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Hydrodeoxygenation (HDO) of pyrolysis oil fractions was studied to better understand the HDO of
whole pyrolysis oil and to assess the possibility to use individual upgrading routes for these fractions.
By mixing pyrolysis oil and water in a 2 : 1 weight ratio, two fractions were obtained: an oil fraction
(OFWA) containing 32 wt% of the organics from the whole oil and an aqueous fraction water addition
(AFWA) with the remaining organics. These fractions (and also the whole pyrolysis oil as the reference)
were treated under HDO conditions at different temperatures (220, 270 and 310 °C), a constant total
pressure of 190 bar, and using 5 wt% Ru/C catalyst. An oil product phase was obtained from all the
feedstocks; even from AFWA, 29 wt% oil yield was obtained. Quality parameters (such as coking
tendency and H/C) for the resulting HDO oils differed considerably, with the quality of the oil from
AFWA being the highest. These HDO oils were evaluated by co-processing with an excess of fossil
feeds in catalytic cracking and hydrodesulfurisation (HDS) lab-scale units. All co-processing
experiments were successfully conducted without operational problems. Despite the quality differences
of the (pure) HDO oils, the product yields upon catalytic cracking of their blends with Long Residue
were similar. During co-processing of HDO oils and straight run gas oil in a HDS unit, competition
between HDS and HDO reactions was observed without permanent catalyst deactivation. The
resulting molecular weight distribution of the co-processed HDO/fossil oil was similar to when
hydrotreating only fossil oil and independent of the origin of the HDO oil.
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fuel usage as well as contribute to the security of energy supply.
Unlike first generation biofuels (bio-diesel and bio-ethanol)
advanced biofuels can be produced from a wide range of ligno-

cellulosic biomass feedstocks, including waste, and their produc-
tion does not necessarily compete with food or feed production.

Amsterdam, The Netherlands
T In memory of Michiel Groeneveld.

Broader context

To meet the growing demand of energy, biomass can be used as a renewable and CO,-neutral source. Moreover, biomass is expected
to be an important source of renewable liquid transportation fuels and chemicals. Pyrolysis can be used as a pre-treatment step to
convert the dry solid biomass into a liquid (pyrolysis oil) which has a higher energy density and is easier to handle than bulk biomass.
However, pyrolysis oil (also known as bio-oil) still has limited end-user applications due to its low energy content (compared to fossil
fuels) and instability.

This work considers the upgrading of pyrolysis oil fractions to produce oils that can be further co-processed in standard refinery
units like FCC and HDS. In the underlying concept (www.biocoup.com), pyrolysis oil is produced where biomass is available and
then transported to a central upgrading unit. This unit is located next or inside a standard petroleum refinery, enabling the use of
existing facilities. Then, the upgraded oil is co-processed with fossil feed to obtain a product that can be readily incorporated in the
refinery process chain. The ultimate product (mixture of fossil and biomass-derived organics) can be used as chemicals and fuels
source, taking advantage of existing distribution networks.
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One of the options to produce advanced bio-fuels is the co-
processing of upgraded pyrolysis oil (also known as bio-oil) in
standard refinery units." Using this approach, pyrolysis oil can be
obtained where the biomass is available and because of the
energy densification that the pyrolysis process provides, trans-
portation costs to existing (large scale) refineries could be
reduced. The upgrading step would then be integrated in the
refinery, using its utilities and product distribution network.

Hydrodeoxygenation (HDO) appears to be a promising
upgrading step for the pyrolysis oil prior to its co-processing in
refinery units."™ A review by Elliot (2007) reviews the achieve-
ments regarding HDO of pyrolysis oil over 25 years.’ Recent
results indicate that stabilisation of pyrolysis oil by low severity
HDO might be sufficient to allow co-processing using refinery
processes like FCC or hydroprocessing.’® This reduces overall
hydrogen consumption during upgrading and is likely to
improve overall economics of the production of bio-trans-
portation fuels from pyrolysis oil. The complete removal of
oxygen in the upgrading does not seem essential for subsequent
co-processing.

Pyrolysis oil can be separated into two fractions by the addi-
tion of water, from which a heavy organic rich fraction, and an
aqueous fraction are obtained.” Depending on the amount of
water added, the properties of the resulting fractions differ
significantly. For example, if an oil : water ratio of at least 1 : 10
is used when the pyrolysis oil is added drop-wise to intensively
stirred ice-cooled water and then filtered, the resulting heavy
fraction is a powder, called “pyrolytic lignin”.® Typically, the
remaining aqueous fraction contains many different components
with the “sugar constituents” being a major part (60-70 wt% of
the organics in this aqueous fraction).” In this paper, the aqueous
fraction obtained by water addition will be referred to as AFWA.
The remaining fraction, when oily in appearance, will be referred
to as OFWA (oil fraction water addition) and when powder-like,
“pyrolytic lignin”.

Pyrolytic lignin has a lower oxygen content when compared to
whole pyrolysis oil (22-30 wt% compared to 33—40 wt%, both on
dry basis).? For deep deoxygenation,>'° this seems advantageous
because it reduces the stoichiometric amount of hydrogen
required to remove the oxygen as water. Piskorz et al.'" processed
OFWA (in their publication it is called “un-dried pyrolytic
lignin”) under HDO conditions. A light organic phase was
obtained with a yield between 60 and 65 wt% (based on dry feed)
with a molar H/C ratio of 1.5 and an oxygen content of ~0.5
wt%. The hydrogen consumption was high with 813 NI kg~! of
product. Oasmaa et al'? and Meier et al.’® conducted hydro-
treatment experiments on Kraft and organocell lignins using
conventional sulfided NiMo and CoMo catalysts. They found
that it is possible to create an oil-like product from lignin and
that the presence of catalyst and high hydrogen pressures reduces
considerably the formation of coke. de Wild et al.** used a Ru/C
catalyst for the HDO of the liquid product obtained after
pyrolysis of lignin to produce phenols. Using a batch autoclave
with an end temperature of 359 °C and starting with 100 bar of
H,, they concluded that Ru/C was too active for their process
because they mainly produced cycloalkanes, cyclohexanols and
alkanes. UOP LCC* patented a process in which OFWA (called
pyrolytic lignin in the patent) is hydrotreated and thereafter
hydrocracked resulting in the production of 30 wt% gasoline.

Although still relatively little is known about the exact reac-
tions during HDO, the HDO stabilisation step seems to be
required to reduce or inhibit rapid self-polymerisation of
pyrolysis oil that can result in reactor plugging and high coke
yields.'® In a previous study on high pressure thermal treatment
(HPTT) of whole pyrolysis oil,'® this fast polymerisation was
observed when processing the oil at high pressure (200 bar),
temperatures between 200 and 350 °C and residence times as
short as few minutes. Severe increase in the oil’s molecular weight
and disappearance of sugar constituents, from the aqueous phase
by-product towards the oil phase, indicated that polymerisation
of these sugars contributed to the increase in molecular weight.
In our previous study on the HDO of whole pyrolysis oil,! with
an increasing temperature, also a transfer of water soluble (sugar
based) components to the oil phase product was observed,
increasing thereby the oil yield. However, in this case, no increase
in molecular weight was observed.

This suggests that it should be possible to produce HDO oil
from AFWA, and especially from the sugars in it, as long as
a proper stabilisation step is applied to prevent excessive poly-
merisation. Gagnon and Kaliaguine'” reported that a hydroge-
nation pre-treatment of the vacuum pyrolysis oil at temperatures
as low as 80 °C stabilised the mono- and oligosaccharides
(typically present in AFWA) from the vacuum pyrolysis oil
allowing further HDO without strong polymerisation. During
the stabilisation step in HDO functional groups, such as alde-
hydes, ketones and C=C double bonds, are likely to be hydro-
genated towards more stable groups, less prone to
polymerisation.’ Based upon pre-fractionation of the pyrolysis
oil into AFWA and OFWA, HDO of both fractions thus seems
a possible process option.

