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a b s t r a c t

A study has been carried out by using different techniques (TPO, FTIR, Raman, 13C NMR, GC/MS of the
coke dissolved in CH2Cl2) on the nature of the coke deposited on a HZSM-5 catalyst modified with Ni
in the transformation of the crude bio-oil obtained by flash pyrolysis of lignocellulosic biomass (pine
sawdust) into hydrocarbons. The reaction system has two steps in-line. In the first one, the components
of crude bio-oil derived from the pyrolysis of biomass lignin are polymerized at 400 �C. In the second one,
the remaining volatile oxygenates are transformed into hydrocarbons in a fluidized bed catalytic reactor
at 450 �C. The reaction has been carried out with different bio-oil/methanol mass ratios in the feed (from
100/0 to 0/100). Co-feeding methanol significantly attenuates coke deposition, and the nature of the coke
components varies according to the bio-oil/methanol ratio in the feed. When bio-oil is co-fed, the coke
deposited on the catalyst has a significant content of oxygenates and oxo-aromatics and consists of
two fractions, identified by temperature programmed oxidation, corresponding to external and internal
coke in the zeolite crystals. The fraction of external coke is soluble in CH2Cl2, with a high content of oxy-
genates and oxo-aromatics, and is generated by polymerization of products derived from biomass lignin
pyrolysis activated by the zeolite acid sites. The fraction of coke retained within the zeolite crystals is par-
tially insoluble and is formed by several routes: from the intermediates in the transformation of both
methanol and bio-oil oxygenates into hydrocarbons; by evolution of the other coke fraction; from the
hydrocarbons (with high aromatics content) in the reaction medium.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Lignocellulosic biomass and its derivates are an alternative
feedstock for partially replacing petroleum as raw material for
obtaining fuels, hydrocarbons for petrochemical synthesis and
hydrogen [1–3]. The valorization of lignocellulosic biomass instead
of coal and natural gas has the advantages of its renewable nature,
i.e. no CO2 net production, lower SO2 and NOX emissions and a
worldwide disponibility.

The flash pyrolysis of lignocellulosic biomass provides a yield of
around 70 wt.% of liquid (bio-oil), using simple technologies with
small capital assets [4,5]. The bio-oil can be obtained in delocalized
rural areas and subsequently stored and transported to a refinery
(biorefinery) for its large-scale valorization.

Crude bio-oil is a polar and hydrophilic brown liquid, with a
water content of around 30 wt.% (that obtained from herbaceous
biomass may exceed 50 wt.%) and an oxygen content of
45–50 wt.%, as a result of water content and its oxygenated compo-
sition, with compounds (acids, alcohols, aldehydes, esters, ketones,
phenols, guaiacols, syringols, sugars, furans and others) derived
ll rights reserved.
from the fragmentation of biomass cellulose, hemicellulose and lig-
nin [4,6,7]. Its heating value (15–18 MJ kg�1), although limited by
the water content, is interesting for its use as fuel [8]. However,
the transformation of oxygenated compounds in the bio-oil by cat-
alytic processes into hydrocarbons or H2 is of greater interest [9].

The hydrocarbons can be obtained by cracking deoxygenation
of flash pyrolysis primary products using an acid catalyst in situ
in the pyrolysis reactor, by the catalytic fast pyrolysis (CFP) process
[10–15] or with a catalytic bed in-line for processing the volatile
compounds that leave the pyrolysis reactor [16–18].

From the perspective of sustainability and the development of a
large-scale biorefinery concept, great attention has been paid to
the co-feeding of bio-oil (and also other biomass derivatives such
as glycerol) into refinery units, particularly FCC (fluidized catalytic
cracking) units [19,20]. In order to gain knowledge on the effect of
co-feeding bio-oil on product yield and quality, studies have been
carried out on the catalytic cracking of model oxygenates in the
bio-oil (such as phenol and guaiacol) with diesel under conditions
similar to those in the FCC [21,22].

Gayubo et al. [23,24] have studied the transformation of bio-oil
oxygenated compounds into hydrocarbons over HZSM-5 zeolite
catalysts, proving that these reactions are very similar to the trans-
formation of methanol/dimethyl ether into hydrocarbons over this

http://dx.doi.org/10.1016/j.jcat.2011.10.004
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Nomenclature

Cci, CcT content of i coke fraction in the catalyst (i = 1, ther-
mal coke; i = 2, catalytic coke) and total coke content

Ei activation energy for the combustion of i coke frac-
tion (kJ mol�1)

ki; k�i kinetic constant for the combustion of i coke fraction
at T temperature and at 550 �C (atm�1 s�1 and s�1)

(mbio-oil)inlet mass flow of bio-oil oxygenated components at the
fluidized reactor inlet (g h�1)

(mbio-oil)outlet mass flow of bio-oil oxygenated components at the
fluidized reactor outlet (g h�1)

(mi)outlet mass flow of product lump i at the fluidized reactor
outlet (g h�1)

(moxygenates)inlet mass flow of oxygenates (MeOH, bio-oil) at the
fluidized reactor inlet (g h�1)

PO2 partial pressure of oxygen in the gas for burning the
coke, atm

R constant of gases, kJ mol�1 K�1

Sg BET-specific surface (m2 g�1)
T temperature (K)
Xbio-oil bio-oil conversion
Xi lump i concentration, given as a mass fraction on a

water-free basis
Yi yield of product lump i
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type of catalysts [25–27]. These similarities lie in: (i) the kinetic
schemes for the formation of light olefins, paraffins and aromatics;
(ii) the effect of lump concentrations in the reaction medium on
the deactivation by catalytic coke deposition. In the formation of
coke from furan (model compound of biomass) on a HZSM-5 zeo-
lite catalyst, Chen and Huber [28] consider a hydrocarbon pool
mechanism similar to that for methanol transformation, but with
a different composition. These analogies open an interesting per-
spective for co-feeding bio-oil in the MTO process over HZSM-5
zeolite catalysts. Mentzel and Holm [29] have studied the co-feed-
ing of bio-oil model compounds with methanol, ascertaining meth-
anol effect on attenuating the deactivation by coke.

