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Javier Bilbaob and Pedro Castaño ab

The formation, growth and transformation of the carbon residue (coke) deposited on the catalyst during the

raw bio-oil hydrodeoxygenation have been studied. These deposits have a great impact on the overall

process performance, and they have been formed in accelerated deactivation conditions (450 �C, 65 bar,

space time of 0.09 gcat h gbio-oil
�1) using a continuous fixed bed reactor and a FeMoP/HZSM-5 catalyst.

Coke deposition causes partial deactivation of the catalyst, which reaches a pseudosteady state of

constant activity and also contant yields of interesting chemicals. The evolution of the coke in the

transient state has been studied through temperature-programmed oxidation, Raman spectroscopy and

elemental analysis. We have identified three different types of coke, whose composition evolves with

time on stream towards condensed and stable structures. The assessment of the evolution of the

reaction medium composition and the application of the principal component analysis (PCA)

methodology have evidenced that the dynamics of coke have three stages: (1) it is controlled by the

thermally-induced deposition of thermal lignin; (2) followed by the interconversion into intermediate

coke through aging reactions; and (3) it ends up in a pseudosteady state dominated by the formation of

catalytic coke species originating from both deoxygenated and carbonized intermediate coke as well as

the condensation of aromatics in the reaction medium.
Introduction

Biomass-derived pyrolysis oil, commonly referred to as bio-oil,
is steadily becoming a valid alternative for the production of
renewable fuels and platform chemicals, aiding in the transi-
tion from a fossil oil-based economy to a more sustainable and
circular one.1,2 Bio-oil is composed of a signicant amount of
water (15–30 wt%) and a plethora of oxygenated organic
components (50–65 wt%), among which one can nd acids,
aldehydes, ketones, furans, phenolics, guaiacols, syringols and
sugars.3,4 The very reactive nature of some of these renders bio-
oil unstable upon storage, highly viscous and corrosive, show-
casing the necessity of bio-oil pre-treatment for adjusting its
composition for any further downstream transformation.5,6
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Among the different alternatives for bio-oil stabilization and
upgrading, hydroprocessing is conceived as the most efficient
route, providing highly stable products with a high H/C ratio.7,8

To date, traditional transition metal-based (Ni, Co, Mo, W)
hydrotreatment catalysts have proven their efficiency in hydro-
desulfurization (HDS) and hydrodenitrogenation (HDN) reac-
tions of complex and heavy feedstock.9–11 On the other hand,
noble metal-based hydrocracking (HC) catalysts have also been
addressed when enhanced catalytic and cracking activity is
required.12–15 Nonetheless, hydrodeoxygenation (HDO) becomes
the imperative hydroprocessing goal when dealing with heavily
oxygenated feedstock like bio-oil and, in this context, metal
phosphides present interesting possibilities.16,17 The higher
HDO activity of phosphided catalysts is related to the presence
of P–OH groups which act as Brønsted sites, providing active
hydrogen.18 Unsupported FeMoP catalysts were reported by
Rensel et al.19,20 as highly selective materials towards aromatic
compounds, also with a high catalyst stability and recyclability.
In a complementary study, they correlated the Lewis acidity of
FexMo2�xP catalyst with the lower activation energy required for
the C–O bond cleavage in phenol HDO.21 A high selectivity
towards benzene (up to 90%) from the HDO of phenol was also
showcased by Jain et al.22 with a FeMoP catalyst, in contrast to
NiMoP and RuMoP catalysts at the same conditions.

Zeolites are particularly interesting as HDO catalyst
supports, providing high hydrothermal stability in a reaction
Sustainable Energy Fuels, 2020, 4, 5503–5512 | 5503
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View Article Online
medium with a high water content and also tunable properties,
which is of crucial relevance for directing catalyst selectivity
towards preferred products and limiting the deactivation due to
the formation of solid carbonaceous deposits.23,24 In a previous
work dealing with raw bio-oil HDO, we demonstrated that
a HZSM-5 zeolite support was preferred over HY and Hb zeolites
for FeMoP catalysts due to a balance between (i) a moderate
catalyst acidity, (ii) a suitable proportion of weak and moder-
ately acidic sites and (iii) a pore structure (MFI framework) that
allows the sweeping of coke precursors towards the reaction
medium, partially preventing catalyst deactivation.16

Any scalable approach in bio-oil HDO should consider the
massive production of carbon residues (coke) and the resulting
catalyst deactivation.25,26 This step is primarily a consequence of
fast repolymerization of the unstable and highly reactive
oxygenates in bio-oil,27,28 and can lead to reactor and pipeline
clogging, directly affecting process stability and feasibility.29

Hence, understanding catalyst deactivation mechanisms, with
a special focus on the initial hours of reaction, is of paramount
importance regarding the viability of raw bio-oil HDO. However,
this task remains highly challenging, considering the
complexity of the reaction medium and the great amount of
reaction synergies taking place.30 In previous works on the HDO
of raw bio-oil,16,31 we determined that the process goes through
an initial period of fast coke deposition at low times on stream
(1–4 h), which causes a signicant activity decay, and aer
which a subsequent pseudosteady catalytic activity state was
attained.