HDO of AFWA can also give more insight into the contri-
bution of the components typically present in this fraction to the
yields and qualities of the different product phases (aqueous, oil
and gas) upon HDO of the whole oil. Wildschut et al.*® con-
ducted HDO experiments in an autoclave using glucose and
cellobiose as model compounds for the sugar fraction of
pyrolysis oil. They concluded that, during HDO of these model
compounds using a ruthenium on carbon (Ru/C) catalyst, the
catalytic hydrotreatment route is preferred over the thermal
decomposition that would lead to the formation of tar/solids
(humins). The main products observed were polyols and gas
products (mostly methane). Elliott and Hart® carried out semi-
batch HDO experiments using acetic acid and furfural to
represent pyrolysis products from hemi-cellulose and cellulose,
respectively. From an un-catalysed initial test at 250 °C, a solid
polymeric material from furfural was obtained. The conversion
of furfural involves two reaction paths: cyclic ketone products
(such as cyclopentanone) and cyclic ether products (such as
THF). Some of these products reacted to alcohols and even
further to CH4 and CO,. These results suggest that in the HDO
of AFWA stabilisation is critical to avoid excessive polymerisa-
tion, but on the other hand high temperatures and hydrogen
abundance can lead to substantial gas (methane) formation and
unnecessarily high hydrogen consumption.

In this paper, HDO of pyrolysis oil fractions obtained by water
addition to pyrolysis oil (AFWA, OFWA) was studied to better
understand the HDO of whole pyrolysis oil and to evaluate the
suitability of the oils produced from these fractions as feedstock
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for co-processing in lab-scale refinery units. In the first part of
this paper, product yields and properties obtained after HDO of
the fractions are compared to those obtained after HDO
of whole pyrolysis oil, identifying in this way possible upgrading
routes. The results obtained by co-processing the OFWA and
AFWA HDO oils in lab-scale refinery units (FCC and hydro-
treater) are discussed in the second part of this paper and are
used to assess the quality of the resulting HDO oils.

1. Experimental section
1.1. Materials

The oil used for this research was produced by VIT (Finland) in
a 20 kg h™! process development unit?! using forest residue as
feedstock. 2 wt% of isopropanol was added to the fresh oil,
facilitating the separation of a top layer (10.6 wt%) containing
a large number of extractives. The remaining fraction was the
one used in this study (‘whole pyrolysis oil’, see Table 1) and used
to prepare the OFWA and AFWA fractions. After receiving the
oil from VTT, it was kept at —10 °C to avoid aging.

In order to know the amount of water needed to induce
pyrolysis oil phase separation, different amounts of water (from
10:1to1: 1 oil : water weight ratio) were added to the pyrolysis
oil. They were mixed in an ultrasonic bath for an hour and then
centrifuged to facilitate phase separation. The aqueous fraction
(AFWA) was on top and had a light brown colour and the oil
fraction (OFWA) was a dark brown viscous liquid. Each fraction
obtained was analysed for water content and elemental compo-
sition. The distribution of organics into the two fractions can be
seen in Fig. 1. It shows that at 10 : 1 ratio, no phase separation
occurred. At 4 : 1 ratio, most of the organics remained in the
AFWA. With increasing amount of water added, a plateau was
reached yielding approximately 69 wt% and 32 wt% of organics
in AFWA and OFWA, respectively. From these data, it was
decided to use the minimum amount of water needed to reach the
plateau, thus, 2 : 1 oil : water weight ratio was used to prepare
the samples for HDO. Fig. 2 shows the molecular weight distri-
bution (MWD) of the whole oil and its fractions (AFWA and
OFWA). It can be seen that, in general, the light components
present in the whole oil were transferred to the AFWA and the
heavier ones to the OFWA.

Because of the large quantities of AFWA and OFWA needed
for the HDO experiments presented in this work, another less
laborious method was used to obtain the fractions. Water was

Table 1 Properties of the forest residue pyrolysis oil and the fractions
obtained by water addition (2 : 1 oil : water weight ratio)

Pyrolysis oil OFWA AFWA
Elemental composition and water content
C dry (wt%) 54.3 62.6 53.4
H dry (wt%) 7.0 6.4 7.6
O dry (wt%)* 38.7 31.0 38.9
Water (wt%) 25.0 16.9 60.3
Carbon residue
MCRT (wt%) 19.7 29.9 8.54
MCRT dry” (wt%) 26.2 35.9 215

“ By difference. ® Corrected for water content.
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Fig. 1 Distribution of organics over AFWA and OFWA as a function of
added amount of water to pyrolysis oil. Closed symbols correspond to
results obtained using an ultrasonic bath for mixing and a centrifuge for
separation. Open symbols correspond to results obtained by using
a magnetic stirrer for mixing followed by 30 minutes gravity separation.

slowly added to pyrolysis oil while stirring with a magnetic
stirrer. After adding the desired amount of water, the mixture
was stirred for another 30 minutes. Then, the stirrer was turned
off to allow the phases to settle. The distribution of organics
using this method can also be seen in Fig. 1. The MWD of these
fractions was the same as obtained using the ultrasonic method
(results not shown).

The catalyst used for the HDO experiments was ruthenium on
carbon (Ru/C) with a metal loading of 5 wt% and an average
particle size of 14 pm. It was supplied by Sigma-Aldrich and it
was used without any pre-treatment. This catalyst was selected
because of its good HDO activity** and to allow comparison with
previous work' and literature.'*'*-2
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Fig. 2 Molecular weight distribution of the whole oil and its fractions
(AFWA and OFWA).
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1.2. Experimental set-up and procedure

Hydrodeoxygenation experiments were conducted in an inten-
sively stirred autoclave from Autoclave Engineers with an
internal volume of 0.6 1. The stirrer had a hollow shaft to induce
gas-liquid mixing and thereby improve mass transfer. The
maximum allowed temperature and pressure were 350 °C and
210 bar, respectively. For safety reasons, the autoclave was
placed inside a high pressure box and it was monitored and
controlled from outside. Fig. 3 shows a schematic representation
of the set-up.

In a typical experiment, approximately 250 g of pyrolysis oil or
one of its fractions was loaded into the autoclave. Baffles were
placed inside the autoclave to improve agitation. Then, 5 wt%
(on wet basis) of fresh catalyst was added. The autoclave was
closed and a first leak test was conducted with nitrogen at 170
bar. If the leak test was successful, nitrogen was vented,
removing at the same time the remaining air that was inside.
Afterwards, a second leak test was carried out using hydrogen at
the typical reaction pressure of 190 bar. Then, the hydrogen was
vented also removing the remaining nitrogen. A supply vessel
with a known volume of 3.21 I was filled with hydrogen to
a pressure of 300 bar. The pressure and temperature of this vessel
were recorded as a function of time in order to calculate the
hydrogen consumption (rate) during the reaction. The reactor
was filled with 100 bar of hydrogen and an electric oven (jacket)
was placed around it. At this moment, the high pressure box was
closed and the monitoring and control of the process were done
from outside. The stirrer (20 Hz) and the heater were turned on.
The heating rate was 7-9 °C min~' at the beginning and 1.5-2.5
°C min~! when approaching the temperature set-point. This
means that it took from 50 to 80 minutes to reach the desired
reaction temperature and the low temperature stabilisation
reactions were already occurring during this period (hydroge-
nation of olefins, aldehydes and ketones already occur at
temperatures under 200 °C*®). This was further confirmed by the
high hydrogen consumption (rate) observed during the heating
time, especially for the experiments using AFWA as feed

