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Abstract

Replacement of fossil materials by renewable feedstocks is forced by depletion and envi-
ronmental concerns but requires new technologies for energy generation or production
of chemicals. Co-processing of petroleum with renewable feedstocks in current refinery
infrastructure is an attractive option in the mid-term to increase renewable fuel capac-
ity, as the capital investment and operational costs would be marginal. In this chapter,
various strategies for admixing of phenolic compounds as renewable feeds into standard
refineries are described. Starting from the role of renewable resources (e.g. biomass, lig-
nin and bio-oil) in the current and future energy and chemical community, an overview
on the present energy supply situation and the role of phenolic compounds are dis-
cussed. Later, a summary on co-feeding of phenolic model compounds with conventional
feeds in refineries are illustrated. The co-processing of upgraded bio-oil in refinery units
[e.g. fluid catalytic cracking (FCC), hydrotreating] is summarized, showing the potential
utilisation of bio-feeds via such processes. Finally, some concluding remarks address the
perspectives for further research and development to overcome future challenges.

Keywords: bio-feeds, bio-oil, co-feeding, lignin, refinery

1. Introduction

Fossil fuel (e.g. crude oil, coal and natural gas) reserves are limited, but they still share a
significant proportion in the worldwide energy consumed (i.e. more than 85% in 2014).
Particularly, 86% and 81% of primary energy in the US and Germany are from those sources
in 2014, respectively [1]. A minor portion stems from other resources (e.g. nuclear and hydro-
electric power, wind, solar, geothermal and biomass) [2]. The current share of renewable feed-
stock supplied to chemical industry looks similar, e.g. only 8-10% of the raw materials of the
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European chemical industry are bio-based. It is projected that energy demand increases in the
coming decades in spite of improved energy efficiency. Power plants based on photovolta-
ics and wind energy will continuously emerge for primary energy supply. At the same time,
demand for transportation fuels will grow, but the production of renewable fuels is an even
more challenging task. No single renewable source can provide sufficient energy to close the
gap between the supply and demand of energy.

Another driving force for replacing petroleum-derived liquid fuels is the concerns about envi-
ronmental pollution, as the production and combustion of fossil fuel add more CO,, SO _and
NO, to the atmosphere. Hence, there is a strong motivation for research on alternatives for
fossil fuels. Many researchers have recently turned attention to the massive biomass resources
due to several reasons. First, some types of biomass like vegetable oils already fit quite well
into the present carbon-based fuel infrastructure. Second, biomass production is based on
short-time carbon cycles and overall CO, neutral. Additionally, biomass is a cheap, abundant
and sustainable raw material. Moving the world market dependence away from fossil-based
resources to renewable ones will definitely contribute to the climate protection and sustainable
economy [3-5].

Current production of first-generation biofuels (e.g. bioethanol and biodiesel) and blending
in conventional fuels up to 10 vol% are steps in the right direction. However, the use of
edible oils and seeds for the biofuels might compete with the food value chain, affecting
material availability and prices. Furthermore, only part of biomass is converted into fuels.
Consequently, the next step aims at the utilisation of complete biomass, leading to second-
generation biofuels. The access to biofuels from biomass resources offered by forestry, agri-
culture and industry have great potential for the production of fuels and chemicals [6]. As a
result, the governments of many countries have set ambitious goals and set the mandatory
legislation for partly replacing fossil fuels to promote the implementation of renewable
energy, e.g. the U.S Department of Energy sets a target to expect use 20% of transportation
fuel from biomass.

The three most important plant biomass constituents are as follows: (i) cellulose, a polymer
of glucose; (ii) hemicellulose, also a polymer of different sugars; and (iii) lignin, a highly
aromatic polymer consisting of an irregular array of variously hydroxyl- and methoxy-substi-
tuted phenylpropane units. Such biomass has low volumetric and energy densities, resulting
in high costs for collecting and transportation. As a result, converting biomass either chemi-
cally or thermally into liquid crudes is necessary as a first step. Fast pyrolysis (FP) or lique-
faction (LF) seems to be potential technologies for liquefying biomass. Usually, such crudes
possess oxygen contents varying in a range of 35-45 wt%, which has to be lowered prior to
any use as a transportation fuel. Otherwise undesired properties like low specific energy
content or limited shelf life will be serious drawbacks for application as fuels compared to
conventional fuels.