To date, the most detailed deactivation mechanism for the
HDO of raw bio-oil has been described by Cordero-Lanzac
et al.,30 by establishing two parallel deactivation pathways
dominated by bio-oil oxygenates and aromatic hydrocarbon
precursors, respectively, at the pseudosteady state. They also
showcased the crucial relevance of achieving a stable pseudos-
teady activity state in order to successfully implement a contin-
uous raw bio-oil HDO process. On top of that, these preliminary
results indicate that the dynamics of coke strongly inuence the
overall catalytic performance and reaction network. The coke
formed on the catalyst is not an inert. Much on the contrary, it is
constituted by a set of species with complex composition that
dynamically evolve over time and affect the reaction pathways
and the surface of the catalyst.

This manuscript targets to analyze the evolution with time
on stream (TOS) of the nature of the coke deposited over
a FeMoP/HZSM-5 catalyst during the HDO of a raw bio-oil. The
HDO runs have been conducted in a continuous xed bed
reactor at 450 �C, 65 bar and a space time of 0.09 gcat h gbio-oil

�1.
Then, we have correlated the evolution of the reaction medium
composition with that of coke, in order to nd the link between
the reaction and deactivation pathways. The properties of the
formed coke have been analyzed by thermogravimetric
temperature-programmed oxidation (TG-TPO), elemental anal-
ysis and Raman spectroscopy. The reaction medium has been
analyzed by individual analysis of the liquid (aqueous and
organic) phases. A statistical correlation between the composi-
tions of all the phases has been performed trough multivariate
data analysis using principal component analysis (PCA). Finally,
5504 | Sustainable Energy Fuels, 2020, 4, 5503–5512
we have proposed a simplied reaction mechanism which
explains the dynamics of the reactions involved in the trans-
formation of coke over TOS.

Experimental
Catalyst synthesis and characterization

For the preparation of the FeMoP/HZSM-5 catalyst, FeNO3-
$9H2O (Sigma Aldrich, 99%), (NH4)6Mo7O24$4H2O (Panreac,
99%) and (NH4)2HPO4 (Baker Chemicals B.V., 98%) were added
sequentially in a stirred round bottom ask to an aqueous citric
acid solution (0.4 M), in order to obtain a Fe : Mo : P molar ratio
of 1 : 1 : 1. The citric acid was present in a concentration such as
to ensure a molar ratio of 2 : 1 with respect to all metals. A
commercial ZSM-5 zeolite (Alfa Aesar; SiO2 : Al2O3, 30 : 1) was
used in its ammonium form. Aer the metal precursors were
dissolved in citric acid, the zeolite sample was impregnated by
incipient wetness (20 wt%), then dried overnight in an oven at
200 �C and calcined in a muffle at 700 �C for 5 h. Comple-
mentary XRD measurements conducted in a Philips X-Pert
diffractometer, operating at 40 kV, 30 mA and a scan step of
0.05 s�1, with a Ni b-ltered Cu Ka radiation (l¼1.5406 Å),
showed that no signicant modication/destruction of the
HZSM-5 zeolite framework occurred upon calcination at this
temperature (Fig. S1†). In addition, this high-temperature
calcination also favors the formation of Lewis acidic sites,
which prevent secondary undesired reactions, typically
enhanced by stronger Brønsted acidic sites.32 The activation of
the catalyst was carried out by programmed temperature treat-
ment at the following conditions: heating at 100 �C for 1 h
under Ar atmosphere (30 STP cm3min�1), followed by reduction
under a H2 atmosphere (100 STP cm3min�1) up to 650 �C for 1 h
(heating rate of 5 �C min�1). Aer reduction, the FeMoP/HZSM-
5 catalyst was cooled to room temperature under a H2 atmo-
sphere and then passivated using a 1% O2/He mixture (30 STP
cm3 min�1) for 1 h.

