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Abstract

The depletion of fossil fuels and the negative impacts of their extraction and combustion on the environment have encouraged
scientists and industrial stakeholders to explore the development of alternative, renewable energy resources such as bio-oil, which
can be produced from biomass by fast pyrolysis. The main disadvantages of crude bio-oils derived from fast pyrolysis are their
poor quality caused by the presence of water and oxygen compounds, high viscosity, instability during storage, and their low
heating value and high acidity (corrosiveness). To overcome these shortcomings and improve the properties of bio-oils, several
techniques have been proposed. The present review provides an in-depth survey of recent studies in the field of fast pyrolysis of
biomass and bio-oil upgrading. Different methods and various processes, including novel techniques such as those making use of
plasma reactor and microwave-assisted approach, the use of algae as biomass, and pyrolysis under supercritical conditions, are
reviewed to explore and critically assess the proposed improvements. We also examine recent advances in the field of bio-oil
upgrading, focusing on chemical and catalytic processes such as the combination of fast pyrolysis, bio-oil upgrading utilizing
zeolite and nonzeolite catalysts, and computational simulation methods. Finally, we assess recent progress in the improvement of
the properties of the ultimate product and review the pros and cons of pyrolysis and upgrading techniques for bio-oils. We
conclude with a section examining future challenges, perspectives, as well as the commercial feasibility/viability of fast pyrolysis
and bio-oil upgrading.
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1 Introduction

There is hesitation that conventional fuels such as coal, oil,
and natural gas will remain the main source of worldwide
energy. The energy crisis and concerns over increasing the
amount of carbon dioxide in the atmosphere have made bio-
mass a worthy source of nongreenhouse energy. Increasing
fuel usage, environmental concerns, and traditional fossil fuel
reduction resources are such important facts which require
development of renewable and clean energy source. Using
biofuel derived from biomass recycles atmospheric carbon,
which is dissimilar from the conversion of fossilized carbon
which only produces carbon dioxide. In biofuel production
process, carbon dioxide is in a cycle which is produced (by
transportation system and industries) and consumed (during
biomass generation) frequently, and leads to reduce the emis-
sions of NO,, SO,, and heavy metals [1].

Biomass as a source of lignocellulosic material is a plenti-
ful and renewable source of energy, though a cost-effective
technique for hydrocarbon production from it is still a chal-
lenge [2]. There are several alternatives to produce biofuel as
clean energy. Figure 1 gives an overall view of product for-
mation by different approaches such as pyrolysis, fermenta-
tion, transesterification, and gasification processes. Biomass
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has lower carbon content and higher hydrogen to carbon ratio
than coal. Bio-oil, obtained from fast pyrolysis of lignocellu-
lose biomass, is an alternative to fossil fuels [3].

Several methods for biomass pyrolysis have been sug-
gested and investigated by researchers in recent years.
Process integration (by combination of several processes)
could reduce the consumption of energy and material or envi-
ronmental emissions [4]. Moreover, various methods for bio-
oil usage are under consideration, such as the extraction of
chemical compounds (like phenolic, volatile organic acids,
levoglucosan, hydroxyacetaldehyde); emulsification with pe-
troleum diesel, biodiesel, and bio-ethanol (because of the low
average cetane index (5.6) and low average heating value
(16.57 MJ/kg) of the bio-oil); and catalytic upgrading of the
crude bio-oil [5]. Catalytic upgrading as a promising method
for bio-oil upgrading can improve the properties of bio-oil by
removing oxygenated compounds, reducing molecular
weight, and modifying chemical structures by cracking,
decarbonylation, decarboxylation, hydrocracking,
hydrodeoxygenation, and hydrogenation [6].
Hydrodeoxygenation (HDO) technique is the favorable meth-
od for the upgrading of bio-oil due to its oxygen reduction
ability and feasibility (production costs are equivalent to con-
ventional crude oil), although there are no definite inference
and reaction pathway on the process chemistry and no specific
catalyst for the exact compound upgrading [7]. Generally,
around 100 types of biomass have been used in the literature
to produce bio-oil. Defining standard processes is challenging
due to the complication and variability of feedstocks. In py-
rolysis processes, biomass can alternatively be combined with
other types of feeds such as waxes, petroleum residues, waste
plastics, oxidized oils, and/or municipal wastes, to produce
liquid or gaseous fuels [8].

