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Scaling-Up of Bio-Oil Upgrading during Biomass Pyrolysis

over ZrO,/ZSM-5-Attapulgite

Héctor Hernando,®® Ana M. Herndndez-Giménez, Santiago Gutiérrez-Rubio,”
Tomaz Fakin,'” Andrej Horvat, Rosa M. Danisi,” Patricia Pizarro,” " Javier Fermoso,”

Eleni Heracleous," Pieter C. A. Bruijnincx,'” Angelos A. Lappas,” Bert M. Weckhuysen,©

David P. Serrano*® !

Ex situ catalytic biomass pyrolysis was investigated at both lab-
oratory and bench scale by using a zeolite ZSM-5-based cata-
lyst for selectively upgrading the bio-oil vapors. The catalyst
consisted of nanocrystalline ZSM-5, modified by incorporation
of ZrO, and agglomerated with attapulgite (ZrO,/n-ZSM-5-ATP).
Characterization of this material by means of different tech-
niques, including CO, and NH; temperature-programmed de-
sorption (TPD), NMR spectroscopy, UV/Vis microspectroscopy,
and fluorescence microscopy, showed that it possessed the
right combination of accessibility and acid—base properties for
promoting the conversion of the bulky molecules formed by
lignocellulose pyrolysis and their subsequent deoxygenation to
upgraded liquid organic fractions (bio-oil). The results obtained

Introduction

Biomass pyrolysis has attracted much interest for the produc-
tion of liquid biofuels, mainly by using lignocellulosic residues
as the raw material.V It is a relatively simple process that takes
place in a non-oxidative medium at atmospheric pressure. The
optimum conditions for maximizing the yield of the liquid frac-
tion (bio-oil) comprise intermediate temperatures, typically in
the range 500-600°C, and high heating rates (fast pyrolysis).”*
The bio-oil so obtained contains high amounts of oxygen and
water, and has a low heating value, acidic pH, and low stabili-
ty.

Bio-oil upgrading has been investigated by a variety of phys-
ical and chemical methods. Chemical transformations applied

I'and

at the laboratory scale by varying the catalyst-to-biomass ratio
(C/B) indicated that the ZrO,/n-ZSM-5-ATP catalyst was more
efficient for bio-oil deoxygenation than the parent zeolite n-
ZSM-5, producing upgraded bio-oils with better combinations
of mass and energy yields with respect to the oxygen content.
The excellent performance of the ZrO,/n-ZSM-5-ATP system
was confirmed by working with a continuous bench-scale
plant. The scale-up of the process, even with different raw bio-
masses as the feedstock, reaction conditions, and operation
modes, was in line with the laboratory-scale results, leading to
deoxygenation degrees of approximately 60% with energy
yields of approximately 70% with respect to those of the ther-
mal bio-oil.

to the bio-oil include catalytic pyrolysis, hydrodeoxygenation,
ketonization, aldol condensation, esterification, and alkyla-
tion.>> In most cases, these transformations are aimed to
reduce (at least partially) the oxygen content of the bio-oil,
thus bringing its chemical composition closer to that typical of
fossil-derived fuels. Catalytic pyrolysis presents the advantage
of operating at atmospheric pressure and can thus be easily
combined with the biomass thermal step."” This can be ac-
complished by adding the catalyst directly to the pyrolysis re-
actor (insitu system) or by connecting the catalyst bed in
series with the pyrolysis zone (ex situ system).”*' In the latter
scheme, it is possible to operate the thermal and catalytic
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steps at different temperatures and avoid direct contact be-
tween the biomass and the catalyst. The solid fraction (char)
produced by thermal biomass pyrolysis is accumulated in the
thermal zone in the ex situ configuration, which is not in con-
tact with the catalyst; a fact that helps in attenuating catalyst
deactivation.®'”

A large number of solid catalysts have been tested in bio-
mass catalytic pyrolysis, including zeolites,"*' amorphous
silica—alumina,"*™ ordered mesoporous materials,"*'"! and
metal oxides."®*?" Most of the works have been focused on
the use of zeolites owing to their excellent performance in cat-
alytic cracking reactions. In particular, zeolite ZSM-5 has shown
remarkable properties for biomass catalytic pyrolysis, leading
to the formation of upgraded bio-oils with a high concentra-
tion of aromatic hydrocarbons.”>* However, zeolitic catalysts
suffer from fast deactivation by the deposition of carbona-
ceous residues, whereas the yield finally obtained for the up-
graded bio-oil is often very low owing to the extensive forma-
tion of gases and coke.” Accordingly, much research effort has
been recently devoted to tuning the properties of zeolite-
based catalysts to improve their accessibility, suppress secon-
dary reactions, and decrease the coke deposition. Thus, zeolite
ZSM-5 has been modified by reducing its crystal size, introduc-
ing secondary porosity, and incorporating a variety of metals
and metal-oxide phases.'%?3Y Most studies in the literature
have been performed at laboratory scale by using catalysts in
powder form. Investigation of the scale-up of the process with
the use of technical catalysts has been scarcely covered.