Inductively coupled plasma mass spectrometry (ICP-MS) was
used to analyze the chemical composition of the sample in
a Perkin-Elmer DRC-e apparatus. The textural properties of the
fresh and used catalysts were determined through N2 adsorp-
tion–desorption at �196 �C in a Micromeritics ASAP 2020
apparatus. Prior to analysis samples were degassed at 150 �C for
8 h. Specic surface area (SBET) was calculated using the Bru-
nauer–Emmett–Teller equation while the micropore volume
(Vmicropore) was calculated using the t-plot method. The meso-
pore volume (Vmesopore) was estimated by difference between the
total pore volume (at relative pressure of 0.995, Vpore) and the
Vmicropore. The total acidity of the fresh and used catalysts was
measured through temperature programmed desorption (TPD)
of tert-butylamine (tBA) at 100 �C in a Setaram DSC-111 calo-
rimeter. The sample was rstly pretreated at 550 �C under
a continuous ow of He in order to remove impurities. Aer
saturation of the sample with tBA, a temperature programmed
desorption (TPD) was launched at a 5 �C min�1 rate up to
500 �C, while simultaneously the tBA cracking products were
registered in a Balzers Quadstar 422 mass spectrometer (MS),
with butene being the main cracking product (m/z ¼ 56). The
This journal is © The Royal Society of Chemistry 2020
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View Article Online
main physico-chemical properties of the fresh FeMoP/HZSM-5
catalyst are summarized in Table 1.
Elemental composition (wt%)

C 52.2
H 7.1
O 40.7
Water content (wt%) 49.0

Chemical composition (wt%)

Acids and esters 9.5
Acetic acid 23.5
Aldehydes 4.8
Ketones 8.7
1-Hydroxy-2-propanone 7.0
Phenols 13.0
Alcohols 6.5
Ethers 2.0
Levoglucosan 24.0
Non-identied 1.0
Bio-oil feedstock, HDO runs and product analysis

The raw bio-oil was obtained in a pilot plant (25 kg h�1) from
the fast pyrolysis of black poplar sawdust,33 and used as received
with no further treatment. The raw bio-oil stock was stored in
a refrigerated environment (6 �C). Its elemental and chemical
composition (both on a dry bio-oil basis) are provided in
Table 2. Besides a water content of 49.0 wt%, bio-oil presents
a noteworthy concentration of levoglucosan (24.0 wt%) and
acetic acid (23.5 wt%) in its composition, together with
a signicant amount of phenolic compounds (13.0 wt%). EA
analysis revealed an oxygen content of 40.7 wt% in bio-oil.

The raw bio-oil HDO runs were carried out in a continuous
down-ow stainless steel xed bed reactor by PID Eng & Tech
(catalyst bed height: 10 cm; i.d.: 1 cm), and schematized in
detail elsewhere,9 at 450 �C, 65 bar, 0.09 gcat h gbio-oil

�1; 0.05
cm3 min�1 bio-oil; 90 STP cm3 min�1 H2; and varying times on
stream up to 8 h. The catalyst mixed with SiC was loaded in the
reactor following the specications of Van Herk et al.35

including SiC layers 20 mm thick above and below the catalyst
bed, in order to minimize heat losses and gas bypassing. Prior
to every reaction, the catalyst was pre-treated at 400 �C for 12 h
under a continuous gas owmix of 30 STP cm3min�1 H2 and 50
STP cm3 min�1 N2. Aer exiting the reactor, liquid products
were sent to a Peltier cell (gas/liquid separator), then sampled
and weighed every hour for mass balance calculation purposes.
Liquid products consisted of an aqueous and an organic phase
that were separated by decantation and analyzed individually.
The composition of the organic product phase was assessed
through two-dimensional Gas Chromatography (GCxGC)
coupled with Mass Spectrometry (MS) in an Agilent 7890A
apparatus connected on-line with an Agilent 5975C series MS.
The GCxGC was provided with two columns of different polar-
ities connected through a ow modulator, being the rst
column a non-polar DB-5MS (length ¼ 30 m; internal diameter
¼ 0.25 mm), while the second one was a polar TRB-50 HT
(length ¼ 5 m; internal diameter ¼ 0.25 mm). On the other
hand, the aqueous phase was analyzed by means of gas
chromatography-mass spectrometry in a Shimadzu GC-MS
QP2010 unit provided with a BPX5 column (length ¼ 50 m;
internal diameter ¼ 0.22 mm). The water content in the
Table 1 Main chemical and structural properties of the fresh FeMoP/
HZSM-5 catalyst

Property Value

Fe (wt%) 5.4
Mo (wt%) 7.7
P (wt%) 4.7
SBET (m2 g�1) 312
Vpore (cm

3 g�1) 0.218
Vmicropore (cm

3 g�1) 0.113
Vmesopore (cm

3 g�1) 0.105
Total acidity (mmoltBA g�1) 0.47

This journal is © The Royal Society of Chemistry 2020
aqueous product phase was quantied by Karl-Fischer titration
using a Metrohm830 KF Titrino plus apparatus.