Nevertheless, the feasibility of using crude bio-oil in the afore-
mentioned catalytic processes (particularly, the catalytic cracking
in FCC and the MTO process) is curtailed by the problem associated
with the polymerization of bio-oil oxygenated components above
80 �C. The formation of a large amount of carbonaceous material
(with a yield above 30 wt.%) hinders feeding crude bio-oil into
the reactor, and furthermore, the catalyst undergoes rapid deacti-
vation, and the flow inside the reactor is blocked [30]. Gayubo
et al. [31] have ascertain the particular role of certain components
(aldehydes, oxyphenols, furfural and their derivatives) in the depo-
sition of carbonaceous material and HZSM-5 zeolite catalyst deac-
tivation in the transformation of a light bio-oil fraction.

Amongst the solutions studied in the literature for crude bio-oil
valorization by catalytic transformation into hydrocarbons, the fol-
lowing are worth mentioning: (i) fractionation and valorization of
a bio-oil fraction without polymerization problems, usually the
aqueous fraction (with less content of lignin derivatives) or a
fraction with low boiling point [32,33]; (ii) thermal degradation
(accelerated ageing) to promote the separation of a polymerizable
fraction [30,34,35]; (iii) hydrodeoxygenation to increase the H/C
ratio and attenuate the subsequent deposition of carbonaceous
material [36–38]; (iv) methanol co-feeding to increase the H/C
ratio of the mixture [30]. The co-feeding of methanol with bio-oil
is mandatory if methanol is used to stabilize the crude bio-oil
during storage, for which at least 10 wt.% of methanol is required
[39,40].

Other actions to improve the crude bio-oil, such as the esterifi-
cation of bio-oil acids, either in-line in the output stream of the
pyrolysis reactor [41] or by treating the collected bio-oil [42], are
effective to reduce bio-oil acidity and corrosiveness, improving
its viability as a fuel. However, they are not likely effective to re-
duce significantly the problem of lignin derivative polymerization.

Gayubo et al. [43] have proposed a two-step process (thermal
and catalytic) in-line for the valorization of crude bio-oil (Fig. 1).
The first step is to exhaust the polymerization, so that the remain-
ing stream of treated bio-oil is transformed in the second step
(fluidized catalytic reactor) with few problems of thermal coke
deposition over the catalyst. With this strategy, and co-feeding
methanol with bio-oil, a high yield of light olefins [44] or aromatics
[45] is obtained, using HZSM-5 selective catalysts that undergo
limited deactivation by coke deposition and are liable to be regen-
erated [46]. The polymerization of certain bio-oil oxygenates in the
first step at 400 �C allows obtaining a solid (which is called pyro-
lytic lignin) with a composition and properties similar to those of
the lignin derived from the production of paper pulp [43], which
increases its valorization perspectives. The material balance for
the two-step process and the significance of methanol content in
the feed (Bio-oil/methanol) on this balance has been described in
previous papers [30,43]. Two alternatives for the valorization of
the pyrolytic lignin have been considered in Fig. 1: (i) gasification,
in order to obtain methanol for stabilizing the bio-oil to be co-fed
into the process, (ii) conventional pyrolysis, whose solid product
(char) can be used as fuel, owing to its high heating value or can
be subject to activation processes to obtain activated carbon for
purification processes and for use as a support for metallic cata-
lysts [47,48] or as acid catalyst [49].

A study has been conducted in this paper on the nature of the
coke deposited on a HZSM-5 zeolite catalyst modified with Ni,
which has been used in the two-step process shown in Fig. 1 with
different crude bio-oil/methanol ratios in the feed. The objective is
to identify the coke fractions of thermal and catalytic origin and
their location within the catalyst. Another objective is to step fur-
ther on the origin of the catalytic coke and its relationship with the
reaction scheme by determining the role of methanol and bio-oil
transformation steps in coke formation and the possible synergy
between both reactants for coke formation.
2. Experimental

2.1. Bio-oil production and composition

The bio-oil has been obtained by flash pyrolysis at 450 �C using
a N2 stream, in a plant pilot provided with a conical spouted bed
reactor [4,10,11]. The feedstock was pine (Pinus insignis) sawdust
with a particle size between 0.8 mm and 2 mm. The crude bio-oil
used in this study corresponds to 80 wt.% of the entire bio-oil.
Thus, in order to attain product reproducibility, the bio-oil studied
is that collected in the condenser and in the ice-water trap,
whereas that retained in the coalescence filter has been discarded.
The composition of the crude bio-oil (Table 1) has been determined
by GC/MS analyzer (Shimadzu QP2010S device) provided with a
TBR-1MS column.) Product identification has been accomplished
using the NIST 140 library. The detailed composition of individual
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Fig. 1. Two-step process for the transformation of crude bio-oil into hydrocarbons.

Table 1
Component families of the crude bio-oil.

Components wt.%

Acetic acid 15.3
Acetone 5.3
Other ketones 21.8
Other acids and esters 10.8
Hydroxyacetaldehyde 10.6
Other aldehydes 8.7
Phenols 8.2
Alcohols 11.6
Ethers 0.9
Levoglucosan 3.9
Others 1.3
Non-identified 1.6

Table 2
Properties of the fresh catalyst and the deactivated catalysts, used in experiments
with different bio-oil/methanol mass ratio.