In a recent work, we demonstrated the remarkable and posi-
tive effect of modifying zeolite ZSM-5 in nanocrystalline form
by impregnation of ZrO, over the external surface of the zeo-
lite nanocrystals because this moderates and complements the
zeolite acidity.®™ We showed in a further work that the use of
clay binders for the agglomeration of pyrolysis catalysts also
has a noticeable influence on their behavior in biomass catalyt-
ic pyrolysis. In particular, the use of attapulgite (ATP) as a
binder enabled the production of upgraded bio-oil with en-
hanced yield and low oxygen content.®® Within this context,
the current work reports the excellent performance of the
ZrO,/n-ZSM-5-ATP catalyst material for the production of bio-
oil with improved properties by lignocellulose pyrolysis for re-
action systems operating at different scales and operation
modes (i.e., batch and continuous). Moreover, the effect of the
catalyst-to-biomass (C/B) ratio is assessed, providing valuable
information on the main reaction pathways occurring during
bio-oil upgrading over this catalyst.
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Results and Discussion

Catalyst properties

The main physicochemical properties of the technical ZrO,/n-
ZSM-5-ATP catalyst, the pure zeolite, and the impregnated
ZrO,/n-ZSM-5 are summarized in Table 1. The influence of
using attapulgite as the binder was analyzed in depth in our
previous work.*® Synergetic effects between the zeolite and
the clay were found to occur in the technical ZrO,/n-ZSM-5-
ATP catalyst, affecting both the acidic and basic features of the
material. The quantity of ZrO, incorporated into the zeolitic
support, determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES), matches well with the theo-
retical value (10 wt%). A reduction in the textural properties
was observed after agglomeration of the parent ZrO,/n-ZSM-5
material with attapulgite, which is a direct consequence of the
lower surface area of the pure clay (107 m?g™"). In this way,
the decrease of the micropore surface area is well correlated
with the dilution effect caused by incorporation of 30 wt% at-
tapulgite, taking into account that the latter has no micro-
porosity. This result denotes that both the integrity and acces-
sibility of the ZSM-5 micropores are maintained after the ag-
glomeration process.

The acid and base properties of the catalysts were evaluated
by NH; and CO, temperature-programmed desorption (TPD),
respectively (see Table 1). Incorporation of ZrO, into zeolite n-
ZSM-5 increased the overall acidity owing to the generation of
a new type of acidic sites, which also had an enhancement
effect on the concentration of basic sites. These findings can
be directly assigned to the amphoteric properties of ZrO,. In
contrast, the agglomeration with attapulgite barely altered the
overall catalyst acidity, although it increased the concentration
of basic sites, which has been previously related to the interac-
tion of Mg®" species, migrating from the attapulgite, with
both the zeolitic and ZrO, components.®® Accordingly, the
technical ZrO,/n-ZSM-5-ATP catalyst exhibits singular acid-base
properties, showing a combination of Brgnsted and Lewis acid-
ity as well as basic sites.

Figure 1 illustrates the SEM and TEM images of the different
materials employed for the preparation of the technical cata-
lyst. The binder-free n-ZSM-5 and ZrO,/n-ZSM-5 samples are
formed of nanocrystallites of approximately 40-60 nm, aggre-
gated into 20-50 um particles,** whereas attapulgite shows its
characteristic needle-like morphology®”* as well as some im-
purities associated with quartz (highlighted in the image).

Table 1. Physicochemical properties of the zeolite ZSM-5-based samples.

Catalyst Si/AlE Zr0, Seer™ Swies -+ ext Sy Vit Vo™ Acidity” Basicity™™
[wt%)] [m?g~"] [m?g~] [m?g~"] [cm3g] [cm?*g™] [mmolg™"] [umolg
n-ZSM-5 42 - 445 133 312 0.512 0.186 0.28 3.26
ZrO,/n-ZSM-5 42 9.2 395 105 290 0.620 0.173 0.39 11.01
ZrO,/n-ZSM-5-ATP 42 10.5 325 102 223 0.445 0.133 0.38 18.39

[a] Si/Al ratio of the zeolite component, measured by ICP-OES. [b] Brunauer-Emmett-Teller (BET) surface area. [c] Mesopore and external surface area.
[d] Micropore surface area. [e] Total pore volume at P/P,~0.98. [f] Micropore volume. [g] Measured by TPD-NH,. [h] Measured by TPD-CO,.
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Figure 1. SEM (a-c) and TEM (d, e) images of (a) n-ZSM-5, (b) ZrO,/n-ZSM-5, (d) ATP, and (c, e) ZrO,/n-ZSM-5-ATP. (f-) SEM and derived elemental EDX dot maps

for ZrO,/n-ZSM-5-ATP.

SEM-energy-dispersive X-ray (EDX) analysis of the ZrO,/n-ZSM-
5-ATP catalyst Figure Te-i shows that Zr was evenly distributed
over the sample, as evident from EDX dot-mapping, with a Si/
Zr molar ratio of approximately 43 (Figure S1 in the Supporting
Information). The Zr content of the ternary sample was slightly
lower than that of the ZrO,/n-ZSM-5 catalyst (=~ 14, blue series
Figure S1 in the Supporting Information) owing to both the di-
lution of the material with attapulgite and to the newly incor-
porated Si naturally present in the clay. Likewise, Mg was also
found to be very homogeneously distributed along the cata-
lyst surface (Si/Mg~21), indicative of an even zeolite/clay dis-
tribution.