The yields of liquid carbon product (C-prod) and water are
dened by eqn (1) on a total bio-oil basis (including water):

Yi;wet basis ¼ Fi

Fbio-oil

100 (1)

where Fi and Fbio-oil are the hourly mass ows of each product
fraction and bio-oil, respectively. The yield of gas + coke was
calculated by difference.

Liquid carbon products were classied in lumps of different
chemical nature, as follows: oxygenates (comprising: methanol,
MeOH; acetone, AC and; acetic acid, AA); alkanes, AL; ketones,
KT; phenol, PH; alkylphenolics, APH; 1 ring aromatics (A1); 2+
ring aromatics (A2+) and; other oxygenates (acids and esters),
OT. Their yields on a dry basis are dened by eqn (2) as:

Yj;dry basis ¼ Fj

Foxygenates

100 (2)

where Fj and Foxygenates refer to the hourly mass ows of each
hydrocarbon lump and the oxygenates in bio-oil (excluding
water), respectively.
Coke characterization

The deactivated catalyst samples were analyzed for coke quan-
tication through temperature-programmed oxidation (TPO) in
a TA Instruments TGA Q5000 IR thermobalance (TG-TPO),
without any previous coke separation. Prior to analysis,
samples were subjected to a stripping pre-treatment under a N2

atmosphere (100 cm3 min�1) at 450 �C in order to remove
organic adsorbed species. TPO analyses were conducted under
a continuous air ow (100 cm3 min�1) applying a ramp up to
700 �C at a 5 �C min�1 rate, which ensures total combustion of
the formed coke. The TG-TPO results allow for the quantica-
tion of the different coke fractions.
Sustainable Energy Fuels, 2020, 4, 5503–5512 | 5505
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Elemental analysis of the used catalyst samples was per-
formed in a EuroVector EA3000 Elemental Analyzer. The oxygen
content was determined by difference from the wt% contents of
C, H and N.

Raman spectroscopy analyses were carried out in a Renishaw
InVia confocal microscope, consisting of a spectrometer and
two lasers coupled to a Leica optical microscope. An excitation
wavelength of 514 nm was used, and the uorescence caused by
the material was subtracted.
Multivariate data analysis

A principal component analysis (PCA) routine developed in
Matlab was applied for the multivariate analysis of the reaction
data. A dataset of 15 variables from 21 uncorrelated runs was
congurated and processed as previously detailed by Alvira
et al.36 The Varimax rotation was applied in order to facilitate
interpretation of the results. The assessed variables comprise
reaction parameters (time on stream, TOS; space time, W/F),
coke composition (contents of the fractions of thermal lignin,
TL; intermediate coke, IC; and catalytic coke, CC), and reaction
medium composition (on the basis of the lumps previously
dened: MeOH, AC, AA, AL, KT, PH, APH, A1, A2, and OT).
Fig. 1 Evolution with TOS of (a) product yields on a wet bio-oil basis
and (b) the concentration of the different lumps in liquid carbon
products.
Results and discussion
Evolution of product yields and composition over TOS

The evolution with time on stream (TOS) of the yields of the
main product fractions in a wet bio-oil basis (gas + coke, water,
and carbon products in the organic (Cprod-org) and aqueous
(Cprod-aq) phases) as dened by eqn (1) are displayed in Fig. 1a.
At TOS > 2 h the main component at the reactor exit is water
(>51.8 wt%), which originates from raw bio-oil itself and is also
formed as end product of HDO mechanisms. The yield of total
carbon products (Cprod-org + Cprod-aq) presents an increasing
trend over time, with a parallel decrease in the gas + coke lump.
Interestingly, while carbon products originate solely from an
aqueous carbon product phase at TOS ¼ 1–2 h (Cprod-aq ¼ 2.3–
9.8 wt%), an incipient formation of an organic product phase
(Cprod-org) is detected at TOS > 3 h. A higher increase in the total
carbon product yield is then attained up to TOS ¼ 5 h, aer
which constant values of 27.3 wt%, 54.3 wt% water and
18.4 wt% gas + coke are obtained (average values at TOS ¼ 5–8
h). The evolution over time on stream of the water content in the
aqueous phase, displayed in Fig. S2,† shows a similar behavior.
From an initial water content of 92.5 wt% at TOS¼ 1 h, a drop of
about 9 wt% is measured once a constant water content of
84.2 wt% is achieved. These results suggest that HDO reactions
deactivate more preferentially over time, being particularly
affected during the initial 4 h on stream, where the water
concentration in the aqueous phase steadily decreases.
Accordingly, the formation of the organic carbon product lump
is also promoted in a greater extent (Fig. 1a).16,31 In this case, the
high water concentration of this raw bio-oil (49 wt%) is favoring
the stability not only of the catalyst but of the overall process. It
is known that, in the catalytic conversion of raw bio-oils,37

a higher water concentration in the reaction medium is
5506 | Sustainable Energy Fuels, 2020, 4, 5503–5512
benecial and performs a coke precursor stripping effect, hence
maintaining a higher remaining catalyst activity over time on
stream, which ultimately will aid to the overall process stability.