Bio-oil/
methanol
Mass ratio
(wt.%/wt.%)

Sample
name

Sg
(m2/gcat)

Vmesopore

(cm3/gcat)
Vmicropore

(cm3/gcat)
Acidity
(mmolNH3/
gcat)

– zNi (fresh) 177.7 0.57 0.034 0.41
40/60 a040 (alumina) 72.8 0.21 – 0.01
0/100 zNi000 125.3 0.53 0.016 0.13
40/60 zNi040 82.0 0.47 0.005 0.10
60/40 zNi060 78.6 0.45 0.002 0.08
100/0 zNi100 78.6 0.44 0.001 0.07
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components is shown in a previous paper [43]. The elemental
composition is CH1.84O0.59, and the average molecular weight is
100.2 g mol�1. The water content (48 wt.%) has been measured
by gas chromatography (Agilent Micro GC 3000).
2.2. Catalyst

The catalyst has been prepared from commercial HZSM-5 zeo-
lite (supplied by Zeolyst International) with SiO2/Al2O3 = 30, which
has been modified by incorporating 1 wt.% of Ni. This Ni content is
suitable to achieve hydrothermal stability (important in a reaction
medium with high content of steam), which gives the catalyst abil-
ity to recover its kinetic behaviour when it is used in reaction-
regeneration cycles [50]. The commercial zeolite is supplied in
ammonium form, and in order to obtain the acid form, it is calcined
following a temperature ramp (up to 570 �C). Impregnation with Ni
was carried out by slowly adding a Ni(NO3)2 solution to the acid
zeolite under vacuum (in a Rotavapor) at 80 �C.

The modified zeolite was dried for 24 h at 110 �C and subse-
quently agglomerated (by wet extrusion) with bentonite (Exaloid)
and using alumina (Prolabo) calcined at 1000 �C as inert charge.
The proportion of each component in the catalyst is 25 wt.% zeolite,
45 wt.% bentonite and 30 wt.% alumina. The extrudates were dried
at room temperature for 24 h. The particles were subsequently
ground and sieved to a size between 0.15 and 0.25 mm, dried at
110 �C for 24 h and calcined at 575 �C for 2 h. This temperature is
reached following a heating rate of 5 �C min�1 and is suitable for
dehydroxylation of strong acid sites so that the catalyst is hydro-
thermally stable [51]. The agglomeration provides the catalyst
with the mechanical strength required to minimize the material
loss by attrition in fluidized bed reactor. Moreover, zeolite crystals
are embedded in a matrix with meso- and macropores, which en-
hance bio-oil heavy component diffusion and attenuates the block-
age of micropore entrance, because the meso- and macropores
allow the placing and growth of the coke [52].
The physical properties of the fresh and deactivated catalysts
(Table 2) have been determined by N2 adsorption–desorption
(Micromeritics ASAP 2010) and Hg porosimetry (Micromeritics
Autopore 9220). Total acidity (Table 2) has been determined by
measuring the differential adsorption of NH3 at 150 �C in a thermo-
balance (TA Instruments SDT 2960) on-line with a mass spectrom-
eter (Balzers Instruments Thermostar) [53].

Table 2 also shows the properties of an a-alumina (supplied by
Derivados del Fluor, Spain) with negligible acidity, which has been
used as a catalyst to compare the results with those of the
HZSM-5 zeolite acid catalyst.

2.3. Reaction and analysis equipment

The reaction equipment has been previously detailed [45] and
consists of two reactors in-line (according to the Fig. 1). The first
reactor (for the polymerization of lignin derivatives at 400 �C) is
a tube of S-316 stainless steel with an internal diameter of
159 mm, with a bed of glass spheres. The bio-oil inlet is cooled
with water to avoid blockage. The output volatile stream enters
the second reactor, which is a fluidized bed reactor (inside a verti-
cal cylindrical tube made of S-316 stainless steel with an internal
diameter of 20 mm and a total length of 465 mm) located within
a ceramic chamber heated by an electrical resistance. The catalyst
bed is placed on a porous plate (at 285 mm from the reactor base).

The experiments have been carried out under the following
conditions: bio-oil/methanol mass ratio in the feed, between
100/0 and 0/100, 450 �C, 1 atm and space time (based on the oxy-
genates in the bio-oil), 0.371 gcatalyst h(goxygenates)�1. It is worth
mentioning that space time is referred to the total content of oxy-
genates at the catalytic reactor inlet (those contained in the bio-oil
remaining after pyrolytic lignin deposition and methanol co-fed).
The deactivated catalyst samples are designated as zNiX in the ta-
bles and figures, where x is the wt.% of bio-oil in the feed of bio-
oil/methanol mixture.

The on-line analysis of the products is carried out every 5 min,
with a gas chromatograph (Agilent Micro GC 3000) provided with



Fig. 2. Evolution with time on stream of bio-oil conversion for different
bio-oil/methanol mass ratio in the feed at 450 �C and a space time of
0.371 gcatalyst h (goxygenates)�1.

Fig. 3. Evolution of product yields (left axis) and oxygenate concentration (right
axis) with time on stream for a feed of bio-oil/methanol with 20/80 mass ratio at
450 �C and a space time of 0.371 gcatalyst h (goxygenates)�1.
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four modules for the analysis of the following: (1) permanent gases
(O2, N2, H2, CO and CH4); (2) oxygenates (MeOH, dimethyl ether
and CO2), light olefins (C2–C3) and water; (3) C2–C6 hydrocarbons;
(4) C6–C12 hydrocarbons and oxygenate compounds.