Figure S2 (in the Supporting Information) shows the XRD
pattern of the ZrO,/n-ZSM-5-ATP catalyst, compared with the
parent materials, the pure zeolite n-ZSM-5, and impregnated
Zr0O,/n-ZSM-5. The ternary catalyst, just as the parent materials,

shows the orthorhombic phase of the MFI framework (Pnma,
PDF 00-044-0003),*%*" whereas ZrO, is X-ray invisible as a
result of the lack of crystallinity of the ZrO, nanoparticles and/
or their small size.** The attapulgite phase is evident from the
XRD of the ZrO,/n-ZSM-5-ATP catalyst by the presence of a
small amount of quartz phase, a common impurity of this clay
also detected by TEM (Figure 1d), at 26=31.1° (Figure S2c in
the Supporting Information).

Aluminum  speciation was examined by solid-state
YAl magic-angle spinning (MAS; Figure 2a) and ¥Al multiple-
quantum (MQ) MAS NMR (Figure 2b) analyses. Zeolite n-ZSM-5
(black series) contains almost exclusively tetrahedrally coordi-
nated Al species, located at 54 ppm, and very little presence of
octahedrally coordinated Al (signal at 0 ppm).*'~**! The same is
seen after ZrO, addition (green series), with the NMR spectrum
of ZrO,/n-ZSM-5 practically identical to that of the pure zeolite.

a) b)
Alv 20
| n-ZSM-5
1400000 e s
— ZI’OZ/n-ZSM-5-ATF‘
1200000 i, 0
@
1000000 - 3
[+]
20 o
£ 800000 - y °
2 Al 2
ig 600000 -| ° a0 F
=3
- °
400000 =
60~
200000
0+ ‘ | 80
T T T T T T 1
100 80 60 40 20 0 20 40 80 60 40 20 0 -20

Chemical Shift 5 (ppm)

Chemical Shift 6 (ppm)

Figure 2. (a) ”’Al MAS solid-state NMR spectra of n-ZSM-5 (black), ZrO,/n-ZSM-5 (blue), ZrO,/n-ZSM-5-ATP (green), and ATP (orange). (b) Overlapping of
Al MQ MAS solid-state NMR spectra. 7t/12 Al pulse excitation source (0.87 ps), MAS 18 kHz, T,., 298 K.
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The lower intensity of the resonance at 54 ppm is caused by
the incorporation of 9.2 wt% ZrO,. Attapulgite (orange series),
which contains approximately 5 wt% Al, presents different Al
species: tetrahedral at approximately 62“% and 58 ppm, penta-
coordinated at 25 ppm, and octahedral at 3 ppm.*’ The
mixing of ZrO,/n-ZSM-5 with attapulgite and the further extru-
sion leads to changes in the Al environment.”® The framework
AlY species, at 54 ppm, suffer some distortion as evident from
the broadening and increase in anisotropy of the resonance
for the ternary ZrO,/n-ZSM-5-ATP catalyst. At the same time,
an enhancement in the extra-framework Al occurs, as evident
from the hump at 35-25 ppm assigned to penta-coordinated
AlY species, and the increase in octahedral Al species, which
appear at higher chemical shift (~2 ppm; Figure 2a).

The 4-fluorostyrene oligomerization reaction was performed
to study the effect of attapulgite on Brgnsted acidity and cata-
lyst accessibility.””>” In the reaction catalyzed by ZrO,/n-ZSM-
5-ATP (Figure 3a,b), styrene oligomers were formed, but to a
lower extent than over the n-ZSM-5 (Figure 3¢) and ZrO,/n-
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ZSM-5 (Figure 3d) catalysts. The intensity evolution of the
cyclic oligomers (7), favored in zones with high densities of
Brgnsted acid sites, was particularly low for the ZrO,/n-ZSM-5-
ATP catalyst. On the contrary, the formation of linear dimer (5)
was more pronounced, especially in the first 5 min of the reac-
tion; afterwards, the relative amount of trimer oligomers (6a
and 6b) increased.

The evolution of band intensities for the three catalysts and
the related profiles obtained (Figure 3a) indicate a progressive
loss in Brensted acidity suffered by the zeolite n-ZSM-5 upon
ZrO, addition and especially after attapulgite inclusion. This
can be visually confirmed by the images shown in Figure S3
(in the Supporting Information). The optical images vary in
color from light to dark pink and finally to violet for n-ZSM-5
(Figure S3a), ZrO,/n-ZSM-5 (Figure S3b), and ZrO,/n-ZSM-5-ATP
(Figure S3¢), respectively. This indicates a higher presence of
cyclic oligomers (7) with absorption bands evolving at 515 nm
for the n-ZSM-5 catalyst, and a higher presence of linear
dimers (5) with absorption bands evolving at 555 nm for ZrO,/
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Figure 3. (a) In situ absorption UV/Vis (continuous line) and ex situ fluorescence spectra (scattered line; red for recorded on surface, green for cross-section)
of the 4-fluorostyrene oligomerization reaction products recorded at 100 °C on ZrO,/n-ZSM-5-ATP. Inset: scheme of the impregnation and recording process.
Evolution of emission bands during reaction for (b) ZrO,/n-ZSM-5-ATP, (c) n-ZSM-5, and (d) ZrO,/n-ZSM-5, for the sake of comparison. Excitation lasers are