H2 - High pressure
supply line (500 bar)

(see Fig. 4). Up to a temperature of ~150 °C, the pressure inside
the reactor increased due to the temperature effects, however
after that it started to decrease. Then, more hydrogen was slowly
added to the reactor in order to obtain a pressure of 190 bar when
the desired reaction temperature was reached. Although reac-
tions had already occurred in the heating period, in this paper
this final temperature will be referred to as ‘reaction tempera-
ture’. When the pressure inside the reactor dropped below the
set-point, a reducing valve between the supply vessel and the
reactor allowed hydrogen into the reactor, conducting in this way
a semi-batch experiment. The reaction time was typically 4 h,
excluding the heating time. After the desired reaction time, the
heating was turned off, and the stirrer was kept on for 30 min
more. Subsequently, the system was allowed to cool down
overnight. When the system was at room temperature, the final
pressure and temperature of the reactor and supply vessel were
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Fig. 4 Hydrogen consumption rate and temperature profile for the
experiments at 270 °C using whole oil, AFWA and OFWA. This rate was
estimated taking into account reactor and hydrogen supply vessel pres-
sures corrected by the calculated water vapour pressure inside the reactor.
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Fig. 3 Schematic overview of the HDO set-up.
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noted and a gas sample from the reactor was taken for analysis.
The total hydrogen consumption was calculated taking into
account the initial and final number of moles of hydrogen in the
supply vessel minus the number of moles of hydrogen that
remained unreacted in the reactor. Next, the reactor was dep-
ressurised, opened and the liquid product, which normally con-
sisted of different phases (see Section 3), collected and weighed.

The resulting HDO oils were co-processed in two different lab-
scale refinery processes, viz. hydrodesulfurisation (HDS) and
catalytic cracking. HDS experiments were performed by CNRS
(Lyon, France), co-processing the upgraded oil with straight run
gas oil (SRGO). The catalyst used was a commercial sulfided
CoMo catalyst, the reactor temperature was 380 °C and the
LHSV, 2 h~'. Both SRGO and HDO oil (diluted in isopropanol
to reduce viscosity) were fed using separate pumps, mixing them
at the inlet of the reactor. Further details about this equipment
and the SRGO used as co-processing fossil feed can be found
elsewhere.?® Catalytic cracking experiments were conducted by
Shell Global Solutions in a MAT-5000 reactor. FCC equilibrium
catalyst was used to co-process HDO oil with Long Residue
fossil feed. The description of the set-up used and the properties
of the Long Residue can be found in ref. 1.

1.3. Analyses

At the end of a HDO experiment, a sample of the remaining
gasses was taken and analysed in a Micro GC Varian CP-4900
with three analytical columns: 10 m Molsieve 5A and 10 m PPQ
using helium as carrier gas and 10 m Molsieve 5A using argon as
carrier gas for better hydrogen quantification.

The pyrolysis oil fractions and the HDO products were ana-
lysed for elemental composition (Thermo Scientific Flash 2000),
water content (787 KF Titrino) and molecular weight distribu-
tion (Agilent HPLC 1200, with GPC columns). More details
about the equipment and reactants can be found elsewhere.®

Micro-carbon residue tests (MCRT) were performed on all the
feeds and oil products following the ASTM D4530 standard.

The SRGO and the co-processed products from the HDS unit
were analysed on total sulfur content using an Antek 900 ana-
lyser. For these samples also the MWD was measured. In this
case, an Agilent HPLC 1200 system with PLGel Sum 50 A and
Spum 500 A (300 mm x 7.5 mm) was used.

The Long Residue and the products obtained by co-processing
in the MAT unit were analysed using true boiling point (TBP)
analysis following the ASTM D2887 standard, quantifying the
yields of the different oil fractions.

2. Hydrodeoxygenation of pyrolysis oil and its
fractions

Three series of experiments were conducted using the three
different feeds: whole pyrolysis oil, AFWA and OFWA. Each
series consisted of three experiments carried out at different
temperatures: 220 °C, 270 °C and 310 °C and a residence time of
4 h (at reaction temperature, thus excluding heating time). As
said in the previous section, all the experiments were carried out
at a constant total pressure of 190 bar by allowing hydrogen from
the supply vessel to the reactor. However, for the experiment at
310 °C and using AFWA as feed, only 160 bar of H, was added

when the reaction temperature was reached, stopping the supply
of hydrogen from the vessel, to be able to extend the reaction
time to the typical 4 h. In spite of this measure, the experiment
had to be stopped after 2 h because the pressure was exceeding
200 bar (safety limit) due to the production of gasses.

The properties and appearance of the liquid product depended
on the type of feed used. When AFWA was used as feed, the
product not only consisted of an aqueous phase but a new oily
organic phase was created. This oil was completely adsorbed in
the catalyst, forming a paste-like material. To recover the oil, this
catalyst—oil mixture was dissolved in acetone and filtered (6 um
filter). The acetone was thereafter removed in a rotary evapo-
rator, recovering the solvent-free oil while the catalyst and some
char remained on the filter. The resulting oil had a dark brown
colour and low viscosity. This oil will be referred to as AFWA,;
and the aqueous phase by-product AFWA,,.

When OFWA was processed by HDO, two phases were
obtained, viz. an aqueous phase (OFWA,,) floating on top and
an oil phase (OFWA,;) at the bottom. The OFWA_; was dark
brown and very viscous. These phases were separated and
quantified. The amount of OFWA_; was determined by cor-
recting for the catalyst intake. Because of the high viscosity of the
OFWA,_;, filtration was difficult and it was not possible to
separately determine the amount of char produced. Some of the
OFWA_; was filtered using a pressurised system (8 bar) and
a steel wire mesh (5 um) to obtain enough sample for analysis and
co-processing.

For whole pyrolysis oil (whole oil), either a two or three phase
product was obtained depending on the reaction temperature. If
three phases were obtained, an oil phase was on top, an aqueous
phase in the middle and another oil phase was at the bottom.
Depending on the time the sample was allowed to settle after
collecting it from the reactor, the amount of top and bottom
phase changed (the sum remaining constant). For that reason, it
was decided to separate the aqueous phase (whole-oil,q) and mix
both oil phases into a single oil phase (whole-oil,;). This oil
phase was filtered with the same filter as used for the OFWA,;.

For all the experiments, the mass balance closure in wet basis
was between 90 and 98 wt%; being between 87 and 98 wt% on dry
basis. The lower balance closure, mainly for HDO of AFWA (see
Table 2), was probably due to the small amount of organics
present in the feedstock (water content 60.3 wt%), making small
losses of organic material (especially during recovery of the oil
product) more significant.

