig. 11ii,a). A
considerable amount of poly-aromatics was still present, however,
emitting red fluorescence on the catalyst extrudate surface with a
maximum absorption peak ~640 nm (A). Also here, the egg-shell
spatial distribution of coke could still be observed after regenera-
tion (Fig. 11ii) (B, C, see spectral info in d).

4. Discussion

Bench scale tests of catalytic fast pyrolysis (CFP) of biomass per-
formed in ex-situ mode, i.e. by using two close-coupled reactors,
over ZrO2/n-ZSM-5-ATP catalyst extrudates showed that the cata-
lyst deactivates with increasing time-on-stream. Deactivation led
to decreased activity in the cracking and deoxygenation reactions,
resulting in higher oxygen content in the liquid organic fraction.



Table 2
Total acidity (Brønsted and Lewis) for the fresh catalyst and deactivated samples.

Sample Total Acidity (lmol/g)
Type of acid sites

Brønsted/Lewis Ratio (B/L)
Brønsted (lmol/g) Lewis (lmol/g)

Fresh 111.6 46.2 65.4 0.71
Used20 60.3 25.8 34.6 0.74
Used40 39.1 27.5 11.6 2.40
Reg20_400 89.9 36.7 53.2 0.69
Reg20_500 104.3 49.2 55.1 0.89
Reg20_600 81.0 27.2 53.8 0.51
Reg40_400 101.0 43.7 57.3 0.76
Reg40_500 110.4 43.4 67.0 0.65
Reg40_600 83.2 30.8 52.4 0.59

Fig. 8. (a) Isothermal oxidation profiles and (b) cumulative curves of the deacti-
vated samples (unburnt carbon) at 400 �C, 500 �C and 600 �C for the used20 (green
curves) and used40 (black curves) samples.
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In-depth characterization of the spent catalyst extrudates after
20 min and 40 min reaction time and after regeneration at
400 �C, 500 �C and 600 �C in air with various characterization tech-
niques allowed for an overall assessment of the origins of catalyst
deactivation as a function of time-on-stream and the effect of
regeneration as a function of the applied temperature.
Fig. 9. (a) Picture of the catalyst extrudates of study displayed from left to right: Fresh
Reg40_600. In the upper raw, the cross-section (left) and the edge section (right) of the
samples of study is shown. (b) Zoom of fresh, used and regenerated at 400 �C samples. In
the egg-shell distribution of coke deposits can be visually observed. In the cross-section
progress of coke distribution with longer reaction times.
Despite the significant amount of coke deposition (i.e., 4.8 wt%
after 20 min and 6.9 wt% after 40 min reaction), the catalyst mate-
rial retained to a large extent its surface area, pore volume, crys-
tallinity and morphology. The most significant alteration
occurred in acidity that progressively decreased with reaction
time, with Brønsted and Lewis acid sites being influenced differ-
ently, however. Within the first 20 min of the reaction, a similar
reduction (~43–45%) in both types of acid sites was seen. The hin-
dered access to both types of acid sites is therefore indicative of
blockage of the zeolite domains by coke deposits. This hypothesis
is supported by the XRD and ssNMR results that showed that the
framework Al sites undergo small distortions due to the incorpora-
tion of organics within the zeolite pores. Catalyst particle agglom-
eration and sintering and/or segregation of the ZrO2 phase could be
also occurring; however, the extension and contribution is consid-
ered to be small since the catalyst regenerated at 500 �C exhibited
physicochemical properties very similar to those of the fresh one.
On the other hand, changes in the acid site strength also occurred,
with a 25% decrease in the number of strong Brønsted sites in the
used20 sample. Removal of the strong Brønsted sites by dealumi-
nation can be ruled out on the basis of the obtained ssNMR results,
which furthermore showed that the changes that occur are largely
reversible. Hence, it can be argued that coke preferentially deposits
on the strong Brønsted acid sites, as confocal fluorescence micro-
scopy measurements showed [8,54,55]. It is well-established that
the acidic sites of HZSM-5, particularly the strong Brønsted sites,
catalyze the cracking of the oxygenates in pyrolysis vapors. In
, Used20, Used40, Reg20_400, Reg40_400 Reg20_500, Reg40_500, Reg20_600 and
samples are systematically shown. In the lower raw the longitudinal surface of the
the cross-sections of Used20 and Reg20_400, using the edge sections are reference,
s of Used40 and Reg40_400 the shell is not that easily distinguished, indicating the