These results are indicative of two different reaction stages
taking place during bio-oil HDO: (i) an initial transient stage at
TOS ¼ 1–5 h where an important loss in catalyst activity due to
coke deposition occurs, and (ii) a pseudosteady activity stage,
where product yields are constant and carbon products are
maximized.16,31 In agreement with other studies on the conver-
sion of raw bio-oil with different catalysts, a fast catalyst deac-
tivation primarily occurs during the transient state because of
the condensation of the highly reactive alkyl(methoxy)phenols,
forming the so-called thermal lignin (TL). This solid product
from the thermal repolymerization of bio-oil oxygenates can
later on evolve towards a heavier and more condensed coke.30,38

Fig. 1b establishes the focus on the concentration of the
different lumps in C-products, which account for a total
53.5 wt% in a dry bio-oil basis at the pseudosteady state (see
Fig. S3†). During the initial 2 h on stream, the lump of
oxygenates is predominant (70.6–76.6 wt%), whereas a signi-
cant concentration of aromatics, ketones, phenol and phenolics
is detected at TOS > 3 h. Eventually, values of 25.7 wt% total
aromatics, 13.3 wt% ketones, 11.8 wt% phenol and 12.6 wt%
phenolics are attained at the pseudosteady activity state. The
appearance over time on stream of signicant amounts of
This journal is © The Royal Society of Chemistry 2020
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unsaturated and oxygenated compounds reconrms the cata-
lyst activity drop, mainly during the initial hours of reaction.

The concentration of the three compounds comprised in the
oxygenated lump in Fig. S4† (methanol, acetic acid and
acetone), with a majority of acetic acid through the whole
reaction time (73–83 wt%) indicates that the HDO activity of the
FeMoP/HZSM-5 catalyst is lower than that achieved with a noble
metal-based catalyst at the same experimental conditions.31

This difference is explained by the higher capacity of noble
metal-based catalysts for C–O bond cleavage and demethox-
ylation of alkyl(methoxy)phenols, hence leading to a heavily
hydrogenated end liquid product.39,40 All in all, when bio-oil
HDO is intended for the production of certain platform chem-
icals, the pore blockage and masking of acidic sites caused by
coke deposits results benecial in order to limit the hydroge-
nation capability of the catalyst, resulting in higher yields of
unsaturated compounds. The acidic and structural properties
of the used catalysts are reported in Table S1.† As plotted in
Fig. 2, we observed that, aer 1 h on stream, about 48% of the
total catalyst acidity is lost in comparison to fresh catalyst
conditions, as well as 62% of the specic surface, detecting
a pronounced decrease in both parameters through the whole
transient reaction stage (TOS ¼ 1–4 h). Once the pseudosteady
state is attained (TOS > 5 h), these values further decrease down
to 93% and 97%, respectively, hence indicating that almost
complete coverage and blockage of the acidic sites and pores
occurs due to the severe coke formation in the process.
Coke characterization

Combined thermogravimetric and combustion techniques
provide relevant information on coke content and nature.41 On
the basis of their combustion behavior and the role they play in
coke formation mechanisms, three different carbonaceous
species are dened: (i) thermal lignin (TL, combustion peak
maximum at 365–370 �C), intermediate coke (IC, peak
maximum at 445–450 �C) and catalytic coke (CC, peak
maximum at 515–520 �C). Detailed TPO proles and deconvo-
lutions at every TOS can be found in Fig. S5.† The thermal origin
of this material was corroborated from a blank experiment with
no catalyst. In this experiment, the reactor rapidly clogged due
to the very fast formation of carbonaceous deposits within the
reactor. The fraction of these deposits collected from the
Fig. 2 Evolution with TOS of the relative values for total acidity and
specific surface of the catalyst.

This journal is © The Royal Society of Chemistry 2020
entrance of the reactor presented the same characteristics than
those of the thermal lignin, hence conrming its formation
from thermal mechanisms with no catalytic intervention.