Fortunately, the processes for upgrading such crudes already exist. Petroleum industry is
mature all over the world and the use of the existing infrastructure (e.g. storage, refining units,
blending and distribution systems) for production of biofuels requires little capital investment
cost. As a result, research and development of the co-processing of biomass-derived feeds
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into refinery have been proposed. Three insertion points have been proposed: (i) feeding into
crude oil before the crude distillation units; (ii) blending in near finished fuel and (iii) feeding
into facilities within the refinery. The first option might be ruled out as the separation in distil-
lation units does not chemically alter the materials and the oxygen-containing contaminants
would be spread throughout the refinery. The second option requires converting the biomass
into blending components which must meet all standards for transportation fuels. This is
really challenging and needs higher costs. The last option receives more and more attention
from academia and industrial partners, as various material streams are usually processed in
a refinery and different bio-crudes with similar properties can be fed to the most suited unit
operation.

This book chapter summarizes the main aspects involved in the co-feeding of liquefied lig-
nocellulosic biomass feedstock based on phenolic compounds together with conventional
hydrocarbon feeds into standard refinery units.

2. Overview of bio-feeds and conventional feed for standard refinery

Bio-feeds can be generally categorized based on the following sources: (i) food crops such
as corn, wheat, barley, sugar crops, vegetable oils and hydrocarbon plants; (ii) waste materi-
als such as agricultural residues, wood, urban wastes and crop residues; and (iii) aquatic
biomass such as algae and seaweed. The use of biomass-derived feedstocks for a petroleum
refinery can be classified into three categories according to the sources: lignocellulosic bio-
mass, starch- and sugar-derived biomass (or edible biomass) and triglyceride-based biomass.
There are several issues to identify what kind of bio-feeds is suited for refinery, among which
price, availability and conversion costs play important roles. Generally, the cost of biomass
increases in the order: lignocellulosic biomass < starch (and sugar)-based biomass < triglyc-
eride-based biomass. However, the investment cost of conversion technology raises in the
reverse order [7]. Naturally, the cost is also linked to supply and demand and thus finding
new uses for biomass-derived products will result in higher prices.

For comparison between renewable and fossil feeds, hydrogen-to-carbon (H/C) and oxygen-
to-carbon (O/C) atomic ratios are generally evaluated. Particularly, H/C ratios of crude oil
are typically between 1.6 and 2.1 and the O/C ratios range between 0 and 0.03. In contrast,
wood-based biomass typically has O/C and H/C ratios higher than 0.61 and 1.4, respectively.
Of the biomass components, lignin is markedly different in structure and composition from
hemicellulose and cellulose, being highly aromatic and containing less oxygen and is thus the
one most similar to petroleum. Lignin has lower O/C and H/C ratios compared to wood-based
biomass and thus making it to be a potential source for fuels production [8]. Naturally, lignin
is a cross-linked macromolecule and consists of three basic monomers such as p-coumaryl
alcohol, coniferyl alcohol and synapyl alcohol. Lignin from softwoods is mostly made-up of
coniferyl alcohol-derived components, but lignin from hardwoods consists of mixtures of
coniferyl- and syringyl-derived structures. Nowadays, the utilisation of lignin is continuously
growing. Large amounts of lignin and lignin containing residues originate from the pulp and
paper industry. The expected growth of the production capacity of second generation biofuels
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(e.g. bioethanol) from lignocellulosic biomass will lead to another source of lignin and lignin
containing residues.

It should be highlighted that the complex nature of lignin polymer and its stability make it
difficult to convert it into valuable monomeric chemicals. As mentioned above, FP or LF is
widely used to convert biomass or lignin into liquid bio-crude or bio-oil. Under these condi-
tions, biomass is converted into more than 200 oxygenated compounds, having various types
of functional groups (e.g. acids, alcohols, phenols, sugars, aldehydes, ketones and esters) with
specific chemistry. Lignin is preferably converted into phenolic compounds such as phenol,
anisole, guaiacol, cresol and syringol. These compounds are highly recalcitrant to further
treatment and require severe reaction conditions. As a result, such phenolic compounds have
attracted attention as model compounds to develop effective treatment processes. Figure 1
illustrates the structure of the three main biomass components and a variety of commonly
detected monomeric oxygenates in bio-oil; in addition, phenolic dimers are also represented
largely in lignin-derived bio-oil [9].
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Details on the nature of conventional petroleum feeds and a block scheme of a typical
refinery are presented elsewhere [10]. It should be noted that there are five major types of
hydrocarbons in petroleum feedstocks such as paraffins, iso-paraffins, aromatics, naph-
thenens and olefins (PIANO). The main objective of refineries are (i) to transform crude
oil into a set of refined products in accordance with precise specification and in quantities
corresponding as closely as possible to the market requirement. For specific purpose, crude
oil is first fractionated (distilled) into fractions with a specified range of carbon number.
Following that, such large fractions (referred to gas oil and residue) are further processed
in order to reduce molecular weight and to increase the H/C ratios.