fixed at A =488, 561, and 642 nm.
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n-ZSM-5-ATP. Complementary confocal fluorescence microsco-
py pictures demonstrate that the fluorescence ranges from
green to more orange-like (Figure S3e-g in the Supporting In-
formation). Note that pure attapulgite, which cannot catalyze
this styrene oligomerization reaction given its lack of Brensted
acidity, does not change in color (Figure S3d in the Supporting
Information) and, hence, does not undergo any fluorescence in
the presence of the styrene monomer, as indicated by the
black confocal fluorescence image (Figure S3h in the Support-
ing Information). The partial loss of Brensted acidity after ag-
glomeration with attapulgite has been reported previously, al-
though this effect is compensated by an increase in the
amount of Lewis acid sites.®®

The ZrO,/n-ZSM-5-ATP extrudate shows good accessibility, as
demonstrated by confocal fluorescence microscopy. The ex situ
emission spectrum taken on the cross-section of the catalyst
after reaction (green scattered series, Figure 3a, right axis)
shows more intense fluorescence that the one taken on the
surface on which the catalyst staining was performed (red
series). This observation confirms the good diffusivity/accessi-
bility of the nanocrystalline ZrO,/n-ZSM-5-ATP extrudate for
styrene derivatives.

Biomass catalytic pyrolysis
Laboratory-scale tests

The activity of the ZrO,/n-ZSM-5-ATP catalyst was tested in
wheat straw catalytic pyrolysis by using an ex situ laboratory-
scale reactor with different reaction temperatures in the ther-

CHEMS: " 5SCHEM
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mal (550°C) and catalytic (400°C) zones, operating in batch
mode by discharging at once 4 g of biomass into the reactor.
To avoid interferences from the inorganic components present
in the raw biomass, which could act as indigenous catalysts fa-
voring the formation of char in detriment to the bio-oil yield,
the wheat straw was subjected to an acid-washing pre-treatment
affording the removal of 98 wt% of the alkaline and alkaline
earth metals (AAEM), denoted as WS-ac. A detailed description
of the properties of this biomass can be found elsewhere.!%2

The performance of the ZrO,/n-ZSM-5-ATP material in the
catalytic pyrolysis of de-ashed wheat straw was tested by
using six C/B ratios (0.1, 0.2, 0.3, 0.4, 0.5, and 0.7gg™") to
obtain insights about the progression of the pyrolysis vapors
upgrading as a function of the catalyst loading. In the reactor
configuration herein employed, the residual solid fraction
(char), which originates entirely from the initial biomass de-
composition, is retained in the upper reactor zone, avoiding
direct contact with the catalyst bed. The char yield was ap-
proximately 19 wt% for all experiments, independent of the
C/B ratio.

Figure 4a illustrates the product distribution, in terms of
mass yield, corresponding to the different fractions (char ex-
cluded) as a function of the C/B ratio. The products herein dis-
played include the non-condensable gases, the liquid phases,
and the coke deposited over the catalyst. The liquid fraction is
separated in water and bio-oil on a dry basis (bio-o0il*). The re-
sults obtained in a pure thermal test, performed with no cata-
lyst, are also included in this graph as a reference. Likewise,
the oxygen content of the bio-oil fraction is shown in Fig-
ure 4b.
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Figure 4. (a) Product yield distribution, (b) bio-oil oxygen concentration, and (c) gaseous component yield, obtained in the WS-ac pyrolysis over ZrO,/n-ZSM-
5-ATP by using different C/B ratios. GO: gaseous olefins (C,—C,); GP: gaseous paraffins (C,—C,).
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In line with previous studies,"'** the presence of the cata-

lyst caused strong changes in the yield of the different frac-
tions compared with the pure thermal test. A strong decrease
of the bio-oil yield and an enhancement in the production of
non-condensable gases and water was observed, in addition
to the formation of coke over the catalyst. These variations
were accompanied by a significant reduction in the oxygen
content of bio-oil, from approximately 39 wt% (thermal test)
to 17 wt% (catalytic test with C/B=0.7 gg~"), showing the ef-
fectiveness of the catalyst in promoting deoxygenation reac-
tions. Using progressively higher C/B ratios led to increased
bio-o0il deoxygenation but also to higher production of gases
and coke, at the expense of the bio-oil yield. The water yield
did not change significantly over the whole range of C/B
values, denoting that the catalyst here employed does not spe-
cifically favor dehydration reactions.

The main components present in the gaseous fraction in-
clude CO, CO,, CH,, gaseous olefins (GO), and gaseous paraffins
(GP), and their yields are shown in Figure 4c as a function of
the C/B ratio. For all gases, the yield increased with the C/B
ratio, but with two different patterns. In the case of CO and
gaseous olefins, the yield variation was more or less propor-
tional to the C/B ratio. However, for CO,, methane, gaseous
paraffins, and hydrogen, the yield increase was pronounced for
C/B up to 0.2, suggesting that the species and functional
groups that generate these products are mainly consumed in
the initial steps of the biomass catalytic pyrolysis process. As
shown in Table 2, methane is the predominant component
within gaseous paraffins, whereas propylene is the major one
within gaseous olefins over the whole range of C/B ratios in-
vestigated.