Fig. 10. Confocal fluorescence microscopy images of Used20 (i) and Used40 catalyst extrudates (ii) taken at: (a) Surface; (b) Edge of cross-section; (c) Center of cross-section.
(d) Spectral information of the regions of interest. Dashed vertical lines represent the excitation lasers at 488, 561, 642 nm. Insets in each image schematize how irradiation
was performed.
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Fig. 11. Confocal fluorescence microscopy images of Reg20_400 (i) and Reg40_400 extrudates (ii) taken at: (a) Surface; (b) Edge of cross-section; (c) Center of cross-section.
(d) Spectral information of the regions of interest. Dashed vertical lines represent the excitation lasers at 488, 561, 642 nm.
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particular, they promote deoxygenation, decarboxylation, and
decarbonylation of oxygenate components, as well as cracking,
oligomerization, alkylation, isomerization, cyclization, and aroma-
tization via a carbonium ion mechanism [56]. The observed
decrease in the cracking and deoxygenation activity observed as
a function of time-on-stream over the ZrO2/n-ZSM-5-ATP catalyst
further corroborates the blocking of the stronger acid sites. Charac-
terization of spent HZSM-5 catalysts with different binders after
catalytic pyrolysis of pine also showed that during the course of
the upgrading reaction, the strong acid sites are preferentially
deactivated as compared to the weak acid sites, with deactivation
being likely caused by coke formation [21].

Confocal fluorescence microscopy analysis further revealed an
egg-shell spatial distribution of the coke deposits (and their pre-
cursor molecules) within the catalyst extrudate that could suggest
the existence of intra-particle mass and/or heat transfer limita-
tions. Considering that the pores on macroparticle level are rather
large (in-between meso- and macro-pores), mass transport phe-
nomena can be ruled out. Differences in the spatial distribution
of the zeolite and attapulgite across the extrudate, as well as heat
transfer limitations due to the low thermal conductivity of both
catalyst components, are more likely explanations for the observed
egg-shell coke distribution. It is also plausible that the zeolite acid
sites have a catalytic effect on the coke combustion reactions, facil-
itating the removal of carbon formed on the zeolite component of
the catalyst. Not only the amount, but also the nature of the coke
deposits changes from poly-aromatic (>C3, H-poor coke) to naph-
thalene/anthracenes (H-rich coke) when moving from the edge to
the center of the catalyst extrudate. The regions of softer coke (C)
can be assigned to ZrO2 domains, in which the decreased amount
of Brønsted acid sites leads to the formation of less poly-
aromatic coke [57]. These observations suggest that catalyst deac-
tivation in the first 20 min of the CFP process can be explained in
terms of acid site coverage in the pores, as well as pore blocking
caused by softer coke deposits on the external surface covered
mainly by ZrO2 domains.

Longer exposure to reaction conditions led to limited additional
deposition of coke, occurring exclusively in the outer part of the
zeolite. The textural properties of the used20 and used40 catalyst
extrudates were indeed very similar. Any changes pertained only
to loss of external surface area, also a result of the more accentu-
ated agglomeration observed by TEM. The intensity differences
between the 23.2 (2h)� and 24.0 (2h)� diffraction peaks in the
XRD patterns, indicative of the incorporation of organics within
the zeolite pores [31,35], were very similar for the used20 and
used40 extrudates. The formation of external coke is in line with
the acidity results, which showed that reduction in acidity from
20 to 40 min of reaction time is entirely due to the decrease of
Lewis acid sites; Brønsted sites showed no further drop in abun-
dance. Temperature programmed and isothermal oxidation analy-
ses also revealed that the ‘‘extra” coke forming on the zeolite from
20 to 40 min reaction time was soft in nature and easily removable,
given its high combustion rate.