Table 2 shows the dry yields of all the experiments (for details
on how these yields were calculated see ref. 16). It can be seen
that when AFWA was used as feed, an oil phase (AFWA_;) was
produced, increasing its yield with the temperature, especially
between 220 °C and 270 °C. Dedicated experiments on HDO of
AFWA to determine the amount of sugars in AFWA feed and
AFWA, product (using BRIX analysis® conducted by VTT,
Finland) showed a reduction of the sugars present in AFWA,4
compared to AFWA feed, being this reduction more significant
at higher reaction temperature. At 300 °C and 120 min reaction
time, 80 wt% of the sugars from the AFWA feed was not present
in the AFWA,, anymore. This indicates that the new oil phase
produced from the AFWA contains high amounts of sugars
(derivatives). The amount of gas produced also increased
considerably with the temperature, reaching 18 wt% at 310 °C,

This journal is © The Royal Society of Chemistry 2011
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Table 2 HDO product yields, hydrogen consumption and oil properties

Feed AFWA OFWA Whole oil

Temperature (°C) 220 270 310 220 270 310 220 270 310
Residence time (min)* 240 240 120 240 240 240 240 240 240
Dry yields

Gas phase 4 12 18 2 3 5 3 4 6
Water produced 9 11 13 — 7 16 10 10 16
Aqueous phase 64 39 25 5 9 5 32 25 17
Oil phase + char 15 30 31 83 74 70 53 58 56
Char 3 2 2 NA? N.A. N.A. N.A. N.A. N.A.
Mass balance closure 92 92 87 90 93 96 98 97 95
H, consumption

NL H, per kg dry feed 487 674 442 188 253 375 247 299 401
NL H, per MJ oil phase prod. 114 72 44 7 11 14 15 16 19
Product oil properties

C (dry, wt%) 68.5 68.2 71.6 68.4 69.4 77.8 65.2 68.5 74.4
H (dry, wt%) 9.6 9.9 9.7 7.6 8.1 8.6 8.1 8.6 10.0
O (dry, wt%)* 21.9 21.9 18.7 24.0 22.5 13.6 26.7 22.9 15.6
H,0 (wt%) 12.1 7.7 0.8 7.5 7.6 6.7 14.7 7.6 44
HHV (wet, MJ kg~')¢ 29.4 31.1 34.7 28.2 29.3 33.9 25.4 29.5 35.1
MCRT (wt%) 4.71 3.96 5.55 21.7 15.2 18.1 13.1 9.86 5.33
MCRT dry* (wt%) 5.36 4.29 5.60 234 16.5 19.3 15.3 10.7 5.57
H/Cef 1.20 1.26 1.23 0.80 0.91 1.07 0.88 1.00 1.30
H/C,r blend® 1.67 1.68 1.67 1.60 1.62 1.64 1.62 1.64 1.68

“ Excluding the heating time. ” Not available. ¢ Determined by difference. ¢ Calculated using Reed’s formula.? ¢ Corrected for water. / H/Coy =

(H — 2 x 0)/C.2% £ Blend 20 wt% in Long residue.

forcing an early stop of the experiment to prevent an excessive
pressure in the reactor. The gas formation was the highest of the
three feedstocks. It appears to be logical that the gas formation is
much higher for AFWA than for OFWA, since the former
contains lighter components than the latter (see Fig. 2). Excessive
gas production during HDO of acetic acid using a Ru/C as
catalyst was already observed by Elliott and Hart.*® At temper-
atures higher than 250 °C they observed a considerable
production of CH4 and CO, while at temperatures lower than
200 °C, most of the acid remained unconverted. Wildschut ez al.*®
also found high gas formation (37% of the carbon was recovered
in the gas phase) during HDO of glucose solution, as a repre-
sentative of pyrolysis oil carbohydrate fraction, at 250 °C, 4.3 h
reaction time and using Ru/C as catalyst. In the present work, the
dry gas yield from the whole pyrolysis oil at 310 °C was 6 wt%.
However, when pyrolysis oil is split into the AFWA and OFWA,
the overall—weight fraction based—gas yield at the same
temperature is 13 g gas per 100 g of dry whole oil (the contri-
bution from AFWA to this value is 88%). This is clearly much
higher than the gas yield as obtained for whole oil, which (in this
comparison) contains the same quantity of light components as
the AFWA. This could be a result of the ratio of catalyst to dry
feed; for all the experiments, 5 wt% of catalyst on wet feed basis
was used. This means that for the experiments using AFWA the
amount of catalyst per amount of organics (12.4 wt%) was much
higher than for the experiments with whole oil (6.7 wt%) and
OFWA (6.0 wt%), which might have favoured the overall rate of
(irreversible) reactions towards gas formation. The composition
of the gas produced from the AFWA is also remarkable (Fig. 5):
the main gas produced at 220 and 270 °C was methane. The high
methane production is likely to be caused by the use of Ru based
catalyst (known to favour methanation reactions®). As indi-
cated, at the highest temperature of 310 °C, the H, supply had to

be stopped earlier because of the pressure increase and associated
safety issues, resulting in limited hydrogen availability. At the
end of the experiment, after cooling down, only 9 mol% of the
gas was H,, compared to 90 mol% in the experiment at 220 °C.
At the same time, the ratio of the produced CO,/CH, strongly
increased with the reaction (end) temperature (220 °C: 0.02, 270
°C: 0.06, 310 °C: 0.77). These results indicate that (a) the
production of CO, is favoured over that of CH, in the case of
shortage of hydrogen and (b) in the beginning of the experiment
with an end temperature of 310 °C mainly hydrogenation
occurred (low temperatures), followed by decarboxylation upon
hydrogen shortage in the later phase (high temperature) of the
experiment.

When OFWA was used as feed, an increasing reaction
temperature led to a decrease in the oil phase product (OFWA;))
yield (Table 2). However, when looking at the carbon distribu-
tion (Fig. 6), the carbon that remained in the OFWA,; was
approximately constant. The decrease in oil yield can be attrib-
uted to the removal of oxygen from OFWA; (from 24.0 to 13.6
wt%, on dry basis) by water formation and to a smaller extent
CO, formation (Fig. 5). Although the dry yield OFWA,, was low
when compared to HDO of AFWA and whole oil (factor of 3-4
lower), a remarkable trend can be observed. The highest yield of
OFWA,, was obtained at the intermediate reaction temperature
of 270 °C. At 310 °C, the OFWA,q yield decreased again by the
production of gas and/or water. The CO,/CH,4 ratio for the
produced gasses favoured CO,, especially at low temperature
(220 °C: 16.5, 270 °C: 7.8, 310 °C: 1.7). In all cases the ratio was
(much) higher than when AFWA was used as feed. With
increasing temperature, and without hydrogen shortage, CH,
formation appears to be favoured. Furthermore, part of the
components that were in the OFWA,, at 270 °C, disappeared at
310 °C forming CHy.
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For the experiments using the whole oil as feedstock, the yield
of oil phase product (whole-oily;) remained approximately
constant and the reduction of organics in the resulting aqueous
phase product (whole-oil,q) appears to be due to the formation of
gas and water (Table 2). However, similar to the case of OFWA,
the carbon distribution over the product phases reveals more
information (Fig. 6). The increase in carbon recovery in the
whole-oil,; with the reaction temperature indicates that
components with initially higher affinity for the whole-oil,q
changed their polarity due to the HDO reactions and were
transferred to the whole-oil,;;. The observed constant whole-oily;
yield was due to the accompanying reduction of oxygen content
(from 26.7 to 15.6 wt%, on dry basis). These results are in line
with results in our previous study.! This transfer of organics is
further evidenced by the results in this study that show that it is
possible to produce an oil phase product from HDO of AFWA.
The main gas produced was CO, for all the reaction tempera-
tures; the production of C2-C3 and CH,4 became more significant
at 310 °C. The CO,/CH4 ratio (220 °C: 7.9, 270 °C: 7.4, 310 °C:
4.9) was lower than for the case of OFWA, except for the highest
temperature, probably due to methanation of components typi-
cally present in AFWA. Similar to OFWA, methanation appears
to be favoured with increasing temperature (no hydrogen
shortage occurred in these experiments).