Table 2. Mass yield of gaseous hydrocarbons obtained in the WS-ac py-
rolysis over ZrO,/n-ZSM-5-ATP by using different C/B ratios.
Catalyst Light paraffins Light olefins
[Wt%x 1077 [Wt%x1077]
CH, GHs CGHg CHyo GH, GHg  CHg
non-catalytic 343 56 20 04 55 4.5 04
ZrO,/n-ZSM-5-ATP (0.1) 472 32 3.0 07 1.1 10.6 0.8
ZrO,/n-ZSM-5-ATP (0.2) 533 3.1 34 39 126 185 1.6
ZrO,/n-ZSM-5-ATP (0.3) 57.2 120 43 49 227 389 6.6
Zr0,/n-ZSM-5-ATP (0.4) 552 119 43 54 26.7 470 7.8
ZrO,/n-ZSM-5-ATP (0.5) 540 120 44 59 306 548 8.1
ZrO,/n-ZSM-5-ATP (0.7) 63.8 141 56 7.8 459 741 1.1

As shown in Figure 4a, the yield of the coke deposited over
the catalyst increased almost linearly with the C/B ratio. Note
that these values refer to the initial biomass weight, reaching
approximately 10 wt% at the highest C/B ratio. Therefore, if
char and coke are grouped together, it means that for this C/B
ratio approximately 29 wt% of the biomass was transformed
into carbonaceous residues, denoting the relevance of mini-
mizing the production of these fractions as well as finding ap-
plications for them. In this context, both char and coke could
be combusted to provide a great part of the energy consumed
in the overall catalytic pyrolysis process. Thus, Table 3 discloses
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Table 3. Char and coke composition, and corresponding HHV values, ob-
tained for the WS-ac pyrolysis over ZrO,/n-ZSM-5-ATP by using different
C/B ratios.
Compound C/B Coke over Ultimate analysis HHV
ratio  catalyst®  [wt%]

[wt %] C H N (0] [MJkg™"]
char® - - 721 27 08 53 274
coke 0.1 13.1 587 57 1.0 346 236
coke 0.2 12,6 562 50 13 375 216
coke 0.3 125 499 54 06 447 192
coke 0.4 124 523 43 06 434 188
coke 0.5 121 471 49 05 481 172
coke 0.6 10.5 559 57 0.2 384 222
[a] Based on ZrO,/n-ZSM-5-ATP. [b] Char proximate analysis: vol.=
12.8 wt%; ash =19.0 wt%; fixed carbon =68.2 wt %.
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the composition of char and coke, their high heating values
(HHVs), and the amount of coke referenced to catalyst weight.
Regarding the char, the data indicate that this fraction accu-
mulated most of the ash still contained in the raw biomass,
but it had little oxygen and therefore possessed a relatively
high HHV. In the case of the coke deposits, it is interesting to
note that the amount of coke expressed per gram of catalyst
decreased with the C/B ratio, but in a small range, from 13.1
(C/B=0.1) to 10.5 wt% (C/B=0.7), which suggests that its for-
mation is limited by the porosity of the catalyst. One other in-
teresting fact is that the coke composition was very different
to that of the char, showing lower C and H amounts, similar N
content, and higher amounts of O, which in turn led to lower
HHV. These results point out that the zeolite-based catalyst
tends to accumulate highly oxygenated compounds. The
oxygen contents of the coke deposits exhibited a maximum at
a C/B ratio of 0.5, whereas the N proportion decreased contin-
uously, which evidences some changes in the nature of the
species retained over the catalyst.

Bio-oil deoxygenation takes place through a complex
scheme of reactions that lead to the generation of water, CO,
and CO, as the final products according to three main deoxy-
genation routes, respectively: dehydration, decarbonylation,
and decarboxylation. With the aim of preserving as much as
possible of the chemical energy of the bio-oil and increasing
its H/C ratio, decarboxylation should be the preferred route.
Figure 5a shows the changes in the overall deoxygenation se-
lectivity towards the three routes with increasing C/B ratio, de-
fined as the mass of oxygen in the form of CO, CO,, or H,0, re-
spectively, referenced to the total amount of oxygen present
in these three compounds. The most pronounced one is dehy-
dration, followed by decarboxylation, and finally decarbonyla-
tion. However, it must be taken into account that a great part
of the formation of water, CO,, and CO occurs during the ther-
mal step, which causes little deoxygenation of the bio-oil
phase, its effect being in reality reflected in the composition of
the char fraction, which possesses a low oxygen content as in-
dicated above. Accordingly, the deoxygenation selectivity of
the catalytic step has been defined similarly to the overall se-
lectivity but taking into account the incremental production of
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Figure 5. (a) Overall deoxygenation selectivity and (b) catalytic deoxygena-
tion, obtained in the WS-ac pyrolysis over ZrO,/n-ZSM-5-ATP by using differ-
ent C/B ratios. N-C: non-catalytic.