The evolution with time on stream of the total coke content
as well as the different coke species is displayed in Fig. 3a.
Regarding total coke content, a pronounced increase is
observed from 21 wt% at TOS ¼ 1 h up to 56 wt% at TOS ¼ 3 h,
where a maximum value is reached. Aer that, the total coke
content shows a decreasing tendency until an almost constant
value is attained at TOS ¼ 5 h, with a value of 38 wt% (average
TOS ¼ 5–8 h value). In terms of the evolution of the different
species, both TL and IC show similar tendencies, with an
increasing formation up to TOS ¼ 3 h, where the tendency
reverses. Maximum values of 31 wt% and 16 wt% of TL and IC
are attained at TOS ¼ 3 h, decreasing down to 16 wt% and
9 wt%, respectively, at the pseudosteady activity state. On the
other hand, CC presents a steadily increasing formation over
time on stream, increasing from 4 wt% at TOS ¼ 1 h and up to
13 wt% at the pseudosteady state (Fig. 2a). In terms of the
concentration of the different carbon species (Fig. 3b), TL is
dominant over the course of the whole reaction, with concen-
trations in the range of 77–56% in the transient stage, and 41%
in the pseudosteady activity state. This decrease in the total
amount of coke at TOS > 3 h can be explained by the relevance of
Fig. 3 Evolution with TOS of the (a) amount of total coke and the
different coke species and (b) concentration of the different deacti-
vating species in coke.
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the condensation mechanisms of the coke fractions, causing
gas product and water formation, and also by the gasication of
coke due to a high water content in the reaction media at TOS >
3 h. Note that the gasication of the solid product is possible at
such a low temperature because of the high reaction pressure.

Reaching the pseudosteady state leads to the supression of
the (additional) coke formation and stabilization of its
composition as depicted in Fig. 4. The results (derived from EA
analyses) indicate a highly oxygenated coke being formed at the
initial hours of reaction (oxygen content of 77%), with an O/C
ratio of 3.0 and H/C ratio ca. 1.4, which evolves into less
oxygenated and more condensed structures over time on
stream. At TOS > 4 h, upon progress of hydrodeoxygenation,
condensation and dehydration reactions,27 the coke in the used
catalyst samples present O/C values of 0.50–0.66 (corresponding
to oxygen contents between 39–45%) and lower H/C ratios of
1.0–1.2. This is in agreement with the coke compositions re-
ported in Fig. 3b, where TL conforms the majority of the formed
carbon residues in the TOS ¼ 1–3 h range. Later on, the coke
evolves towards more dehydrogenated and deoxygenated
structures, as a consequence of the dominance of oxygen-free
unsaturated compounds in the reaction medium (Fig. 1b).

The normalized Raman spectra of the used catalyst samples
in Fig. S6† presents two main bands characteristic of carbona-
ceous structures.42,43 The D band (1350 cm�1) is attributed to the
breathing mode of poorly structured aromatic clusters, while
the G band (1580–1610 cm�1) is related to in-plane stretching of
ordered aromatic carbons.42 Both the D and G bands become
narrower for used catalysts deactivated at longer times on
stream (Fig. S6a†), indicating that coke develops a higher degree
of structural order.44 In addition, the evolution of the D/G band
height ratio with time on stream in Fig. S6b† proves that
structural changes are notable at TOS < 4 h, with little variations
at longer reaction times, reaching an almost constant
composition.45

Multivariate data analysis

In complex processes where several variables are liable to
conditioning the process and important reaction synergies
occur, proposing accurate kinetic schemes that describe either
the process or coke formation over time on stream becomes
a challenging task. In this context, principal component anal-
ysis (PCA) is a valuable statistical tool that can be applied for
Fig. 4 Evolution with TOS of the O/C molar ratio of the coke in the
used catalysts.

5508 | Sustainable Energy Fuels, 2020, 4, 5503–5512
categorizing the different process variables by replacing them
with a set of new ones (principal components). This strategy
aids for describing the main trends in the process and aid for
detecting hidden correlations.36,46 From the experimental data
obtained from 21 different HDO runs of uncorrelated experi-
ments derived from the present and previous works on raw bio-
oil HDO,16,31 we established a dataset including the variables
dened in the Experimental section. Through PCA, data was
simplied to three main components (PC1-3). In the Varimax
loading plot for PC1 and PC2, shown in Fig. 5a, certain clus-
tering concerning the reaction medium composition is
observed, on the basis of (i) oxygen-free components (alkanes +
aromatics) and (ii) ketones, phenol and alkylphenolics. The
latter presents the highest loadings along PC1, while the ones of
the rest of oxygenates (acetic acid, acetone, methanol, acids and
esters) along PC1 are noticeably lower. Time on stream also
presents a signicant loading along PC1, directly correlated
with the reactionmedium composition. These variables are also
directly correlated with the formation of CC, and inversely
correlated with the other two coke species (TL and IC). All the
aforementioned correlations are in agreement with the results
plotted in Fig. 1b and 3a, which show that aer 3 h on stream
phenolic and aromatic compounds appear in a greater extent
(as the organic product phase is formed). The amounts of both
TL and IC suffer a decrease in favor of a greater CC formation
from catalytic mechanisms. In line with the dual coke forma-
tion mechanism proposed by Cordero-Lanzac et al.30 for the
HDO of raw bio-oil, dominated by alkyl(methoxy)phenolic and
Fig. 5 Varimax loading plots for (a) PC2 vs. PC1 and (b) PC2 vs. PC3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Proposed scheme for the parallel thermal/catalytic formation of the different coke fractions in the raw bio-oil HDO over time on stream.
The main sets of reactions have been abbreviated as: depolymerization, DEPOL; dehydrogenation, DEHYD; deoxygenation, DEOX; conden-
sation, COND.
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aromatic precursors respectively, PCA analysis points out the
contribution of both of these component classes on the
formation of the more condensed CC.