The first observation in Fig. 7 is the large difference in results
as obtained for various feedstocks. Compared to the results

100+

obtained for whole oil, OFWA_; has a lower O/C, but also
a lower H/C. Recent studies showed that the H/C might me
a better quality indicator than O/C when considering co-pro-
cessing in FCC units." On the other side of the diagram,

0.6 -
Whole oil ® AFWA
A

0.5
044
= = OFWA
f
Z 53l £220°C
g 220°C 220°C 270 °C

] ° °
© mo70°c A270°C ° °
®
o 024 B
g 310°C
A310°C
m310°C
0.1
0.0 T T T T T T T T T T T 1
1.2 1.3 1.4 15 1.6 1.7 1.8
Molar H/C (dry) [-]

Fig. 7 Van Krevelen diagram for the (dry) HDO oil phase products
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AFWA,; appears to have a higher O/C and H/C than whole-
Oﬂoil~

For the AFWA,;; and compared to AFWA feed, a drastic
decrease in the O/C ratio is observed with only a relatively small
change in H/C. Since the organics present in the untreated
AFWA are water soluble (thus polar), this decrease in O/C
appears to be necessary to create a new (hydrophobic) oil phase.
When comparing the AFWA,; at different temperatures, an
increase in H/C ratio can be seen when increasing the tempera-
ture from 220 °C to 270 °C, keeping the O/C approximately
constant. At 310 °C, both the H/C and the O/C decreased. This
can be explained by the lack of hydrogen availability and/or the
fact that hydrogenation reactions are favoured at lower
temperature (150-250 °C) and deoxygenation/dehydration
reactions are favoured at higher temperature (>~300 °C)."® Since
the H/C of the AFWA_; was not higher than the feed, the very
high hydrogen consumption (Table 2) must overall be attributed
to the high methane production, the production of water and the
hydrogenation of the organics that remained in the AFWA, .
Analysis of these organics in the resulting AFWA,, indeed
yielded very high H/C, between 2.11 and 2.27, and an O/C
decreasing with temperature from 0.44 to 0.20 (see Fig. 8). The
combined results at 220 °C (negligible CO, formation, consid-
erable oil production with lower O/C but similar H/C as AFWA
and high water production) further indicate that the mechanism
by which AFWA,; is formed from AFWA is first hydrogenation
and then dehydration of AFWA,.

Processing the OFWA under HDO conditions gave an oil
product with lower O/C than the feed. Although the O/C of the
different OFWA,;’s are similar to the AFWA;, the H/C is
clearly much lower. At 220 °C, the production of water was not
detected; consequently, the reduction of O/C can only be
attributed to the production of CO, and the transfer of organics
to the aqueous phase. The O/C of the OFWA,, was 0.67,
compared to the O/C of 0.26 of the OFWA,;;. This difference in
O/C was also observed for the HDO of the AFWA. At 270 °C
and 310 °C, the effect of the reaction temperature was similar as

0.6
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Fig.8 Van Krevelen diagram showing the dry H/C and O/C ratios of the
AFWA feed and the AFWA,;; and AFWA,, products. Note that dehy-
dration of AFWA,, (220 °C) gives composition AFWA,; (220 °C).

observed for the AFWA. For OFWA; and from 220 to 270 °C,
there was an increase in H/C ratio while O/C remained similar.
At the highest temperature (310 °C), a decrease of both H/C and
O/C occurred. When looking at this low temperature hydroge-
nation and high temperature deoxygenation/dehydration during
HDO, the same has been observed for aromatic structures such
as phenol® and guaiacol,*® molecules that are frequently used as
model compound to represent the lignin structures present in
pyrolysis oil.

The H/C and O/C of the different whole-oil,;’s are also shown
in Fig. 7. In all the experiments, the O/C was much lower than the
ones for the feed. In this case, not only the hydro(deoxy)genation
reactions have to be taken into account, but also the transfer of
organics from one phase to the other (as observed in Fig. 6). The
main cause for the reduction of O/C at low temperature is the
change of polarity during HDO processing that induces a phase
separation. In this process, components with low affinity for the
aqueous phase (typically present in the OFWA) remained as
whole-oil,;, while most of the components with high water
affinity (polar components typically present in the AFWA) were
transferred to the whole-oil,q. However, the higher H/C of the
whole-oil,; as compared to OFWA_;; as obtained in the experi-
ments at 220 °C, indicates there was already a contribution to the
whole-oil,; from the organics originating from the AFWA. This
is further confirmed by the AFWA_; yield of 12 wt% at 220 °C
(Table 2). This phase separation and transfer created a product
oil with low O/C (similar to the HDO of the fractions) and an H/
C which is typically between the H/C of the individual fractions.
At 310 °C, opposite to the trend observed for HDO of AFWA
and OFWA, the H/C of the whole-oil,; increased (it should be
noted that, for this experiment, there was no hydrogen shortage
as in HDO AFWA at 310 °C). In this case, the increase in the
whole-oil,; yield due to the HDO of AFWA components (an oil
with relatively high H/C) seems to compensate for the loss of
hydrogen through dehydration reactions. It has to be noted that
the results obtained for the whole pyrolysis oil are not just the
weight averaged sum of the results for the individual fractions.
The result of this weight average (using fractionation and
product yields), for the case of 310 °C, gives similar O/C, but
lower H/C (1.46, compared to 1.61 for the experimental value).
Similar HDO experiments conducted in a bigger autoclave, at
a higher pressure of 290 bar and at similar temperatures
produced oils with similar O/C ratios (between 0.16 and 0.28),
but higher H/C (~1.7, compared to ~1.5 to 1.6 in the present
work).! This higher H/C could be because of the slower heating
rate to reach the reaction temperature (3040 min longer)
allowing more time for hydrogenation reactions to occur
(hydrogenation reactions are favoured at lower temperatures, see
references above) and/or by the higher total pressure which
increased the H, partial pressure and the amount of H, dissolved
in the liquid. The hydrogen consumption of the experiments
conducted at higher total pressure (at temperatures lower than
300 °C) was approximately 20% higher.

To define the quality of the upgraded oils towards further co-
processing, the oxygen content has proven not to be the only
parameter that should be taken into account. The MWD (Fig. 9),
H/C (Fig. 7), H/C.s (Table 2) and the MCRT (Table 2) of the
HDO oils also give an indication of how well they will perform
during pure or co-processing in a simulated FCC reactor.’
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Fig. 9 Molecular weight distributions obtained by GPC analysis of the three different feeds and the corresponding HDO oil products obtained at

different temperatures. (a) AFWA, (b) OFWA and (c) whole oil.

When looking at general quality differences between the oils
produced from the different feedstocks, it can be seen that
OFWA,; has a higher MWD and MCRT and lower H/C
compared to AFWA,;. Product quality of OFWA,; is thus
expected to be lower than that of AFWA,;. Quality parameters
for whole-oil,; are in between these two. A general trend between
the H/C, MCRT and MWD can be observed: the higher the
H/C the lower the MCRT and the MWD (with a few exceptions
for the latter). Previous studies using whole pyrolysis oil as feed
already showed the relationship between MWD and MCRT (or
TGA residue).’*!

Fig. 9a shows that AFWA,; has a similar MWD as the feed. It
should be noted that the tailing (at the high molecular weight
region) for the AFWA,;’s is equal (310 °C) or even shorter (220,
270 °C) than that of the feed. This shows that, in contrast to
thermal treatment,'® in HDO processing strong polymerisation
of the sugars constituents (main components of AFWA) can be
prevented. The previously mentioned shortage of hydrogen in
the experiment at 310 °C is probably responsible for the some-
what longer tailing as observed for this temperature in Fig. 9a.
This is further supported by the MCRT values shown in Table 2,
where the value for the experiment at 310 °C is somewhat higher
than the values for 220 °C and 270 °C. This same trend (but
inverse) also appears when looking at the H/C ratio. The
experiment at 270 °C results in the highest H/C of the oil while
for the experiments at 310 °C, this value decreased again. This

reduction in H/C was also observed during HPTT of pyrolysis
oil'® and the processing of glucose at high temperature and
pressure and it was attributed to dehydration reactions®?
accompanied by polymerisation.