It is suggested that refineries are well-suited to handle FP oil or phenolic compounds, in
particular. However, the significant difference in the quality of biomass-derived liquids and
petroleum feeds are obvious. For example, FP oil reveals a general sum formula of CH, O,
in contrast to hydrocarbon fuels, showing a sum formula close to CH,,. In addition, the higher
heating values of FP or LF oils amount to approximately 16-34 MJ/kg, in contrast to heavy fuel
oil that offers 40 MJ/kg (Table 1).

The different properties definitely cause some problems [9]: (i) the high oxygen content is
not accommodated by refineries, usually dealing with oxygen contents in the crude oil far
below 1 wt%; (ii) oxygenated compounds typically have higher boiling points than hydro-
carbon with the same carbon number; (iii) water is considered a contaminant in conventional
refineries; (iv) the acidity of FP oil is much higher than that of crude oil; and (v) the presence
of various reactive oxygen-related functionalities allows thermal polymerization and might
subsequently cause a high coking rate.

Therefore, downstream removal of the remaining oxygen from the bio-crude is needed; this
can be done by using the existing refinery infrastructure or standalone units [12, 13]. Among

Properties FP oil LF oil Heavy fuel oil
Water content (wt%) 15-30 5.1 0.1

pH 25 - -

Specific gravity® 1.2 1.1 0.94

Elemental composition (wt%)

Carbon 54-58 73 85
Hydrogen 5.5-7.0 8 11
Oxygen 35-40 16 1.0
Nitrogen 0-0.2 - 0.3
Ash 0-0.2 - 0.1
HHV (M]/kg) 16-19 34 40

lRatio of the density of the substance to the density of water.

Table 1. Typical properties of wood-based bio-oil (via FP, LF) compared to heavy fuel oil. Adapted from Ref. [11].
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the available upgrading strategies, fluid catalytic cracking (FCC), hydrotreating, and hydro-
cracking supported by catalysts are considered as most effective technologies provided by
the refinery [14-16]. However, these unit operations are tuned to upgrade fossil fuels. On
the other side, recently developed standalone processes are definitely tailored to lower the
oxygen content in biocrudes most effectively. They are often discussed as deoxygenation or
hydrodeoxygenation (HDO) processes. A detailed review on the deoxygenation of liquefied
biomass and related model compounds in standalone units have been reported in Ref. [17].
The focus of the present review is now set on the co-feeding of phenolic model compounds
with hydrocarbons and later on blending of (pre-treated) bio-crudes with conventional refin-
ery feeds. This latter strategy might represent a kind of third way, tailoring the bio-crudes to
make them suited co-feeds and to benefit from existing technology.

3. Co-feeding of model compounds into existing refinery units

Several options are available for converting oxygen-containing biomass-derived feeds into bio-
fuels in a petroleum refinery: (i) thermal conversion (e.g. visbreaker and coker); (ii) catalytic
conversion (e.g. FCC, hydrotreating and hydrocracking) [18].

Nevertheless, the obtained organic liquid product from thermal units would contain a high
fraction of oxygenates and thus those units seem to be unsuitable choices. In contrast, in pres-
ence of catalyst (FCC unit), catalytic cracking is much faster and more selective than thermal
cracking and it allows working under milder reaction conditions.