CO, CO,, or H,0, which take place when the vapors generated
in the thermal zone are passed through the catalyst bed.
Thereby, the results obtained in the pure thermal test have
been taken as the reference. The deoxygenation selectivity of
the catalytic step is more representative of the bio-oil deoxy-
genation pathways than the overall one. As shown in Figure 5,
and in contrast with non-catalytic pyrolysis, in which dehydra-
tion is by far the predominant deoxygenation route, the use of
Zr0,/n-ZSM-5-ATP leads to a quite balanced scheme. Thus, for
C/B=0.1, dehydration and decarboxylation contribute to an
almost similar extent, followed by decarbonylation. However,
at higher C/B ratios the decarbonylation selectivity increases
progressively, becoming the major route for C/B=0.7. These
results denote that the bio-oil deoxygenation promoted by the
catalyst is a balanced combination of the three routes, the rela-
tive contributions of which vary with the C/B ratio.

The variation of the elemental composition of the bio-oil in
the tests performed by using different catalyst loadings is
shown in Figure 6a,b in the form of van Krevelen graphs, rep-
resenting the overall and effective H/C ratios versus the O/C
ratio, respectively. The latter has been defined in earlier
works®"*? as H./C=(H—20-3N-2S)/C to account only for
the hydrogen that could be finally available if all the oxygen
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Figure 6. Van Krevelen graphs obtained for the WS-ac pyrolysis over ZrO,/n-
ZSM-5-ATP in comparison with the parent zeolite n-ZSM-5, by varying the
C/B ratio.

present in the bio-oil is removed in the form of water. The re-
sults obtained with the parent zeolite n-ZSM-5 are also includ-
ed as a reference. According to Figure 6a, for ZrO,/n-ZSM-5-
ATP, passing from the raw biomass first to the thermal bio-oil
and then to that produced in the catalytic pyrolysis tests in-
volves a significant reduction in the O/C ratio, whereas the
overall H/C ratio just slightly increases. However, the emerging
picture is more positive upon assessing the results obtained in
the form of H./C (Figure 6b) because they show a clearly in-
creasing trend, which approaches progressively the composi-
tion region typical of fossil-derived fuels. Interestingly, the
pathways followed in the van Krevelen graphs for the parent
n-ZSM-5 catalyst are less favorable compared with the catalyst
investigated here, with a reduction in the values of the overall
H/C ratio and a lower increase in the H./C. These results
denote the positive effects caused by the modification of zeo-
lite ZSM-5 by incorporation of ZrO, and agglomeration with at-
tapulgite in terms of bio-oil composition upgrading aimed at
the production of advanced biofuels. More detailed informa-
tion about the elemental compositions of the bio-oils* can be
found in Table S1 (in the Supporting Information).

Another essential parameter to be taken into consideration
in biomass catalytic pyrolysis is the energy yield, which reveals
how the chemical energy initially contained in the raw biomass
is shared among the different pyrolysis products. Figure 7 illus-
trates the energy yield corresponding to the different fractions
obtained in the catalytic pyrolysis process and its variation
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Figure 7. Energy yield distribution obtained in the WS-ac pyrolysis over
Zr0,/n-ZSM-5-ATP as a function of the C/B ratio (0.1-0.7 gg ™).

with the increase of the C/B ratio. The bio-oil energy yield de-
creases continuously with the C/B ratio, whereas the opposite
occurs with the chemical energy contained in the gases and
coke. Within the gaseous fractions, more than half of the
chemical energy corresponds to CO, followed by light olefins,
methane, and light paraffins, whereas the contribution of hy-
drogen is almost negligible owing to its low concentration.
The above results demonstrate that the variation of the C/B
ratio is effective for invoking the bio-oil upgrading through de-
oxygenation reactions, but this parameter also includes signifi-
cant losses in terms of both mass and energy yields, mainly
owing to the occurrence of a variety of non-desired secondary
transformations. The relationship between oxygen content and
yield of the bio-oil fraction upon varying the C/B ratio is illus-
trated in Figure 8, comparing again the results obtained with
the catalyst investigated here and those corresponding to the
parent zeolite n-ZSM-5. This figure highlights the relevance of
fine-tuning the zeolite properties to improve its performance
in the biomass catalytic pyrolysis. For the parent n-ZSM-5, bio-
oil deoxygenation implies a sharp reduction in both mass and
energy yield. In contrast, these negative effects are less pro-
nounced for ZrO,/n-ZSM-5-ATP. Thus, for a bio-oil oxygen con-
tent of approximately 22 wt%, the bio-oil energy yield corre-
sponding to the parent zeolite is just 34 %, whereas it increases
up to 52% over the modified ZSM-5 catalyst. Moreover, with
the latter catalyst it is possible to reach deoxygenation levels
of the bio-oil superior to those of the parent n-ZSM-5, reduc-
ing the bio-oil oxygen content to values as low as 17 wt% and
still retaining 45% of the chemical energy initially present in
the raw biomass. These results denote that modification of the
zeolite ZSM-5 with ZrO, and attapulgite leads to a significantly
more efficient pathway during the bio-oil upgrading process.
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those corresponding to the parent zeolite n-ZSM-5, by varying the C/B ratio.