On the other hand, the highest loadings along PC2 are those
of the components in the lumps of oxygenates (methanol, acetic
acid, acetone) and other oxygenates (acids + esters), with lower
loadings of the rest of the components. Oxygenated compounds
(ketones, phenol and phenolics) present lower loadings,
inversely correlated with the yields of alkanes and aromatics.
The former leads to the latter through hydrodeoxygenation, and
the oxygen-free compounds play the role of CC precursors,
hence explaining the direct correlation between CC, A1 and A2

along PC2. These results indicate that the compounds in the
lump of oxygenates play a secondary role on coke formation
despite being present in relatively important amounts (ca.
30 wt% of the carbon product at the pseudosteady state, see
Fig. 1b).

The distribution of variables along PC3 (Fig. 5b) indicates
the impact that reaction conditions (namely time on stream and
space time) have on the formation of CC, but not on that of TL.
As previously discussed, TL is thermally induced upon entrance
of the raw bio-oil feedstock in the reactor, even prior to its
contact with the catalyst. The higher dependence of TL on
thermal effects rather than on time on stream or reaction
This journal is © The Royal Society of Chemistry 2020
medium composition is conrmed by the very low loadings of
TL along all PCs.

The statistical tting obtained through PCA analysis
provides a solid mathematical support for discussion on the
coke formation mechanism presented herein and in a previous
work.30 The conclusions extracted from the t of a random set of
experimental data are consistent with our hypotheses, high-
lighting the inuence of the reaction medium composition on
the solid deposition during the transient and pseudosteady
states.

Coke formation mechanism and discussion

The results presented in the previous sections indicate the
existence of different coke formation/transformation stages
that directly control the corresponding two reaction stages
(transient and pseudosteady) and impact the observed product
distribution (Fig. 1). The coke formation/transformation stages
can be tracked in terms of coke content (Fig. 3) and composition
(Fig. 4 and S6†). From these results, a mechanism for describing
the formation of coke over time on stream in the HDO of raw
bio-oil is proposed in Fig. 6. Representative molecules of each
one of the main chemical groups involved in coke formation
(precursors) are included in the scheme, as well as proposed
structures for the three different coke fractions.
Sustainable Energy Fuels, 2020, 4, 5503–5512 | 5509
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On the basis of the well-established HDO deactivation
mechanisms,27,30 the scheme in Fig. 6 considers that TL orig-
inates from the thermally-induced repolymerization of
unstable and highly reactive oxygenates present in bio-oil, and
acts as a precursor for more evolved coke. The evolution
(aging) of TL occurs through a series of catalyst-activated
reactions: gasication and condensation-carbonization. Iba-
ñez et al.47 and Valle et al.48 established a direct correlation
between the concentration of the bio-oil components in the
feed, particularly polyols and (alkyl)phenolics, with the
amount of deposited coke on the catalyst in the catalytic
conversion of raw bio-oil + methanol mixtures over a HZSM-5
based catalyst at 450 �C. The results in Fig. 3 evidence not
only the nature of TL as precursor, but also the role of IC as
intermediate in coke formation mechanisms, with increasing
trends up to 3 h on stream, aer which this trend inverts. The
steady formation of CC over time on stream, on the other hand,
denotes its nature of nal product in the mechanism. This
evolution of the content of the different species of coke indi-
cates the occurrence of a thermal/catalytic parallel coke
formation mechanism over time on stream. In line with the
scheme in Fig. 6, TL is initially formed through thermally-
induced repolymerization of bio-oil oxygenates, and its
further transformation into IC can be associated with two
possible pathways: (i) a gasication mechanism (which entails
condensation of the remaining coke) due to the higher content
of water in the reaction medium and the high reaction
temperature and pressure,49 and; (ii) a catalytic mechanism
which subjects coke precursors to dehydration, deoxygenation,
condensation and hydrogen transfer reactions towards heavily
condensed catalytic coke (CC). The formation of TL, to a much
lesser extent, is also plausible from the repolymerization of the
heavier oxygenates (phenolics) in the aqueous phase, which at
the same time can be formed from dehydration and conden-
sation reactions of lighter oxygenates. As a consequence of
aging reactions, important amounts of CO, CO2 and water are
produced.30 These reactions imply a mass loss in the total coke,
as well as the TL and IC fractions, as shown in Fig. 3a.