The main objective of hydrotreating in conventional refineries is to remove impurities (e.g. sul-
phur, nitrogen and oxygen) being present in petroleum feedstock via the addition of hydro-
gen (hydrodesulfurisation = HDS, hydrodenitrogenation = HDN). Therefore, hydrotreating is
also expected to remove the high content of oxygenates in bio-feeds. Hydrocracking, on the
other hand, combines hydrotreating and catalytic cracking, thereby transforming hydrocar-
bon feedstocks in the presence of hydrogen into lighter products. Hydrocracking typically is
carried out using other catalysts than for hydrotreating, and is run at more severe operating
conditions (higher temperatures and pressures).

3.1. HDO of co-feed of phenolic model compounds with hydrocarbon

The individual HDO of bio-oil and related oxygenated model compounds has been stud-
ied extensively. In the past, this process was considered to provide hydrocarbon fractions
that might be blended directly with conventional fuels. However, this needs huge efforts to
achieve the necessary hydrogenation depth and oxygen removal efficiency. Recently, it is
often discussed as a pre-treatment (or upgrading) step to make bio-crudes suited for co-pro-
cessing. Details are summarized in Ref. [17] and related reviews [2, 19]. We also studied the
HDO of phenol and intermediates on monometallic and bimetallic Ni-based catalysts (i,
Ni-Co, Ni-Cu) supported on different acidic materials (H-ZSM-5, H-Beta, H-Y and ZrO,) at
comparatively mild conditions (250°C, 50 bar initial H, pressure) [20, 21]. Hydrocarbons (e.g.
cyclohexane and benzene) can be mostly produced from deoxygenation of phenol. Similarly,
guaiacol and its derivatives, which possess hydroxyl and methoxyl groups attached to the
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aromatic ring, have been investigated extensively as model compounds, e.g. Refs. [22, 23].
Various pathways have been reported for guaiacol conversion towards a variety of products
such as phenol, catechol, benzene, cyclohexane, and methyl-substituted phenols. Such a reac-
tion network for the guaiacol catalytic cracking has been proposed in Ref. [32]. Besides, phe-
nolic dimers have been involved in HDO studies due to their large amount in lignin derived
bio-oils. During the aqueous phase, HDO of phenolic dimers on bifunctional catalysts (Pd/C,
H-ZSM-5, or Ni/H-ZSM-5) hydrocarbon yield were observed up to 95-100% at 64-100% con-
version [24, 25].

Co-processing of guaiacol to straight-run gas oil (SRGO) was studied in a conventional
hydrotreating process [26]. In the presence of SRGO and under severe HDS conditions,
no inhibiting effect on HDS activity was observed; however, at mild reaction temperature
(below 320°C) and low space velocity, inhibition of HDS became relevant, likely due to com-
petitive adsorption of intermediate phenols on the catalyst active sites. By increasing the tem-
perature, these adsorbates are rapidly deoxygenated into hydrocarbons which did not affect
HDS reactions. Otherwise, hydrogen sulphide from HDS suppresses hydrogenolysis and
hydrogenation (HDO) of phenols, especially with NiMo and CoMo catalysts, via competi-
tive adsorption of phenol and H,S [27]. Similarly, ammonia stemming from HDN not only
depresses the activity of NiMo and CoMo catalysts in HDS process, but also the conversion of
carboxylic and methoxy groups, while ketones were not affected [28]. The presence of other
compounds, such as water, has little influence on HDO reaction but does affect the lifespan of
HDS catalyst.

3.2. Co-feeding of phenolic model compounds with conventional feeds at FCC conditions

Co-processing of oxygenated model compounds with conventional feeds at FCC conditions
has been studied in lab-scale FCC units [29-32]. A maximum amount of 10 wt% of oxygenated
compounds (related to gasoil) could be fed to a FCC without major problems. Additionally,
the authors indicated that catalytic cracking of oxygenate compounds consists of a complex
net of reaction pathways.

Either phenol or guaiacol was co-fed with hydrocarbon (e.g. n-heptane or methylcyclohexane)
for cracking reactions over HZSM-5 and HY zeolites [31]. The severe slow-down of the crack-
ing reaction of methylcyclohexane and n-heptane was observed in the presence of the named
oxygenates. The authors proposed the observation due to strong adsorption of phenolic spe-
cies on the catalysts and thus it could be competitive with the absorption of hydrocarbon. The
increased coke formation in the presence of phenolic compounds also led to a slightly changed
product distribution compared with hydrocarbons cracking.