2.4. Coke analysis

The TPO analysis of the coke deposited on the deactivated cat-
alysts has been conducted by combustion with air in the TG/MS
arrangement described above. Subsequent to a coke stripping step
in a He stream at 550 �C for 1 h, combustion is carried out with 25%
O2 in He, following a ramp of 3 �C min�1 from 300 �C to 550 �C, and
maintaining this temperature for 1 h. Stripping is necessary to
remove the components of the reaction medium that are adsorbed
on the catalyst. It has been proven that this stripping is not severe
enough to partially reactivate the catalyst, so that the components
removed cannot be considered constituents of the coke that deac-
tivates the catalyst. However, if this stripping is not carried out, the
adsorbed compounds interfere the results corresponding to the
analysis of catalyst properties. Throughout combustion, the follow-
ing data are monitored: temperature, mass, temperature difference
between sample and reference and the intensity in the mass spec-
trometer for the signals corresponding to the masses 18 (water)
and 44 (CO2).

The FTIR spectra have been obtained in a Nicolet 6700 (Ther-
mo), using a transmission cell, 60 scans, and a resolution of
4 cm�1. The samples of deactivated catalysts (3–5 mg) have been
pelletized with KBr (300 mg, purity >99%), applying pressures of
10 t cm�2 for 10 min.

Raman spectra have been obtained in a Renishaw confocal
microscope, using two lasers of 514 and 785 nm as excitation
source, and subtracting the fluorescence caused by coke. The mea-
surements have been carried out over 3–5 mg of deactivated cata-
lyst, doing no less than 3 analyses in different positions and
minimizing exposure to air to avoid coke oxidation.

The 13C CP-MAS NMR (carbon-13 cross-polarization magic
angle spinning nuclear magnetic resonance) experiments have
been performed in a Broker DXR 300. Samples of deactivated cata-
lysts (300 mg) have been placed in the container and analysed for
12–24 h.

In order to extract the soluble coke, 0.3–0.5 g of deactivated cat-
alyst is exposed to 3–5 mL of HF (Merck, 40%) at 85 �C for 1 h. After
drying and neutralization, coke extraction is performed in glass
Soxhlet extractors using CH2Cl2 (Merck >99.8%), at 40 �C for 24 h.
The extracts are analysed using simultaneously a gas chromato-
graph (Shimadzu GC-2010 with a TRB-1MS column) and a mass
spectrometer (Shimadzu GCMS-QP2010).
3. Results

3.1. Catalyst deactivation by coke

Fig. 2 shows the evolution of bio-oil conversion with time on
stream for different bio-oil/methanol mass ratios in the feed at
450 �C and a space time of 0.371 gcatalyst h (goxygenates)�1. The bio-
oil conversion has been calculated from the mass flow rates of
the oxygenated components in the bio-oil at the fluidized bed reac-
tor inlet (remaining after the thermal polymerization step), (mbio-

oil)inlet, and outlet, (mbio-oil)outlet:

Xbio-oil ¼
mbio-oilð Þinlet � ðmbio-oilÞoutlet

ðmbio-oilÞinlet

� �
ð1Þ

It is noted that after a rapid deactivation, the bio-oil conversion
reaches a pseudo-stationary value after 3 h of time on stream. At
zero time on stream and co-feeding methanol, bio-oil conversion
decreases due to the dilution of bio-oil oxygenated components.
Nevertheless, the attenuating effect of deactivation is more signif-
icant, which has already been proven in a previous paper and is
explained by the effect of methanol on the attenuation of bio-oil
oxygenate polymerization [30].

Fig. 3 shows the evolution with time on stream of oxygenates
(bio-oil, methanol and dimethyl ether) mass fraction at the reactor
outlet, Xi, and reaction product yields, Yi, on a water-free basis.
These results correspond to a feed with a bio-oil/methanol mass
ratio of 20/80, at 450 �C and a space time of 0.371 gcatalyst

h (goxygenates)�1. Under these selected conditions, a high yield of
aromatics is obtained [45]. The results in Fig. 3 are consistent with
those obtained by Adjaye and Bakshi [54], who are pioneers in the
study of catalytic transformation of bio-oil into hydrocarbons and
showed the capacity of the HZSM-5 zeolite for obtaining selec-
tively aromatics (toluene, xylenes and trimethyl benzene) and that
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this zeolite has a greater deoxygenating capacity than other acid
materials (H-mordenite and HY zeolites and silica-alumina) with
lower yield of coke.

The yields in Fig. 3 have been calculated from the mass flow
rates of each lump of products at the reactor outlet, (mi)outlet:

Yi ¼
ðmiÞoutlet

ðmoxygenatesÞinlet

� �
ð2Þ

A comparison with the fresh catalyst shows that the physical
properties and acidity of the deactivated catalysts (Table 2) have
substantially been deteriorated due to deactivation. This deteriora-
tion is attenuated by decreasing the bio-oil/methanol ratio in the
feed and is of lower significance for the catalyst used in the trans-
formation of pure methanol. The deterioration in catalyst proper-
ties is related to the total amount of coke deposited, as discussed
below. Furthermore, the decrease in acidity is less significant than
in micropore volume, indicating that the catalyst maintains the
acid sites accessible to the bio-oil, which are responsible for the
remaining activity.
3.2. Thermal and catalytic coke