This interpretation of the coke evolution mechanism is in
agreement with the evolution of the HDO products over TOS.
During the initial hours of reaction (TOS ¼ 0–2 h), the compo-
sition of the reaction media consists of solely light oxygenates
(i.e. acetic acid, ketones, alcohols, etc.) mixed with a signicant
amount of water originating from the raw bio-oil feedstock itself
(49 wt%) and formed as an end product of HDO mechanisms
(see Fig. 1b). In this reaction period, the concentration of acetic
acid, an important coke precursor,50 is also signicant in the
aqueous product phase (Fig. 3b and S4†). At these conditions,
the thermal mechanism of TL formation is promoted, leading
to a fast catalyst deactivation and causing partial activity loss at
TOS < 3 h. Aerwards, as a consequence of the aforementioned
activity loss, the presence of unsaturated oxygen-free aromatics
becomes signicant (ca. 25 wt% in the pseudosteady state).
These aromatics originate from depolymerization and deoxy-
genation of the bio-oil oxygenates, as well as dehydration and
deoxygenation of the heavy oxygenates in the aqueous phase
and give way to the catalytic mechanism of coke formation from
5510 | Sustainable Energy Fuels, 2020, 4, 5503–5512
aromatic precursors. This capacity of aromatic compounds for
forming coke is justied by their condensation activity over the
acidic sites of the catalyst.30,51

Consequently, the overall coke nature evolves towards
a more condensed (Fig. S6†) and less oxygenated nature
(Fig. 4) upon increasing the time on stream, indicating that
this catalytic route from hydrocarbon precursors is dominant
during the pseudosteady stage of the reaction, while the
oxygenated precursor route (mainly thermally affected)
controls the transient state. At the pseudosteady state, CC
formation occurs from the catalytic conversions of both (i) the
aromatic reaction products originated from the raw bio-oil
HDO and (ii) condensation–carbonization IC species, as
demonstrated in Fig. 3. Despite the co-existence of both
routes at the pseudosteady activity state, the controlling role
of the catalytic route from aromatic precursors at high reac-
tion temperatures is suggested, while milder temperatures
would favor the continuous formation of coke deposits from
oxygenated precursors.30

Conclusions

This work exposes the complexity of coke formation mecha-
nisms and the evolution of its composition and structure over
time on stream in the HDO of raw bio-oil using a FeMoP/HZSM-
5 catalyst. This evolution corresponds to a transient stage of 3 h,
aer which coke content and structure remains constant and,
consequently, the catalyst reaches a pseudosteady state where
product yields remain stable over time on stream. In these
conditions, the production of interesting platform chemicals is
maximized.

A statistical principal component analysis (PCA) can corre-
late coke composition with the reaction variable and the reac-
tion media composition. The concentration of oxygen-free and
oxygenated unsaturated compounds, namely aromatics and
(alkyl)phenolics, is conrmed to be the determinant factor
conditioning the coke formation, followed by other oxygenates
(acetic acid, methanol, acetone, acids and esters), and with
a lower inuence of reaction conditions (time on stream and
space time).

The discernible coke dynamics of formation and trans-
formation control the two reaction stages (transient and pseu-
dosteady). In the transient state, the content of thermal lignin
increases due to thermally-induced repolymerization of bio-oil
oxygenates. This step coincides with a composition of prod-
ucts dominated by the oxygenated compounds (acetic acid,
methanol, acetone, phenol and phenolics). Then, and also in
the transient state, thermal lignin evolves and ages into inter-
mediate coke through gasication–condensation reactions. In
the pseudosteady state, a parallel catalytic coke formation route
acquires relevance from both (i) the further aging of interme-
diate coke and (ii) condensation of the aromatics in the reaction
media. Consequently, the overall coke composition evolves
from highly oxygenated structures in the transient state to
a more deoxygenated and condensed aromatic-type material at
the pseudosteady state, with a higher structural order. This coke
stability explains the constant activity of the catalyst.
This journal is © The Royal Society of Chemistry 2020
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