Several reviews have been published on fast pyrolysis to
cover the recent advances and future perspectives and recom-
mendations. Based on the other review, there are some chal-
lenges for pyrolysis, such as compromising between the py-
rolysis plant size and raw biomass and industrial/practical ap-
plications of this technology; thus, the economic study of py-
rolysis for biofuel production is required [9]. A review of fast
pyrolysis and bio-oil upgrading in China showed that the
hydrogenation-esterification (OHE) method by utilizing bi-
functional catalysts is more efficient than the conventional
process, and cost-effective catalysts (like amorphous cata-
lysts) for HDO of bio-oil should be further developed.
Although catalytic pyrolysis leads to the enhancement of the
production and quality of bio-oils, some issues are still
existing, such as catalyst deactivation, reactor clogging, coke
formation, and high water content in the final product. The
combined process (catalytic pyrolysis and catalytic cracking)
results in rising the product yield and quality. Moreover, steam
reforming is a suitable method for bio-oil upgrading; however,
it requires proper catalysts. Molecular distillation can also be
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Fig. 1 Various methods applied
to biomass conversion to value-
added products (main products
are shown)

quuefactlon/fas? and Bio-oil
slow pyrolysis

Biomass

(lignocellolosic materials, algae,
vegetable oils, crude glycerol)

suitable for bio-oil upgrading, but it has to overcome high-
energy consumption. The supercritical fluids (SCFs) tech-
nique is not applicable to an industrial scale because of the
high cost of the organic solvents [10]. Innovative incorporated
processes are required to upgrade bio-oils into fuels, reaction
pathways, mechanism and kinetics development, and con-
struction of pilot plant scale units [11].

In another review by comparing physical and chemical
methods of upgrading, it was concluded that using physical
approaches such as solvent addition and emulsification need
extra research on the recovery of solvents and surfactants,
even though these methods are effective to reduce viscosity.
Catalytic fast pyrolysis (CFP) can be a favorable way to pro-
duce high stable liquid fuels (than the traditional one) [12]. In
areview of a large pilot scale of the pyrolysis process, math-
ematical models of the reactor, reaction mechanisms of
woody biomass, and heat of pyrolysis process were
discussed. Even though there are several models which can
predict the pyrolysis products, the models have some limita-
tions for application in a broad range [13]. Cracking paths for
cellulose, cleavage of typical linter-unit linkages during lignin
pyrolysis, reactions of the aromatic compounds, and thermal
conversion of a guaiacol-type compound were investigated.
Further research in the following subjects such as developing
a method for detecting and quantifying heavy tar fraction like
phenolic oligomers and theoretical modeling such as quan-
tum simulation for the production of oxygenated compounds
and their probable reaction pathways is necessary [14]. A
review on the mathematical modeling of biomass pyrolysis
has considered the particulate hydrodynamic models and their
interactions with chemical reactions. It was concluded that
the feedstock characteristics and residence times of the solid
and gas phases are the main factors, and catalyst selection for
optimal product yields is an important aspect of the pyrolysis
process [15].