Co-feeding of oxygenates (including guaiacol, acetic acid, phenol and hydroxyacetone) with
gas oil over an equilibrated FCC catalyst [32] lead to an increase in yields of fuels gas, liquefied
petroleum gas (LPG) and gasoline, however, this was possible mostly because boiling point
range of those oxygenates and their products match these fractions. Additionally, some aro-
matic products were obtained from dehydration and alkylation of both phenol and guaiacol
in the gasoline fraction products.
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Recently, it was shown that small amounts of m-cresol at low reactant concentrations caused
fast deactivation of an FCC catalyst [33]. Nevertheless, increasing the paraffin concentra-
tion hindered the deactivating effect of m-cresol. The authors postulated a hydride transfer
between the phenolic compound and the paraffins. The interaction of the phenolic pool and
the conventional feed (paraffin) via hydride transfer is summarized in Scheme 1.

HC

.CH
H3C (|:+ 3

Phenolib CH,

+,CH3

Scheme 1. Interaction of the m-cresol and paraffin transformation via hydride transfer. Adapted from Ref. [33].

In sum, the cited studies on co-feeding of phenolic model compounds with hydrocarbons
give some insight (e.g. competitive adsorption and hydride transfer) that should be taken into
account for the development of effective catalyst and revise the processes later on.

4. Co-processing of upgraded bio-oil as a phenolic feed into refineries

As mentioned above, bio-oils obtained from FP or LF of solid biomass have some peculiar
properties (high oxygenate (35-50 wt%) and water content (15-30 wt%), high acidity and
immiscibility with petroleum fuels) being different from those of conventional refinery
streams [34]. Conversion of pure FP oil over conventional FCC catalysts has been studied
already in the nineties [35, 36]. However, major challenges were identified (e.g. nozzle plug-
ging and irreversible catalyst deactivation) owing to significant formation of coke, tar and
char [37]. This leads to a more severe catalyst deactivation compared to regular FCC process.
Thus, the direct use of an untreated bio-oil in standard refinery units needs large efforts in
catalyst and process design that might make this route less attractive. Instead, blending of FP
oil with conventional feed (e.g. vacuum gas oil) before introduction into FCC unit is the logical
alternative due to the interest of petroleum oil companies.
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The standard lab-scale techniques for evaluation of FCC catalysts [e.g. micro-activity test
(MAT) or advanced cracking evaluation (ACE)] may also simulate the co-processing of FP oil
with conventional FCC feeds. Such tests are known to elucidate the actual behavior of com-
mercial FCC units quite well and various parameters [e.g. catalyst-to-oil (CTO) ratios, temper-
ature, conversion and product distribution] can be systematically investigated. For example,
UOP reported the first results for such blending tests in an ACE test unit [38]. Table 2 provides
typical results for pure vacuum gas oil (VGO) cracking in comparison with conversion of a
blend of 20 wt% of FP oil and 80 wt% of VGO.

The results indicate that significant amounts of carbon are transferred to the gasoline, gas, LPG
and coke, but less to LCO and slurry oil fraction. As a result, replacement of 20% of conven-
tional feed by FP oil reduces the total amount of carbon fed to the FCC unit by 13% (due to the
oxygen in the FP oil), but the gasoline yield dropped only by less than 5%. This might point to
a synergetic effect between VGO and FP oil and the VGO seems to act as a hydrogen donor to
the FP oil. Otherwise, the FP oil appears to increase the crackability of the VGO and shifts the
product range towards desired light ends. In general, the co-feeding of FP oil to FCC units is
not beneficial, with only an estimated 10% of the carbon from the liquids ending up in useable
products (LPG and liquids). Much of the recent advances to obtain a better understanding of
the co-processing of untreated FP oil in oil refineries have been conducted in BIOCOUP proj-
ect within the 6™ European Framework Program [39]. Particularly, various upgrading routes
have been studied: (i) HDO to remove oxygen as water under high hydrogen pressure with a
catalyst; (ii) high pressure thermal treatment (HPTT), in which FP oil is thermally treated to
obtain an oil with a higher energy density [40]; and (iii) treatment without hydrogen, leading
to decarboxylated oil (DCO). Comprehensive data on the use of FP oil either pure or as co-
feed with VGO along all these routes are not published, but it is mentioned that despite lower
oxygen content, a FP oil upgraded without oxygen (DCO route) could not be effectively co-
processed without catalysts or hydrogen (HPTT route). An important criterion for successful
co-feeding of such oils is a low-coking tendency (measured as micro carbon residue testing
—MCRT), high H:C ratio, and a low average molecular weight [41].