Bench-scale tests

To validate the promising performance of ZrO,/n-ZSM-5-ATP
on a larger scale, ex situ biomass catalytic pyrolysis tests were
performed in a bench-scale unit, working with continuous bio-
mass feeding at different C/B ratios (0.20, 0.25, 0.43, and
0.50 gg™"). In these tests, the catalyst loading was varied in the
range 20-50 g, that is, an order of magnitude higher than the
catalyst amount used for the laboratory-scale tests reported
above.

Figure 9 compares the mass yield of the main products ob-
tained by using ZrO,/n-ZSM-5-ATP in the laboratory and bench
plant experiments for two C/B ratios. A deeper conversion of
the bio-oil fraction occurred for the tests performed in the
bench plant, as denoted by the lower bio-oil yield as well as
by its reduced oxygen content. For both scales, increasing the
C/B ratio provoked a progressive reduction of the bio-oil yield,
which was accompanied by a decrease of its oxygen content.
For the bench reaction system, a higher production of the dif-
ferent gaseous components was observed: methane, oléefins,
paraffins, and especially CO and CO,. However, the water yield
was very similar in both series of experiments, remaining
almost constant with respect to the variation of the C/B ratio,
which confirms that the employed catalyst promotes to a
higher extent decarboxylation and decarbonylation reactions
rather than dehydration reactions.
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Figure 9. (a) Product yield distribution and (b) bio-oil oxygen concentration, obtained for biomass pyrolysis at both laboratory and bench plant scales over

ZrO,/n-ZSM-5-ATP by using different C/B ratios (0.2 and 0.5).

The differences between the results obtained in the two ex-
perimental sets up can be assigned mainly to the longer resi-
dence time of the bio-oil vapors, in addition to the higher tem-
perature of the catalytic bed, for the bench scale, which pro-
vokes a more pronounced conversion and deoxygenation of
the bio-oil in comparison with the laboratory-scale system. In
this way, it must be noted that the biomass pyrolysis proceeds
on the laboratory scale in two separated zones (thermal and
catalytic) located within the same reactor, whereas in the case
of the bench plant the thermal pyrolysis and the catalytic up-
grading steps take place in two different reactors connected in
series. This fact leads to significant differences in the residence
times of the bio-oil vapors in the respective thermal zones
(=1 s in the laboratory setup vs. 7 s in the bench-scale plant),
whereas the residence times in both catalytic beds are very
similar (in the range 0.5-1 s).

Regarding the coke deposited over the catalyst, its yield was
more pronounced at higher C/B ratios, with a higher quantity
forming in the case of the laboratory-scale tests. This negative
effect was counterbalanced by the decreasing amount of
oxygen in the liquid organics with increasing catalyst loading
in the upgrading reactor. Thus, for the bench-plant experi-
ments, at the highest C/B ratio investigated (0.59g™"), a very
good quality bio-oil with only 10 wt% oxygen content was
produced at a mass yield of approximately 16 wt %, which cor-
responds to approximately one third of the initial chemical
energy in the biomass feedstock.

For comparing the relationship between the yield and
oxygen content of the bio-oil obtained at lab and bench
scales, it is important to take into account that the starting
point, that is, the yield and composition of the thermal bio-oil,
is different in both series of tests. Accordingly, the deoxygenat-
ing degree of the bio-oil attained in the catalytic upgrading
step has been referenced to the oxygen content of the ther-
mal bio-oil. In the same way, the energy yield of the bio-oil has
been computed, taking as a reference those corresponding to
the bio-oils produced in absence of catalyst for both series of
experiments. Accordingly, Figure 10 compares the relationship
between the bio-oil deoxygenation degree and its energy
yield, referenced to those of the thermal bio-oils, providing
thus information on the catalytic effects of the ZrO,/n-ZSM-5-

ChemSusChem 2019, 12, 2428 - 2438 www.chemsuschem.org

2436

w n -
o o o o
1 L 1 |

Catalytic bio-oil* deoxygenation (wt%)
By
Lo )

~
o

T T T
60 65 70 75 80 8 90 95 100
Catalytic bio-oil* energy yield (%)

Figure 10. Bio-oil* deoxygenation degree versus bio-oil energy yield of the
catalytic step (referenced to those of the thermal bio-oil), obtained for bio-
mass pyrolysis at laboratory and bench scales over ZrO,/n-ZSM-5-ATP by
using different C/B ratios.

ATP system for upgrading the organics produced in the ther-
mal zones of the corresponding reaction systems. It can be ob-
served that both series of points exhibit a similar trend in spite
of the differences in the conditions and sets up between them.
This is a remarkable result because it demonstrates that the
ZrO,/n-ZSM-5-ATP system exhibits similar catalytic properties
for different raw biomasses, reaction conditions, and operation
modes, providing deoxygenation degrees up to 60% with
energy yields of approximately 70% with respect to those of
the thermal bio-oils. Moreover, it can be concluded that this
excellent performance is maintained upon scaling up the pro-
cess from batch laboratory system to a continuous bench
plant.