fermentation

In general, the published reviews focused on the physico-
chemical properties and the characteristics of the composi-
tions of biomass pyrolysis oil [16], characteristics of major
individual components of biomass (using developed experi-
mental technologies, such as Py-GC-MS/FID, TG-MS/TG-
FTIR, in situ spectroscopy, 2D-PCIS, isotopic labeling meth-
od, in situ EPR, and PIMS) [17], scientific and technical pro-
gresses toward improving bio-oil yield and quality, principal
problems associated with bio-oil from biomass [11], compar-
ison of physical and chemical upgrading methods [12], reac-
tion networks and models [13—15], investigation of challenges
such as understanding the trade-off between the dimension of
the pyrolysis plant and feedstock, and reactor schemes to com-
mercial applications [9]. In this review, we focus on the chem-
ical and catalytic pyrolysis as a process and catalyst points of
view and found out the novel recent techniques such as
microwave-assisted methods, plasma and pulse-current reac-
tors, novel catalysts used for bio-oil upgrading or combined
chemical processes, computational analysis, challenges, and
recommendations. Performing a literature review in order to
get an update on the latest developments in this area and iden-
tify avenues for new developments and future research pro-
jects is valuable. This review sheds light on the recent ad-
vancements in the pyrolysis production pathways and bio-oil
upgrading for fossil fuel alternative biofuels from forest, agri-
culture, and/or wastes.

2 Fast pyrolysis
2.1 General view
Fast pyrolysis (FP) is a process which is known to convert

biomass into valuable biofuel and chemical feedstocks. FP is a
cracking process which is carried out at temperatures ranging
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400-800 °C in the absence of oxygen with short residence
time (0.5-3 s) for bio-oil production. Longer residence time
with lower temperature results in more biochar formation.
Biomass with less than 10% moisture, particle size less than
3 mm, and rapid quenching of pyrolyzed vapor are favored.
Pyrolysis results in three separate products: biochar, bio-oil,
and noncondensable gases (flue gas) like CO, and CO (more
common), H,, volatile carboxylic acids, and hydrocarbons
such as methane [18]. The higher moisture content leads to
higher energy costs and reduction in fuel yield and quality, and
the larger particle size results in incomplete pyrolysis due to
the limitation of heat and mass transfer, and rapid quenching
prevents further oxidation and cracking.

Various types of biomass can be used as feedstock in FP,
such as woody biomass, agricultural biomass, aquatic biomass
(algae), and industrial residue (hydrolysis residue (when pro-
ducing ethanol/butanol), a major by-product of biomass hy-
drolysis) [19, 20]. Elemental analysis of different types of
biomasses showed that they typically comprise atomic carbon,
hydrogen, oxygen, nitrogen, and sulfur (Table 1) [21]. The
foremost operating parameters of a pyrolysis process affecting
bio-oil yield and properties include temperature, neutral gas
flow rate, vapor residence time, heating rate of biomass, min-
eral matter, size of biomass particles, fluidization variables,
and particle mixing in a fluidized bed pyrolyzer. The results
showed that the (H/C) 4 increased with the decrease in O/C.
The following equation shows the effective H/C of a feedstock
containing heteroatoms:

H)  H-20-3N-2S )
Clur C

Also, the effective hydrogen to carbon ratio (H/C).s during
feedstock conversion to bio-oil from biomass pyrolysis can be
defined by the following equation:

(€)= (0 (€ 2

In addition to the mentioned effective parameters, other
factors, such as various atmospheres, types of feed, and espe-
cially catalyst types, also affect the yield and properties of the
final products of pyrolysis [31]. Subject to heating rate and
residence time, pyrolysis of biomass is divided into different
classes: slow or conventional pyrolysis (carbonization) and
fast or flash pyrolysis (to obtain the maximum of either the
biochar or bio-oil yields) [32]. Pyrolysis can also be used as a
recycling method of feedstock for hydrocarbon wastes (de-
rived from engine oil, transmission oil, hydraulic, and cutting
oil) which are cracked into hydrocarbon oils, gases, and char.
Furthermore, this technology can be applied in treating wastes
of high hydrocarbon content in which the long hydrocarbon
chain (>50) can be cracked into shorter hydrocarbon chain
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(C;—Cj,) (to be used as a petrochemical or chemical feed-
stock) [33]. Some waste materials like crude glycerol can also
be used in the pyrolysis process. Figure 2 illustrates the pro-
cess of catalytic fast pyrolysis in a fluidized bed reactor
consisting of different equipments.