Product yields (wt%) VGO FCC (20 wt% FP oil + 80 wt% VGO) FCC
Ethylene 2.0 3.3

Propylene 59 59

Propane 1.2 2.1

Butane 11.1 13.5

Gasoline 42.7 40.6

Light cycle oil (LCO) 14.8 9.1

Slurry oil 18.5 4.8

Coke 3.9 7.1

Water and CO, 0.0 13.4

Table 2. Product yields from co-feeding of VGO and FP oil at FCC conditions. Data from Ref. [38].
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Many efforts have been made in the recent years on HDO for upgrading of FP oil to deoxygen-
ate the organic compounds effectively into so-called HDO oils or upgraded bio-oil (UBOs).
HDO of bio-oil with various catalysts (e.g. Ru/C, Ru/Al O,, Ru/TiO,, Pd/C, Pt/C, NiMo/AlLQO,,
CoMo/AlL O, and Ni-based catalysts) in the past decades has been comprehensively described
in reviews [42, 43]. Besides, modified strategies for HDO of bio-oil have been proposed, e.g.
a mild HDO process, non-isothermal hydrotreatment, low-severity HDO [44, 45], two-stage

HDO [46] and aqueous phase HDO [47].

The co-feeding of such upgraded HDO oils (20 wt%) and 80 wt% standard feedstock (Long
residue) is successful in laboratory-scale even if oxygen-rich HDO oils (17-28 wt% on dry
basis) are used. Product yields, e.g. for gasoline (44-46 wt%) and light cycle oil (LCO)
(23-25 wt%) were retained compared to the base feed [48, 49]. The authors also carried out
the co-processing of 80 wt% of SRGO + 10 wt% HDO oil + 10 wt% isopropanol (to reduce
viscosity) in a lab-scale HDS reactor, but the competition between HDS and HDO was
observed and the efficiency of HDS was reduced [50]. Tests on co-feeding of hydrotreated
bio-oil with an aromatic hydrocarbon feedstock (15/85 wt/wt) with two commercial FCC
catalysts (ReUSY1, ReUSY2) showed that the conversion was slightly lower than that of
the ordinary VGO [51]. The limited crackability of the aromatic feedstock seems to be
the primary reason. On the other hand, the conversion obtained from co-processing of
hydrotreated bio-oil with VGO was reported to be higher than that obtained from pure
VGO feed experiment [52].

Own studies on the HDO of FP oil over bimetallic catalysts (10%Ni-10%Co/HZSM-5; 300 °C
and 60 bar initial H, pressure) resulted in an UBO, which was co-fed with conventional FCC
feed (atmospheric distillation residue of Dung Quat refinery-Vietnam) in a lab-scale MAT
unit [53, 54]. Several runs with the same equilibrated FCC catalyst and various fractions of
UBO (10, 20, 30 wt%) in the feed and different CTO ratios were performed at FCC conditions
(520 °C, 1 bar, CTO = 2.5 or 3 g/g). Figure 2 shows that the conversion is similar for both the
co-processed feeds and the 100% conventional feed, whereas a reduction of HCO yield and
slight increase of gasoline, gas and LCO fraction is evident for the co-processed feeds at the
CTO ratio =3 g/g. However, at a CTO ratio of 2.5 (g/g), which correlates to somewhat milder
reaction conditions in terms of residence time and respective catalyst load, the conversion
decreased gradually with the increase of the UBO fraction from 80% to 65% (with the 20UBO
sample). This indicates that oxygenates in the UBO are more recalcitrant to cracking due to
the many O-containing functional groups and the lower H-content (e.g. phenols, guaiacols,
syringols and dimers). This observation is in line with literature [44], showing that a slightly
higher CTO ratio is required for co-processing of UBO with conventional feed (Long residue)
in order to obtain an equivalent conversion.

The gasoline fraction is the primary objective of a FCC unit and thus its composition obtained
with the 4 samples tested at a CTO ratio of 3 (g/g) was analysed and showed in Figure 3.
Obviously, co-processed feeds give larger amounts of aromatic compounds in the gasoline as
compared to 100% conventional feed. In addition, the iso-paraffin and olefin fractions were
reduced compared to 100% conventional feed, while the n-paraffin and naphthene fractions
were more or less of the same size.