The above observations strongly suggest that coking is the main
reason for catalyst deactivation in the ex-situ CFP of biomass for
the reaction time studied in this work. It should be mentioned that
other modes of deactivation (such as dealumination, mineral poi-
soning, mechanical stability, etc.) could also become important
after several hours time-on-stream. The majority of the coke
build-up in the zeolite occurs early in the reaction, forming
intra-porous coke on the strong Brønsted acid sites. These sites
promote deep deoxygenation and cracking reactions, evidenced
by the poly-aromatic nature of the deposited coke species. As the
reaction further progresses, coke deposition slows down and
occurs mainly on the external surface of the zeolite nanocrystals,
leading to the formation of H-richer softer coke on the ZrO2
domains of the catalyst material. This agrees well with the results
of Cerqueira et al. [58], who showed that at short contact times
deactivation is only due to acid site coverage, while at longer con-
tact times deactivation is assigned to both site coverage and pore
blocking, due to the increased coke amount and the deposition of
coke in the outer part of the zeolite. Considering that in terms of
pyrolysis products, CO production decreases with increasing
time-on-stream, while the CO2 yield increases, it could be deduced
that the strong acid sites of the zeolite mainly promote decarbony-
lation reactions, while the Lewis acid sites of the ZrO2 phase favor
decarboxylation reactions that increase the deoxygenation selec-
tivity of the catalyst.

Having identified coke deposition as the primary reason for
deactivation and the nature, the location and amount of coke
deposited after CFP established, the influence of catalyst regenera-
tion parameters was assessed. The catalyst was readily regenerated
via oxidation in air. The extent of the recovery of the initial features
was found to depend on the regeneration temperature, with full
recovery attained upon air oxidation at 500 �C. Combustion tem-
perature of 400 �C was insufficient to completely remove all carbon
deposits, as demonstrated by TPO, and in consequence also insuf-
ficient to fully recover the catalyst’s acidic properties. This applies
for both deactivated samples (after 20 min and 40 min reaction
time), with the remnants being of poly-aromatic nature, i.e. H-
deficient coke species, as seen by confocal fluorescence micro-
scopy. On the other hand, although regeneration at 600 �C suffices
for removing both external and intra-porous coke, it resulted in
partial zeolite dealumination, due to steaming effects upon coke
combustion, as observed by the 27Al (MQ) MAS NMR measure-
ments. It should be noted that regeneration was performed under
static conditions, which typically results in longer exposure of the
catalyst to the produced water vapors. The limited dealumination
could probably be avoided with regeneration in active flow that
would quickly sweep the produced vapors and keep the H2O par-
tial pressure at lower levels. The limited dealumination was
reflected in the low recovery of the Brønsted acidity and some clus-
tering/sintering of the zeolite ZSM-5 crystals and the ZrO2 phase, as
seen by TEM.

It is thus evident that optimum regeneration of the catalyst
extrudates is achieved at 500 �C, as all coke deposits can be
removed with no detrimental effect on the catalyst structure, tex-
tural properties or type and strength of the acid sites.

5. Conclusions

Rapid catalyst deactivation in the catalytic fast pyrolysis (CFP)
of biomass demands frequent regeneration with subsequent nega-
tive effects on the overall process costs. Understanding deactiva-
tion of real-life, shaped catalyst extrudates is essential for
overcoming this challenge. In-depth characterization of deacti-
vated zeolite ZSM-5 based ZrO2-promoted extrudates, obtained
after 20 and 40 min duration ex-situ CFP tests, revealed that deac-
tivation is mostly related to coke that is deposited in an egg-shell
spatial distribution manner on the catalyst extrudate rather than
sintering or zeolite dealumination. The mode of catalyst deactiva-
tion changes with increasing time-on-stream. The majority of the
coke deposits occurs early in the reaction and is of poly-aromatic
nature, thereby leading to blockage of the strong Brønsted acid
sites, responsible for catalyzing decarbonylation as well as deep
cracking reactions. The rate of coke deposition progressively
decreases with increasing time-on-stream. The nature of coke also
changes to softer, external coke species that partially block the
zeolite pores and the external surface. Optimum recovery of the
initial catalyst properties and complete coke removal is achieved
under air oxidation at 500 �C, temperature suggested as optimal
for catalyst regeneration.
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