As an example of the TG-TPO results, Fig. 4 shows the TPO
profile for the combustion of the carbonaceous material deposited
on the catalyst for a feed of pure bio-oil (sample zNi100). The extent
of the TPO curve is characteristic of a heterogeneous coke made up
of components with different H/C ratios [55]. Two fractions of coke
are distinguished in the TPO curves corresponding to the feeds
containing bio-oil. The fraction that burns at low temperature
(peak in the 400–480 �C range) can be considered as a coke of ther-
mal origin, formed by condensation–degradation of certain bio-oil
oxygenated compounds (probably those derived from lignin pyro-
lysis because of their greater ability to polymerization), which are
not completely separated in the thermal treatment step. This coke
fraction is deposited on the meso- and macroporous structure of
the catalyst matrix, and consequently, its combustion is less lim-
ited than the combustion of the catalytic coke, to which corre-
sponds the second peak observed in the TPO curve. The other
fraction of the coke is deposited on the HZSM-5 zeolite micropores
and has been formed by evolution of the compounds in the reac-
tion medium towards condensed and progressively less hydroge-
nated structures, by condensation reactions activated by the acid
Fig. 4. TPO profile for the combustion of the coke deposited on the catalyst for a
feed of pure bio-oil (sample zNi100). Reaction conditions as in Fig. 2.
sites [56–58]. The hypothesis that the low temperature peak is a
result of the coke combustion catalysed by Ni has been discarded,
given that only the peak at high temperature is observed in the TPO
analysis of the coke deposited in the experiments feeding pure
methanol. In order to quantify both coke fractions, the TPO curve
deconvolution has been calculated using a routine written in Mat-
lab. This calculation considers the combustion of the two fractions
of coke as two parallel kinetic events of first order, with respect to
O2 partial pressure (PO2) and to the content of each coke fraction
(Cci):

dCci

dt
¼ kiPO2Cci ¼ k�i exp

�Ei

R
1
T
� 1

T�

� �� �
PO2Cci ð3Þ

The calculation solves the set of two differential equations (corre-
sponding to Eq. (3) for both types of coke) and determines both coke
fractions (Table 3) and the kinetic parameters for the combustion of
each fraction.

By increasing the content of bio-oil in the feed, the total coke
content and the content of thermal and catalytic coke fractions in-
crease in the deactivated catalyst (Fig. 5). The fraction of thermal
coke is insignificant for pure methanol in the feed, which confirms
that thermal coke is due to the degradation of oxygenated compo-
nents in the bio-oil. On the other hand, the attenuation of catalytic
coke deposition by increasing the methanol content is consistent
with the effect reported in the literature when the H/C ratio in
the feed is increased in the oxygenate cracking [17,29,59].

The activation energy for thermal coke combustion is almost
twice that corresponding to catalytic coke combustion
(Ethermal = 175 ± 15 kJ mol�1, Ecatalytic = 90 ± 15 kJ mol�1), whereas
the kinetic constant at 550 �C is an order of magnitude higher than
that for the catalytic coke (k�thermal ¼ 4:5� 1:5� 10�2 atm�1 s�1;

k�catalytic ¼ 3:5� 0:5� 10�3 atm�1 s�1). This result is due to the
aforementioned location of the thermal coke on the outside of
the microporous structure of the zeolite, which makes its combus-
tion easier. Consequently, thermal coke burns faster, and the peak
in the TPO curve (Fig. 4) is narrower than that of catalytic coke. The
oxygenated nature of this coke fraction enhances its combustion,
as suggested by Moljord et al. [60,61], who found that coke com-
bustion takes place through oxygenated intermediates generated
by the oxidation of coke polyaromatics. In a previous paper, it
was proven that the catalyst recovers completely its activity after
coke combustion [46].
3.3. Properties of the coke

3.3.1. FTIR analysis
Fig. 6 shows the FTIR vibrational spectra of the coke deposited on

the deactivated catalysts with feeds of different composition, in the
spectral range of 2800–3100 cm�1, corresponding to the vibrations
of C–H bonds of paraffins and olefins (asymmetric and symmetric
stretching) and single-ring aromatics [62]: (a) 3025 cm�1, single-
ring aromatics or alkyl aromatics; (b) 2960 cm�1, –CH3 groups; (c)
2900–2925 cm�1, –CH2 and –CH groups; (d) 2875 cm�1, –CH3

groups; (e) 2860 cm�1, –CH2 groups. The intensity of the bands cor-
responding to aliphatics and single-ring aromatics increases with
increasing bio-oil/methanol mass ratio in the feed, and there is an in-
crease in the number of terminal groups (–CH3) as well as in length
and/or cyclic groups (–CH and –CH2) in the aliphatic chains. These
results match those in literature for bio-oil cracking [63].

The intensities of the bands corresponding to conjugated double
bonds, at 1500–1600 cm�1, are similar for all samples, indicating
that under these experimental conditions the intensity of the band
at 1598 cm�1 is not related to the amount of coke (Table 3), as has
been reported in the literature for other reactions [64,65]. This
result is explained by the presence of alcoholic and carboxylic



Table 3
Coke contents of the deactivated catalysts, used in experiments with different bio-oil/methanol mass ratio, and results of the deconvolution of the TG-TPO profiles of coke.

Bio-oil/methanol
mass ratio (wt.%/wt.%)

Deactivated catalyst (Cc)total (wt.%) (Cc)thermal (wt.%) (Cc)catalytic (wt.%)

0/100 zNi000 1.34 0.00 1.34
20/80 zNi020 1.83 0.11 1.72
40/60 zNi040 5.28 1.04 4.24
60/40 zNi060 6.98 1.47 5.51
100/0 zNi100 8.11 2.55 5.56

Fig. 5. Evolution of catalytic coke content and its fraction in the total coke content
for different bio-oil/methanol mass ratios in the feed. Reaction conditions as in
Fig. 2.

Fig. 6. FTIR spectra of the deactivated catalysts in the 2800–3100 cm�1 region
corresponding to aliphatic and aromatic vibrations: (a) single-ring aromatics or
alkyl aromatics; (b) –CH3 groups; (c) –CH2 and –CH groups; (d) –CH3 groups;
(e) –CH2 groups. Reaction conditions as in Fig. 2.