Figure 2. Performance of co-feeding tests at different feed compositions and CTO ratios in MAT unit. Adapted from

Ref. [50].

Figure 3. Gasoline composition in the products from co-feed tests at 520 °C and CTO =3 (g/g). Adapted from Ref. [54].

On the other side, Petrobras implemented a near commercial FCC unit to co-feed pure FP oil
with VGO [55]. The FP and VGO were fed into the riser reactor at two different heights. The
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feed rate was 150 kg/h and the results are shown in Table 3.
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Product yields (wt%) Feedstock
VGO 90% gas oil and 10% FP oil 80% gas oil and 20% FP oil

Fuel gas 3.9 2.8 2.5
LPG 15.2 12.9 9.9
Naphtha 40.4 40.7 37.7
LCO 18.1 17.4 16.5
Decanted oil 14.8 14.0 13.7
Coke 7.4 7.5 8.5
cO 0.1 1.9 3.1
CO, 0.1 0.5 0.8
Water 0 2.3 7.3

Table 3. Product yields from co-feeding of VGO and FP oil by Petrobras at 540 °C. Data from Ref. [55].

The results indicate that the liquid yields from the blend VGO-FP oil did not significantly
drop compared to FCC of VGO, whereas the yield of fuel/LPG was dramatically decreased.
The introduction of 10 wt% of FP oil did not change the gasoline yields; however, the fraction
was reduced significantly when co-feeding 20 wt% of FP oil.

It can be concluded that there are substantial differences in the conversion and product patterns
obtained at laboratory-scale, pilot plant and semi-commercial scale. This is understandable as
different FP oil, conventional feeds and reaction conditions were used [56].

5. Summary and perspective

Co-feeding of biomass derived liquids with conventional feeds into refinery units has poten-
tial for partial replacement of fossil crudes by renewable and sustainable resources in the
short-term. In addition, it might be economically advantageous for biofuels production as the
capital costs could be reduced due to the use of available existing infrastructure of petroleum
refineries. Various tests with both FP oil and upgraded bio-oil (UBO) not only at lab-scale, but
also at the semi-demonstration FCC scale showed promising results.

Studies with phenolic model compounds provide insight into the effect of oxygenates during
co-feeding on elementary steps such as hydride transfer or competitive adsorption of pheno-
lic compounds and hydrocarbon. It seems as if hydrocarbons might act as hydrogen donor for
oxygen removal from the bio-feeds. The tests with FPO or UBO indicate some crucial aspects:
(i) co-feeding possibly reduces the acidity and oxygenate content in the co-feed; (ii) upgrading
helps to reduce oxygen content and to increase yields of usable products (e.g. naphtha, LCO
and LPG); (iii) separate injection of conventional and bio-feeds could be a suitable choice in
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order to take advantage of the different reactivity of those feeds ruled by the aforementioned
elementary steps.

However, the challenges of processing such bio-feeds in oil refineries are still significant and
need to be further studied. As it is not expected due to economics that FCC catalyst and process
design will be modified, the co-processing should be more deeply investigated using more
standard conventional feeds and commercial FCC catalysts. On the other side, there might be
some potential for optimisation of the upgrading step to make the UBOs more suited. As for
the upstream FP process, the greater the improvement of FP, the higher the quality of bio-oil
during storage and transportation and the easier the upgrading steps.

From a refiner’s perspective, the important properties are the boiling-range distribution and
the acidity. The high oxygen content of FP oil and UBO might cause corrosion and augmented
coking of catalyst surfaces as well as downstream contamination risks. Thus, the upgrad-
ing of bio-feed to what extent should be adapted to the requirement of the refinery. It is
likely that the degree of deoxygenation correlates with the oil yield and the heating value of
UBO. Besides, another issue is to identify the best inlets for bio-feeds into the refinery and the
requirements for venting of oxygenated gases (e.g. CO and CO,) should be considered as it is
not usual in conventional refinery.

Finally, one question might be open for the reader: who will responsible for the control and
the management of bio-feeds and their co-processing into refinery? A realistic scenario will be
that both industries cooperate, one producing the biofuel precursors and the other processing
and converting them into valuable fuels.
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