The MWD of the OFWA feed and the HDO oil products
(OFWA,;) show that the product obtained at 220 °C had
a similar MWD to the feed, while for 270 and 310 °C the
molecular weight was lower than that of the feed oil (Fig. 9b). In
this case the MCRT does not follow this same trend, having the
lowest value for the experiment at 270 °C. On the other hand, the
trend observed for the H/C (from high to low 270 °C > 310 °C >
220 °C) matches the inverse of the trend of the MCRT (from low
to high 270 °C < 310 °C < 220 °C).

In Fig. 9c the MWD of the whole oil and its HDO oil products
(whole-oil,;) can be seen. It shows that the whole oil feed con-
tained both the lightest components (tall peak between 100 and
200 g mol~") and the heaviest (tailing). With increasing reaction
temperature, the abundance of light components (originating
from AFWA components) decreased, probably being converted
to water soluble components and/or gas. This same effect is also
seen when AFWA was used as feed. The abundance of heavy
components (most of them belonging to the OFWA) also
reduced as compared to the feed, this reduction being more
significant with increasing reaction temperature. The same is
observed when OFWA is used as feed, and it is likely caused by
the depolymerisation of lignin structures.'” Also in this case, the
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MCRT and the inverse of the H/C follow the same trend. In
literature, this reduction of molecular weight at increasing
temperature using whole pyrolysis oil as feed is also reported’:*!

3. Upgrading routes

In Fig. 10, the carbon distribution from the whole pyrolysis oil
and its fractions to the HDO products is shown. At the right side
of the diagram, the sum of the carbon yields of the fractions is
also shown for comparison purposes. The carbon recovery in the
oil phase product is higher in the case of processing whole
pyrolysis oil as compared to the recovery with intermediate
fractionation. This can be attributed to the high carbon loss to
the gas phase (due to the considerable gas formation when
AFWA was used as feed), the larger amount of organics that
remained in the aqueous phase product and the higher
percentage of unrecovered carbon when fractions were used as
feed.

When using whole pyrolysis oil as feed for HDO and at
increasing the reaction temperature, a transfer of organics is
observed from the whole-oil,q to the whole-oil,; (as already seen
in previous studies?). This study has confirmed that it is indeed
possible to create an oil phase product from the AFWA. The
formation of this product appears to be important to increase the
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Oil phase Sum fractions: 42-59 wt%
15-32 wit% HDO: Overall: 15-32 wt%
Aqueous phase| Sum fractions: 21-45 wt%
Pyrolysis oil
24 wi% HDO: Overall: 2-4 wt%
Gas phase Sum fractions: 4-12 wt%
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Fig. 10 Carbon distribution for HDO of the pyrolysis oil and its frac-
tions. The range corresponds to experiments at different reaction
temperature. Overall values correspond to the carbon recovered from the
starting pyrolysis oil in the specific product phase.

carbon recovery in the whole-oil,; (Fig. 10). Although the oil
obtained from HDO of AFWA (AFWA_;) has a high oxygen
content, which caused a higher O/C in the whole-oil; compared
to OFWA,;, it also has a high H/C(eff) and a low MCRT,
properties that appear beneficial for product quality.! Therefore,
upgrading of whole pyrolysis oil leads to a high carbon recovery
(oil from OFWA and new oil phase from AFWA), fair quality
parameters (MCRT, H/C, H/Cq, MWD) and also moderate
hydrogen consumption.

Based upon pre-fractionation of pyrolysis oil into AFWA and
OFWA, separate HDO of AFWA and OFWA is a possible
process option. In this concept, the resulting oils can be routed
towards different refinery units trying to valorise their difference
in quality. Although the quality of the AFWA ; (in terms of H/
C, MWD and MCRT) is high, the high hydrogen consumption
per MJ of product (see Table 2) and the low organic concen-
tration of the feed increase the process costs. It should be noted
that when processing AFWA, a considerable part of the
hydrogen consumption was related to the production of low
value gaseous products like methane. This suggest that removal
of (some) light components, e.g. acids, either from whole
pyrolysis oil or from the AFWA, might reduce hydrogen
consumption. This would have the added benefit that at a given
partial pressure of hydrogen in the HDO process, the total
reactor pressure might be lowered. The light components could
be recovered as value added chemicals or used for hydrogen
production.33-3¢

Another option that can be considered is the HDO of OFWA
only, followed by co-processing of this HDO oil.* As stated
before, the AFWA could then be used for the recovery of
chemicals and/or the production of hydrogen. In that case, the
HDO of the OFWA would require less hydrogen than the HDO
of the whole oil (Table 2), being beneficial for process economics.
However, there are negative consequences to this approach. The
total recovery of carbon in the HDO oil product would be 35
wt% from the initial pyrolysis oil which is low when compared to
the 78 wt% when whole pyrolysis oil is processed. The reason for
this is because the organics present in AFWA comprise ~62 wt%
of the carbon in pyrolysis oil (see Fig. 10). Moreover, the quality
of the OFWA,;, when looking at H/C, MWD and MCRT, is
lower compared to the whole-oil;. It appears that a higher HDO
reaction temperature can reduce the molecular weight of the
OFWA product (Fig. 9b), however, in this study, the H/C
decreased and the MCRT increased at the same time.

For the determination of the optimal route, the possibilities to
use the various product streams (including remaining aqueous
streams) should be assessed and an overall economic evaluation
performed. In the next section, the experimental performance of
various HDO oils in lab-scale refinery units (FCC, hydro-
treating) is discussed.

4. Co-processing upgraded pyrolysis oil fractions in
refinery units

The HDO oils were evaluated as feeds in lab scale refinery
units. HDO oils obtained by HDO of OFWA and AFWA
(both at 310 °C) were co-processed in lab-scale catalytic
cracking (with Long Residue) and HDS (with SRGO) units.
This study only indicates if the HDO oils produced from
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Table 3 Product yields at constant 60 wt% conversion after catalytic cracking of 20 wt% AFWA,; or OFWA,; with Long Residue feed at 520 °C.
Product yields (in wt%) normalised by the amount of produced water. Between parentheses, yields including produced water

Long Residue reference

20% HDO oil from
OFWA (310 °C)

20% HDO oil from
AFWA (310 °C)

Cat/oil ratio 3.2
LPG yield 8.8
Gasoline yield 44.6
LCO yield 25.5
Dry gas yield L5
Coke yield 5.0
Other (HCO, slurry oil, CO and CO,) 14.6
Water? —

32 3.5
9.8 (9.4) 10.0 (9.6)
454 (43.6) 44.9 (43.2)
252 (24.2) 25.1 (24.1)
2 (1.9) 2.1 (2.0)
5.3 .1) 54 (5.2)
12.3 (12.0) 12.5 (12.0)
— (3.8) — (3.9

“ Produced water calculated from the oxygen content in the feed, considering all the oxygen is transferred to water during catalytic cracking (CO and

CO; yields were under 0.3 wt%).

fractions can be co-processed and how this affects standard
operation. An extensive study on the influence of process
conditions, catalyst type and product yield speciation during
co-processing is beyond the scope of this paper.