Fig. 7. Raman spectra of the deactivated catalysts (with different bio-oil/methanol
mass ratios in the feed) in the 1000–2000 cm�1 region. Reaction conditions as in
Fig. 2.

Table 4
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groups in the coke, which interfere with the vibrational bands of
conjugated double bonds [63].
Intensities of the Raman bands corresponding to the spent catalysts.

Deactivated catalyst mC–H D D3 G D2 D/G La (nm)

zNi000 0.29 0.36 0.09 0.13 0.13 2.80 1.57
zNi040 0.23 0.30 0.12 0.19 0.16 1.56 2.82
zNi100 0.09 0.34 0.14 0.24 0.19 1.41 3.12
3.3.2. Raman spectroscopy
Fig. 7 shows the Raman spectra corresponding to the deacti-

vated catalysts, using a 514-nm excitation laser. The spectra
have been deconvoluted in 5 Lorentzian peaks [66]: (i) 1250–
1270 cm�1, C–H vibrations (mC–H); (ii) 1360 cm�1, ‘‘breathing’’
vibrational mode of not-well-structured aromatics (D band); (iii)
1450 cm�1, structural defects of aromatic clusters; (iv) 1575–
1600 cm�1, assigned to in-plane stretching vibrational modes of
well-structured aromatics (G band); (v) 1610 cm�1, also attributed
to disordered aromatic structures.

Table 4 shows the intensities of the bands described above, the
ratios of D/G band intensities (characteristic of the development of
carbonaceous solids) and the values of coke particle size or in-
plane correlation length (La) calculated using the Tuinstra–
Koening correlation [67]. The values of G band intensities increase
with the content of bio-oil in the feed. This result indicates that the
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proportion of the developed coke (band G) is related to the total
amount of coke deposited on the catalyst (Table 3). Furthermore,
the coke particle size (La) is higher as the total content of coke in-
creases, so that the size of feeding pure methanol (zNi000) is
1.57 nm and that of feeding bio-oil is double (3.12 nm for the sam-
ple zNi100).
Fig. 9. Ratio of aromatics (129 ppm)/aliphatics (22 ppm) area versus the coke
content of the deactivated catalysts (with different bio-oil/methanol mass ratios in
the feed) based on the results of 13C NMR. Reaction conditions as in Fig. 2.
3.3.3. NMR spectroscopy
The profiles of 13C CP-MAS NMR of deactivated catalysts are

shown in Fig. 8. All catalysts show bands at 22 ppm and
129 ppm, corresponding to the carbonaceous nucleus of aliphatics,
particularly –CH3 groups and aromatics, respectively [63]. In feed-
ing pure methanol (zNi000), the only bands observed are those
associated with aromatics and aliphatics, with the aliphatics/aro-
matics ratio higher than those for the catalysts deactivated with
bio-oil containing feeds. This result confirms that the coke formed
in the conversion of methanol is made up of aromatic species mul-
ti-substituted with –CH3 groups, which is consistent with the sec-
ondary mechanism for coke formation known as ‘‘hydrocarbon
pool’’ mechanism for methanol transformation into hydrocarbons
[68,69]. The catalysts that have been deactivated with a bio-oil
containing feed present a low-intense band at 181 ppm, which is
assignable to carboxylic acid groups in the coke. By increasing
the bio-oil/methanol ratio in the feed, the band of carboxylic
groups is more notable, whereas the band of aromatics becomes
more intense than that of aliphatics. Moreover, the catalysts deac-
tivated with a feed of pure bio-oil (zNi100) present an aromatic
band with a shoulder at 150 ppm, evidencing its nature of aromatic
coke, which is more condensed and crystalline [63] than for the
other samples corresponding to feeds with lower content of bio-
oil. In addition, increasing the bio-oil/methanol mass ratio in the
feed, the aliphatic band becomes wider due to the existence of
more aliphatic carbon nucleus. Fig. 9 shows that the ratio between
the intensities of the bands corresponding to aromatic and ali-
phatic components of coke increases linearly with the content of
catalytic coke fraction.
Fig. 8. 13C NMR spectra of the deactivated catalysts (with different bio-oil/
methanol mass ratios in the feed). Reaction conditions as in Fig. 2.
3.3.4. Extraction and analysis of soluble coke
Fig. 10 shows the content of CH2Cl2 insoluble coke (quantified

by TG-TPO) and the contents of different component families in
CH2Cl2 soluble coke, determined by GC/MS analysis, for the cata-
lyst deactivated with the different feeds. Furthermore, the com-
position is shown for a coke (of thermal origin) deposited on
non-catalytic material (a-Al2O3, named a040, tested under the
same conditions as the HZSM-5 catalyst deactivated with a bio-
oil/methanol mass ratio in the feed of 40/60). The difference be-
tween the amount and composition of the coke deposited on
the a-Al2O3 and on the HZSM-5 catalyst is notable and highlights
the importance of catalyst acidity for the formation of thermal
and catalytic coke fractions. A low coke content is deposited on
the a-Al2O3 (only of thermal origin) due to the insignificant activ-
ity of this material for the transformation of methanol and bio-oil
into hydrocarbons. This thermal coke is composed mainly of oxy-
genates and oxo-aromatics, with a small proportion of aliphatics,
proving that aromatics and aliphatics are mainly formed by the
catalytic pathway of deactivation. The sample of HZSM-5 catalyst
deactivated under the same conditions (zNi40) has a higher con-
tent of both fractions of coke, and in addition to oxygenated
and aromatic compounds, it has a significant content of aliphatics
and aromatics and a higher content of soluble coke. A comparison
of the results shows that the acid sites of the catalyst activate
Fig. 10. Composition of the coke deposited on the deactivated catalysts (with
different bio-oil/methanol mass ratios in the feed) and on the inert material
(a-alumina). Reaction conditions as in Fig. 2.
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both the steps for the formation of the so-called catalytic coke
and the deposition of the so-called thermal coke, which is attrib-
uted to the polymerization of the products derived from the pyro-
lysis of biomass lignin.