The actual liquid biofuel obtained from the bench plant
tests was collected and analyzed to determine its suitability for
use in fuel applications. It should be noted that the total liquid
product produced from thermal biomass pyrolysis followed by
upgrading of the vapors in the consecutive catalytic reactor
segregated into two phases: an aqueous light phase, contain-
ing mainly water and a low amount of polar organic com-
pounds, and an organic-rich heavy phase, with low moisture
and high organics content. This organic phase was separated
from the aqueous phase for the tests at C/B ratios 0.25 and
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Table 4. Characterization of the bio-oil organic phase obtained from oak pyrolysis at the bench scale over ZrO,/n-ZSM-5-ATP.

C/B Percentage of total liquid product [%]  H,O [wt%]  Elemental composition [wt% d.b.] TAN HHV Energy yield [%]
C H 0 [Mgkong™1  [MJkg™' d.b]

0.25 45.8 3.6 80.6 7.3 12.0 8.5 35.8 33.0

0.50 42.8 2.7 83.5 7.6 8.8 2.6 37.6 30.2

d.b.: dry basis.

0.50 and was characterized to determine its water content, ele-
mental composition, total acid number (TAN), and heating
value. These results, together with the percentage of the or-
ganic phase in the total liquid, are summarized in Table 4. This
organic phase has favorable properties for fuel use because it
has little water, and the oxygen content is very low compared
with typical pyrolysis bio-oil without the use of hydrogen in
the process and merely resulting from the effective deoxyge-
nation induced by ZrO,/n-ZSM-5-ATP. This is also reflected in
the high heating value, which is close to that of fossil-based
fuels. Another important property for fuel applications is the
TAN, which corresponds to the acidity, and thus corrosiveness,
of the fuel. In the case of both organic liquids, the TAN is very
low owing to the effective removal of oxygen from the acidic
molecules in the bio-oil vapors.

The organic phase of the bio-oil sample obtained from the
bench-scale pyrolysis tests at a C/B ratio of 0.25 was also ana-
lyzed by GC-MS to determine the composition of the pro-
duced liquid. The bio-oil compounds were identified and
grouped in families according to their functional groups.
Figure 11 shows the semi-quantitative GC-MS results (ex-
pressed as percentage of relative area) in terms of the main
chemicals groups. The organic bio-oil consists mainly of aro-
matic, phenolic, and aliphatic compounds, as well as polyaro-
matic hydrocarbons, consistent with the high deoxygenation
activity of ZrO,/n-ZSM-5-ATP, which resulted in the production
of bio-oil with low oxygen content and high heating value.
Moreover, the amount of oxygenates, such as aldehydes, ke-
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Figure 11. Semi-quantitative analysis of the organic phase of bio-oil ob-
tained in the fast pyrolysis of lignocellulosic biomass at the bench scale over
ZrO,/n-ZSM-5-ATP at a C/B ratio of 0.25 with GC-MS. AR: aromatic com-
pounds; PH: phenolic compounds; FUR: furanic compounds; AC: acids; AL:
aliphatic compounds; ALD: aldehydes; KET: ketones; PAH: polyaromatic hy-
drocarbons; UN: unidentified compounds.
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tones, and acids, is very low, also indicative of the efficiency of
this catalyst and in line with the reduced TAN of the biofuel.

Conclusions

The ZrO,/n-ZSM-5-ATP material is an efficient catalyst for the
upgrading of the bio-oil vapors produced by biomass pyrolysis
by using an ex situ configuration. In addition to high accessibil-
ity for bulky molecules, provided by the nanocrystalline nature
of the ZSM-5 sample, this material exhibits the right balance of
acidic and basic sites, which is essential for catalyzing the vari-
ety of reactions taking place during biomass pyrolysis and bio-
oil upgrading. As a consequence, the ZrO,/n-ZSM-5-ATP cata-
lyst led in the laboratory scale tests to a quite more selective
deoxygenation pathway upon variation of the catalyst-to-bio-
mass ratio, as denoted by the improved relationship between
the bio-oil yield and its oxygen content in comparison with
that of the parent n-ZSM-5 sample. Likewise, the pathways fol-
lowed in the van Krevelen graphs for using the parent n-ZSM-5
catalyst are less favorable compared with the catalyst material
here investigated, with a reduction in the values of the overall
H/C ratio and a smaller increase in the H.4/C ratio, which con-
firms the remarkable positive effects derived from the zeolite
modification by ZrO, impregnation and agglomeration with at-
tapulgite. In the bench-scale tests, performed by using the
ZrO,/n-ZSM-5-ATP catalyst, a lower bio-oil yield was obtained
although it also showed lower oxygen content in comparison
with the laboratory-scale results. These differences can be as-
signed mainly to the longer residence time of the bio-oil in the
bench-scale test, which led to a more pronounced conversion
and deoxygenation of the bio-oil.

Interestingly, the ZrO,/n-ZSM-5-ATP system exhibits similar
catalytic properties for upgrading the thermal bio-oil vapors
even for different raw biomasses, reaction conditions, scales,
and operation modes, providing deoxygenation degrees up to
60% with energy yields of approximately 70% with respect to
those of the thermal bio-oils. Moreover, this finding confirms
the feasibility of upscaling the biomass catalytic pyrolysis pro-
cess from laboratory to bench scale.

Experimental Section

Detailed information about the preparation of the catalysts and
characterization techniques used, as well as information on the
procedure and setups employed for the biomass catalytic pyrolysis
tests, is provided in the Supporting Information.
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