Catalytic cracking

Co-processing of HDO oils (from AFWA and OFWA) with
Long Residue was carried out successfully in the MAT reactor
without plugging of lines. Table 3 shows the true boiling point
(TBP) analysis of the products obtained after catalytic cracking
of pure Long Residue (used as reference) and a blend of 20 wt%
HDO 0il/80 wt% Long Residue. In the same table, it can be seen
that the cat/oil ratio needed to obtain 60 wt% conversion—
defined as the sum of dry gas, LPG, gasoline range (C5—221 °C)
and coke—was the same for the reference and the co-processing
of OFWA,;;, while it was slightly higher for co-processing of
AFWA, ;. The product yield distributions were in all cases very
similar and differences not significant.} The differences in quality
for the various HDO oils as established in the previous sections
are not confirmed by the co-processing results. It should be noted
that the current product yields are similar to the yields obtained
in a previous study using the same MAT reactor for co-pro-
cessing of HDO oils from pyrolysis oil (produced at temperatures
ranging from 230 °C to 340 °C and total pressures of 290 bar').
Also in there, apparent differences in the product quality in HDO
oils produced at different temperature did not result in
substantial yield differences upon co-processing. A large excess
of fossil feed, resulting in similar H/C.¢ of the blends, was
believed to contribute to this, and might also explain the simi-
larity of results as obtained in this study (see Table 2). Although
the MCRT values of the HDO oil were different, also the coke
formation during catalytic cracking was alike and similar to the
reference. This has been attributed to the hydrogen donation
capacity of the fossil feed during catalytic cracking' which
reduced the MCRT of the blends at least proportional but often
more than that. After catalytic cracking of HDO oil from whole
pyrolysis oil, phenolic components were detected in the total
product, their level decreases with HDO operation temperature.*

1 Note that the overall yield to gasoline is 27 wt% (taking into account
the OFWAOoil wet yield (63 wt%) and the gasoline yield after catalytic
cracking (43.6 wt%)) which is similar to the gasoline yield of 30 wt% in
the UOP LCC patent.*

Hydrotreating

The limit in sulfur content (10 ppm in 2009 in EC) in gasoline or
diesel is one of the most drastic parameters that must be met by
the refiners. Thus, the co-processing of an HDO oil and
a Straight Run Gas Oil (SRGO) can be envisaged only if the
competition between HDO and HDS reactions can be easily
overcome by process adjustment. Preliminary studies performed
on the co-processing of a SRGO with model oxygenated
compounds such as guaiacol demonstrated that competition
between HDS and HDO can occur, the severity depending on the
type of components used.?*3’

In the HDS unit, the HDO oils were processed according to
the sequence: SRGO—-(SRGO and HDO oil mixture)-SRGO, in
this way, the deactivation of the catalyst after the introduction of
the HDO oil could be examined. The AFWA;; and OFWA;
were diluted in isopropanol 2 : 1 and 1 : 1 weight basis, respec-
tively, to reduce the viscosity and allow pumping. These diluted
oils were co-fed to the reactor with a ratio of 70 : 30 (in weight
basis) SRGO : diluted HDO oil. Similar to the catalytic cracking
experiments, both HDO oils were successfully co-processed
without plugging of the reactor. However, the presence of HDO
oil affected the degree of desulfurisation. For the reference
experiment, upon processing only SRGO, the sulfur content of
the product was on average 136 ppm (from 13 500 ppm of the
crude SRGO). When the AFWA; (310 °C, 120 min) was co-
processed, the product contained ~2000 ppm of sulfur. Just after
the co-processing test, SRGO was processed pure again. Then,
the desulfurisation recovered its initial value, indicating that the
reduction in desulfurisation activity was due to the competition
between HDO and HDS and not due to permanent catalyst
deactivation. This competition was already observed during co-
processing SRGO with guaiacol as model compound.?® When the
OFWA,_; (310 °C, 240 min) was co-processed, the sulfur content
in the product also rose compared to processing pure SRGO to
a value of 376 ppm. This value is much lower than the one
obtained when co-processing AFWA,;, but it should be noted
that because of the different dilution ratio in isopropanol the
concentration of HDO oil was lower in the case of co-processing
OFWA_;. Also in this case, the catalyst recovered its HDS
activity when processing pure SRGO thereafter, demonstrating
again the competition between HDO and HDS. After the co-
processing of both AFWA,; and OFWA,;, phenolic
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Fig. 11 Molecular weight distribution of the OFWA,;;, AFWA_;; and
the product after co-processing SRGO and OFWA,;, in the HDS unit.
Feed SRGO, processed SRGO and co-processed SRGO/AFWA; gave
overlapping chromatograms with the co-processed SRGO/OFWA,;
product and are therefore not shown.

components were detected in the end product. The phenol C-O
bond appears to be one of most resilient bonds in HDS/HDO
conditions,? although it should be mentioned that the catalyst
used was aimed at desulfurisation and not deoxygenation.
Fig. 11 shows the MWD of OFWA_; and AFWA_; as well as the
MWD of the product of co-processing the OFWA ; with SRGO.
Because the MWD of the feed SRGO and all the products of co-
processing (including also processing of pure SRGO) were very
similar and overlapping, only one HDS/HDO product chro-
matogram is shown. In the figure, it can be seen that the MWD of
OFWA,; is higher than AFWA ; and they are both considerably
higher than the MWD of the product oil obtained after co-pro-
cessing. Therefore, during hydrotreating, not only the sulfur
content was reduced but also cracking of large organic molecules
originating from HDO oil occurred. This reduction of molecular
weight during co-processing (at 380 °C) follows the same trend as
observed in HDO of pyrolysis oil (fractions), which showed
a decrease in molecular weight with increasing temperature
(Fig. 9).

5. Conclusions

By addition of water to pyrolysis oil, a phase separation is
induced creating two fractions, viz. an aqueous fraction water
addition (AFWA) and oil fraction water addition (OFWA). The
organic recovery in both fractions between a 2:1 and a 1:1
oil : water weight ratio remained constant. The AFWA had
a higher O/C and H/C and approximately 62 wt% of the carbon
was recovered in it. The OFWA had lower O/C but also lower H/
C and the recovery of carbon in this fraction was approximately
38 wt%.

It was possible to create an oil phase (hydrophobic) product by
hydrodeoxygenation (HDO) of the AFWA. The recovery of
carbon in this oil phase increased substantially with the
temperature, from 220 °C to 270 °C (16.3 wt% to 35.6 wt%), but
less significant when further increasing the temperature to 310 °C

(38.5 wt%). This also explains the larger carbon recovery at
increasing temperatures observed after HDO of the whole
pyrolysis oil. The oil phase product obtained had a similar O/C as
the product of whole oil but a higher H/C. This appears to be
beneficial to reduce the coke formation tendency, which was
confirmed by low MCRT values. On the other hand, the high H,
consumption and the noteworthy production of CH, are
downsides of this route. The H, consumption of HDO of OFWA
was lower compared the HDO of whole oil. However, the oil
product obtained had lower H/C and higher molecular weight
and MCRT than the oil obtained from AFWA. Based on the
differences in various quality parameters of the HDO oils from
AFWA and OFWA, differences upon co-processing were
expected.

The HDO oils produced from both AFWA and OFWA were
successfully co-processed in catalytic cracking and hydro-
desulfurisation (HDS) lab-scale units. Remarkably, the type of
HDO feedstock did not change the product yield distribution
after catalytic cracking, which is probably due to similar values
of H/C.y of the HDO oils/fossil feed blends. During co-pro-
cessing straight run gas oil (SRGO) and HDO oils (obtained
from pyrolysis oil fractions) in a HDS unit, competition between
hydrodesulfurisation and hydrodeoxygenation was observed.
When the oxygenated compounds from upgraded pyrolysis oil
fractions were fed to the reactor, the sulfur content of the product
was higher than when only SRGO was fed. After co-processing,
pure SRGO was fed again and the degree of desulfurisation
recovered its initial value showing no permanent catalyst deac-
tivation. The molecular weight distribution of all the HDS co-
processed products was similar and, at the same time, similar to
the distributions obtained for (un)treated SRGO. It should be
noted that the catalyst used in HDS co-processing was specifi-
cally targeted towards desulfurisation and not deoxygenation.

Considering the significant differences in HDO oil quality on
one side, but the similarity in co-processing results on the other,
further research on product speciation of the co-processed oils is
recommended to see if initial differences in HDO oil product
quality are eliminated in the co-processing procedures.