As observed in Fig. 10, the amount of insoluble coke increases
with the content of bio-oil in the feed, although the ratio of soluble
to insoluble within the coke does not vary significantly. This result
is explained by considering the evolution of the different fractions
of coke to more dehydrogenated structures. The results soluble
coke composition evidence that, as the bio-oil/methanol ratio in
the feed is increased, the amount of all coke fractions increases
(as does the total coke content), especially that of oxygenate and
oxo-aromatic compounds. These oxygenated fractions are not
Table 5
Main components of each family of the soluble coke, ext
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present in the coke obtained with a feed of pure methanol, which
means a non-oxygenated nature with aliphatic and aromatic
hydrocarbons as major components.

The components representative of each family of the soluble
coke fraction are shown in Table 5. The aliphatic lump is mainly
composed of hydrocarbon structures, with low branching and
low number of insaturations, with approximately 15–20 carbons.
The aromatic lump is made up of structures of 2 and 3 rings and,
to a lesser extent, of up to 5 (benzopyrene). The oxygenates have
components with alcoholic- or carboxylic groups and with lower
number of carbons than aliphatics. Table 5 shows the structure
of three oxo-aromatics that are representative of those contained
in the coke.
racted from the spent catalysts.

cs C15–C20

daliphatics C11–C18

lene (methyl, dimethyl and trimethyl)

ene (methyl, dimethyl and trimethyl)

rene (methyl, dimethyl and trimethyl)

roperylene

C11–C14

1–C14

ethyl-9,10-anthracenedione,

xi-6methylantracene

Dihydro-1-methylbenz[3,4]anthra[1,2b]oxigene



Fig. 11. Evolution with bio-oil content in the feed of coke contents (total, thermal
and catalytic) and average mass fractions in the reaction medium of bio-oil and
hydrocarbons. Reaction conditions as in Fig. 2.

Fig. 12. Kinetic scheme proposed for the transformation of bio-oil/methanol
mixture into hydrocarbons and coke over HZSM-5-based catalysts. Reaction
conditions as in Fig. 2.
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3.4. Effect of reaction medium on deactivation

In this study, the conditions of the experiments correspond to a
low value of space–time, for which the catalyst undergoes rapid
deactivation by coke deposition. Under these conditions of rapid
deactivation, the reaction medium is a crucial factor. The impor-
tance of reaction medium concentration on coke formation is
essential for the transformation into hydrocarbons of pure oxygen-
ates, such as methanol [25–27] and ethanol [52,70–72], in which
the role of oxygenated reactant concentration in the formation of
catalytic coke over HZSM-5 zeolite catalysts has been extensively
reported. In the transformation of bio-oil into hydrocarbons, Gay-
ubo et al. [44] and Valle et al. [45] have proven that increasing
space–time and, therefore, the catalyst/bio-oil flow rate and bio-
oil conversion (decreasing the bio-oil concentration in the med-
ium), the total coke content and the thermal and catalytic coke
fractions decrease significantly. This result should be considered
when assessing the viability of the process, because space–time
is a condition that must be optimized in large-scale processes.

Furthermore, it should be noted that the coke analysed corre-
sponds to a catalyst deactivated for 3 h of time on stream, for
which the cracking ability of the catalyst decreases in addition to
the steady decrease in the hydrocarbon concentration in the reac-
tion medium and increase in the bio-oil oxygenate concentration.

The different composition of the reaction medium is taken into
account in Fig. 11, which shows the relationship between coke
contents (total, thermal and catalytic) and the average mass frac-
tions of hydrocarbons and bio-oil in the reaction medium for 3 h.
It is noted that the decrease in hydrocarbon yield and the increase
in bio-oil mass fraction (unreacted) occur simultaneously with an
increase in total coke content and thermal and catalytic coke on
the catalyst. These results are consistent with the effect expected
for the oxygenate concentration in the medium, i.e. enhancing
the formation of both coke fractions.
4. Discussion

A simplified kinetic scheme proposed for the transformation of
bio-oil/methanol mixture into hydrocarbons and coke over HZSM-
5-based catalysts is shown in Fig. 12. This scheme has differences
with those reported for the conversion of methanol into hydrocar-
bons over HZSM-5 zeolite. Firstly, a coke fraction is formed by
polymerization of certain bio-oil oxygenates derived from the
pyrolysis of biomass components (lignin, cellulose and hemicellu-
lose). This polymerization is presumably favoured by the acid sites
of the catalyst and attenuated by the methanol content in the feed
[30].

The results of deterioration of catalyst properties (Table 2) show
that much of the microporous and acid structure of the catalyst is
blocked by the coke. However, assuming the worst scenario of pure
graphitic coke (with a density of 2.23 g cm�3) plugging all the
micropores, the deactivated catalyst would eventually have a coke
content of 7.5 wt.%. Combining these data with those of coke com-
position (Fig. 10 and Table 3, which indicate that the coke density
must be substantially lower than that of graphite), it can be con-
cluded that a significant fraction of the coke is deposited outside
the zeolite crystals, which is consistent with the TPO results.