List of abbreviations

AFWA aqueous fraction water addition (untreated)

AFWA 4 aqueous phase product obtained by HDO of
AFWA

AFWA; oil phase product obtained by HDO of AFWA

FCC fluid catalytic cracking

GPC gel permeation chromatography

HDO hydrodeoxygenation

HDS Hydrodesulfurisation

HPTT high pressure thermal treatment

H/C dry molar hydrogen over carbon ratio

H/Cege H/C effective, H/Cep = (H — 2 x O)/C

LHSV liquid hourly space velocity

MCRT micro-carbon residue test

MWD molecular weight distribution

OFWA oil fraction water addition (untreated)

OFWA 4 aqueous phase product obtained by HDO of

OFWA
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OFWA i oil phase product obtained by HDO of OFWA

o/C dry molar oxygen over carbon ratio

SRGO straight run gas oil

TBP true boiling point

THF tetrahydrofuran

Whole-oil untreated/not fractionated pyrolysis oil

Whole-oil,q aqueous phase product obtained by HDO of
whole-oil

Whole-oily; oil phase product obtained by HDO of whole-
oil

Acknowledgements

The authors would like to acknowledge the EU for partial
funding of the work through the BIOCOUP project within the
6th Framework Program (contract number: 518312) and the
CORAF project of Senter Novem (project number
EOSLT04018). We also would like to thank the partners of the
BIOCOUP project, especially VIT (Finland) for performing
part of the analyses. The BSc student F. C. D. Piets (University
of Twente) is acknowledged for carrying out part of the experi-
mental work.

References

1 F. De Miguel Mercader, M. J. Groeneveld, S. R. A. Kersten,
N. W. J. Way, C. J. Schaverien and J. A. Hogendoorn, Appl.
Catal., B, 2010, 96, 57-66.

2 W. Baldauf, U. Balfanz and M. Rupp, Biomass Bioenergy, 1994, 7,
237-244.

3 G. Fogassy, N. Thegarid, G. Toussaint, A. C. van Veen,
Y. Schuurman and C. Mirodatos, Appl. Catal., B, 2010, 96, 476-485.

4 T. L. Marker, J. A. Petri, Gasoline and diesel production from pyrolytic
lignin produced from pyrolysis of cellulosic waste, WO 2008/027699,
2008.

5 D. C. Elliott, Energy Fuels, 2007, 21, 1792-1815.

6 R. H. Venderbosch, A. R. Ardiyanti, J. Wildschut, A. Oasmaa and
H. J. Heeres, J. Chem. Technol. Biotechnol., 2010, 85, 674-686.

7 D. Radlein, in: Fast Pyrolysis of Biomass. A Handbook, ed. A. V.
Bridgwater, CLP Press, Newbury, Berkshire, 1999, pp. 164-185.

8 B. Scholze and D. Meier, J. Anal. Appl. Pyrolysis, 2001, 60, 41-54.

9 A. Oasmaa, E. Kuoppala and Y. Solantausta, Energy Fuels, 2003, 17,
433-443.

10 M. C. Samolada, W. Baldauf and I. A. Vasalos, Fuel, 1998, 77, 1667-1675.
11 J. Piskorz, P. Majerski, D. Radlein and D. S. Scott, Energy Fuels,
1989, 3, 723-726.

12 A.Oasmaa, R. Alén and D. Meier, Bioresour. Technol., 1993, 45, 189-194.

13 D. Meier, J. Berns, O. Faix, U. Balfanz and W. Baldauf, Biomass
Bioenergy, 1994, 7, 99-105.

14 P. de Wild, R. Van der Laan, A. Kloekhorst and H. J. Heeres,
Environ. Prog. Sustainable Energy, 2009, 28, 461-469.

15 D. C. Elliott and G. G. Neuenschwander, in: Developments in
Thermochemical Biomass Conversion, ed. A. V. Bridgwater and D.
G. B. Boocock, Blackie Academic & Professional, London, 1996,
pp- 611-621.

16 F. De Miguel Mercader, M. J. Groeneveld, S. R. A. Kersten,
R. H. Venderbosch and J. A. Hogendoorn, Fuel, 2010, 89, 2829-2837.

17 J. Gagnon and S. Kaliaguine, Ind. Eng. Chem. Res., 1988, 27, 1783—
1788.

18 E. Laurent, C. Pierret, P. Grange and B. Delmon, Control of the
Deoxygenation of Pyrolytic Oils by Hydrotreatment, Proc. of 6th
Conference on Biomass for Energy, Industry and Environment,
Athens, Greece, 1991, pp. 665-671.

19 J. Wildschut, J. Arentz, C. B. Rasrendra, R. H. Venderbosch and
H. J. Heeres, Environ. Prog. Sustainable Energy, 2009, 28, 450-460.

20 D. C. Elliott and T. R. Hart, Energy Fuels, 2008, 23, 631-637.

21 A. Oasmaa, E. Kuoppala, S. Gust and Y. Solantausta, Energy Fuels,
2003, 17, 1-12.

22 J. Wildschut, F. H. Mahfud, R. H. Venderbosch and H. J. Heeres,
Ind. Eng. Chem. Res., 2009, 48, 10324-10334.

23 V. N. Bui, G. Toussaint, D. Laurenti, C. Mirodatos and C. Geantet,
Catal. Today, 2009, 143, 172-178.

24 A. Oasmaa and E. Kuoppala, Energy Fuels, 2008, 22, 4245-4248.

25 D. C. Elliott, L. J. Sealock and E. G. Baker, Ind. Eng. Chem. Res.,
1993, 32, 1542-1548.

26 E. S. Domalski, T. L. Jobe Jr and T. A. Milne, Thermodynamic Data
for Biomass Materials and Waste Components, The American Society
of Mechanical Engineers, New York, 1987.

27 N.Y.Chen, T. F. Degnan Jr and L. R. Koening, CHEMTECH, 1986,
16, 506-511.

28 A. Corma, G. W. Huber, L. Sauvanaud and P. O’Connor, J. Catal.,
2007, 247, 307-327.

29 E.-J. Shin and M. A. Keane, Ind. Eng. Chem. Res., 2000, 39, 883—
892.

30 A. Gutierrez, R. K. Kaila, M. L. Honkela, R. Slioor and
A. O. L. Krause, Catal. Today, 2009, 147, 239-246.

31 A. R. Ardiyanti, R. H. Venderbosch and H. J. Heeres, Process-
Product Studies on Pyrolysis Oil Upgrading by Hydrotreatment
with Ru/C Catalysts, Proceedings of the 2009 AIChE Spring
National Meeting, Tampa, FL, US, 2009.

32 D. Knezevic, W. P. M. Van Swaaij and S. R. A. Kersten, Ind. Eng.
Chem. Res., 2009, 48, 4731-4743.

33 S. Czernik and A. V. Bridgwater, Energy Fuels, 2004, 18, 590-598.

34 M. J. McCall, Production of Chemicals from Pyrolysis Oil, US Pat.,
20080312476, 2008.

35 G. van Rossum, B. Potic, S. R. A. Kersten and W. P. M. van Swaaij,
Catal. Today, 2009, 145, 10-18.

36 S. Czernik, R. French, C. Feik and E. Chornet, Ind. Eng. Chem. Res.,
2002, 41, 4209-4215.

37 A. Pinheiro, D. Hudebine, N. Dupassieux and C. Geantet, Energy
Fuels, 2009, 23, 1007-1014.

This journal is © The Royal Society of Chemistry 2011

Energy Environ. Sci., 2011, 4, 985-997 | 997


http://dx.doi.org/10.1039/c0ee00523a

	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units

	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units

	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units
	Hydrodeoxygenation of pyrolysis oil fractions: process understanding and quality assessment through co-processing in refinery units