Furthermore, the structure of the catalytic coke in the transfor-
mation of bio-oil/methanol mixtures (mostly located inside HZSM-
5 zeolite crystals) is different to the specific coke deposited in the
transformation of pure methanol. Methanol conversion goes
through the ‘‘hydrocarbon pool’’ mechanism with methyl benzenes
as intermediates for the formation of light olefins as primary prod-
ucts [68,69]. These intermediates become inert when the benzene
ring is saturated with methyl groups, and these polymethyl
benzenes (with five or six methyl groups) are the precursors of
subsequent condensations towards polyaromatic structures that
are retained in the crystal channels of the zeolite [73,74]. This
interpretation, based on spectroscopic observations proving the
existence of benzene intermediates, is supported by kinetic studies
of deactivation, which have highlighted the dependence of the
deactivation kinetics with methanol concentration in the feed
[25,75]. This mechanism for coke formation from methanol occurs
simultaneously to the extensively reported steps for coke forma-
tion from the reaction hydrocarbon products, through oligomeriza-
tion–cyclization–aromatization–condensation reactions catalysed
by the acid sites of the catalyst [56–58,74]. It is noteworthy that
the reaction conditions used in this paper (high temperature,
450 �C, and a suitable catalyst for the formation of aromatics and
with dehydrogenating activity due to the presence of Ni) favour
the formation of coke from the hydrocarbons in the reaction
medium.

The aforementioned results show that co-feeding bio-oil signif-
icantly contributes to the formation of catalytic coke, apart from
being responsible for the deposition of thermal origin coke. The
analysis of coke gives way to a better comprehension of the species
forming the thermal and catalytic coke. By correlating the thermal
and catalytic coke results (Table 3) with those of coke composition
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(Fig. 10), it can be concluded that the oxygenates in the soluble
coke are the constituents of the thermal coke. The analysis of this
coke allows establishing that it is a heterogeneous coke, with
alcoholic and carboxylic groups and with the presence of oxo-
aromatics. Furthermore, the content of the catalytic coke deposited
increases with the bio-oil/methanol mass ratio in the feed, which
also gives way to an increase in the aromatic character of the coke
and its condensation and evolution towards a graphitic structure.

Based on these results, the catalytic coke can be considered a
material evolving towards a polycondensed structure insoluble in
CH2Cl2, which is generated by several routes activated by the acid
sites: (i) from methanol by the ‘‘hydrocarbon pool’’ mechanism,
which generates polyaromatic structures that are retained in the
HZSM-5 zeolite crystals; (ii) by condensation of the hydrocarbon
products in the cracking-deoxygenation reactions of bio-oil
components; (iii) by condensation of the intermediates in the men-
tioned reactions; and (iv) by condensation of the coke components
originally deposited as a result of the polymerization of products
derived from the pyrolysis of biomass lignin.

There is probably a synergy between the routes for catalytic
coke formation from methanol and from bio-oil due to the contri-
bution of bio-oil derivatives in the hydrocarbon pool mechanism.
This hypothesis is consistent with the results by Carlson et al.
[14,15], who established a mechanism based on the oxygenated
intermediates in the reaction and hydrocarbons produced (espe-
cially olefins and aromatics) for coke formation in the cracking of
glucose. Chen and Huber [28] studied the formation of coke from
a pure compound (furan as a model of cellulosic biomass) and con-
firm the possible existence of a hydrocarbon pool from which the
coke derives as a by-product. Given the complexity of the bio-oil,
a better understanding of this synergy would require the study
of the coke deposited in the reactions by co-feeding different
bio-oil components with methanol.
5. Conclusions

The co-feeding of crude bio-oil with methanol is interesting for
its large-scale valorization, because it can be carried out under
reaction conditions similar to those reported for methanol conver-
sion into hydrocarbons, based on the technological development of
the fluidized bed reactor and the HZSM-5 zeolite catalyst, which
have been widely study for selectively obtaining fuel in the range
of gasoline, light olefins or BTX aromatics. The availability of a pre-
vious step in-line allows a controlled separation of most of the bio-
oil oxygenates derived from the pyrolysis of lignocellulosic bio-
mass lignin, which repolymerize in this step at 400 �C and form a
carbonaceous material (called pyrolytic lignin) with lignin-like
structure.

The catalyst deactivation in the catalytic step is due to coke
deposition, which according to its origin has two fractions. The
fraction of thermal origin (characteristic of bio-oil co-feeding) is
presumably formed by the polymerization (favoured by the acid
sites) of certain oxygenated compounds that have not been poly-
merized in the first step and are deposited in the meso- and mac-
ropores structure of the catalyst matrix. The coke of catalytic origin
is formed by condensation of intermediates of the cracking-deoxy-
genation reactions that undergo the oxygenated bio-oil compo-
nents and by well-established mechanisms in the literature for
coke formation from the hydrocarbons produced. The coke formed
from the intermediates of the ‘‘hydrocarbon pool’’ mechanism for
methanol transformation into hydrocarbons and the coke formed
from the hydrocarbons in the reaction medium also contribute to
this fraction. This catalytic coke is deposited mainly within the
crystal channels of HZSM-5 zeolite, although it is also partially
deposited outside the crystals, for which the matrix is effective.
Another feature of the coke deposited when bio-oil is co-fed
with methanol is its heterogeneous and oxygenated nature, with
the presence of oxo-aromatics, alcoholic and carboxylic groups,
which are associated with the evolution of thermal origin coke that
is deposited mainly outside the zeolite crystals. The catalytic coke
produced when feeding pure methanol is not oxygenated and has a
high content of polymethyl aromatics.

There is evidence that an increase in the bio-oil/methanol mass
ratio in the feed has a remarkable effect on the coke content, its
origin and nature. By increasing this ratio, the total coke content
and the thermal and catalytic fraction contents increase. It is note-
worthy that the catalytic coke is more aromatic and its condensa-
tion degree is higher, which allows establishing a possible synergy
between the mechanisms for coke formation from methanol and
bio-oil. However, given the complexity of bio-oil composition, it
would be interesting to know the nature of the catalytic coke
formed in the transformation of key compounds.
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