2.2 Bio-oil

Bio-oil is a complex mixture which may contain water and
fine solid particles. The molecular weight of bio-oil can be
varied from 370 to 1000 g/mol which highly depends on bio-
mass source [34]. Generally, it contains various chemicals
such as organic acids, alcohols, aldehydes, ketones, phenols,
esters, ethers, furans, nitrogen, sulfur compounds, etc. The
typical characteristics of crude bio-oil from fast pyrolysis are
listed in Table 1. The products are varied by changing the
feedstock and operating conditions. Permanent gases (such
as CO, CO,, CHy, and H,), water vapor, carbonyls, and alco-
hols are the most important products [20].

The aforementioned unfavorable properties and com-
pounds of bio-oil make several problems like corrosiveness,
low heating value, and polymerization in storage stage [35].
Bio-oil derived from fast pyrolysis can be upgraded by chem-
ical or physical processes which are reviewed in the following
sections. Figure 3 displays the methods of fast pyrolysis and
bio-oil upgrading in brief which can be divided into four main
categories, namely catalytic upgrading, esterification, physical
upgrading, and novel techniques. Table 2 illustrates the de-
tailed chemical composition of bio-oil. Different variables af-
fect the bio-oil composition, such as feedstock, temperature,
and pretreatment. Higher temperature leads to the formation of
small aldehydes and acids, along with a reduction of phenols.
The low-temperature pretreatment of feedstock resulted in
lightweight component production in bio-oil and higher quan-
tities of furans, ketones, and phenols. Knowing the production
of specific compounds helps a profounder understand the ef-
ficiency of the process and find ways of application of bio-oils
[38]. For HDO, as shown in Table 2, the Ni-based catalysts
produced groups of guaiacols in heavy oil; however, the in-
significant compounds, such as esters, ketones, and other phe-
nolics, were observed in upgraded heavy oil which exhibited a
65.7-76.4% reduction in the total compounds compared to
bio-oil, due to decarboxylation and decomposition of acetic
acid, furfural, vanillin, and levoglucosan or parting into the
light oil phase. Moreover, the light oil phase contained typi-
cally acetic acid and acetic acid ethyl ester [39]. By comparing
the chemical compositions of bio-oil by different feedstocks at
a fluidized bed reactor at relatively similar temperatures, it can
be seen that the feedstock can greatly affect the composition of
the produced bio-oil, such as by using corncobs the ketones
can be produced more, and sugars and phenols are produced
less compared with using pine as biomass feed.
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Fig. 2 Schematic of catalytic
pyrolysis in a fluidized bed
reactor. The system comprises a
mass flow controller, stainless
steel pyrolyzer (FB), screw
feeder, cyclone, and condensers
(it can be more than one
condenser). Nitrogen gas is
preheated in the air plenum to
450-600 °C before injecting to
the reactor. A distributor is
installed at the bottom of the
reactor. Fluidized bed is heated by
electric field. The condenser
works with refrigerants which is
recirculated by a chiller system.
The gas was sampled by a gas
sampler. He biomass is converted
to fatty oxygenate, aliphatic,
phenol, alcohol, and N-containing
compound (aromatics, amines,
amides, etc) [21, 25]
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Table 2 Chemical compositions of bio-oils from biomass fast pyrolysis
Group compounds  Bio-oil Upgraded bio-oil
Biomass source Switch Corncobs Pine [37] Bagasse [38] Pine [38] Yellow poplar  Yellow poplar [39]
grass [36]  [37] [39] g/L
Process Fluidized  Fluidized Transport Fluidized bed at Fluidized bed at 500 °C HDO Ni-base HDO Pt-base
bed at bed at bed at 480-580 °C 480-580 °C catalyst g/L catalyst/L
500 °C 500 °C 520 °C
Heavy Light Heavy Light
oil oil oil oil
Phenolics 2.67 4 15 0.63 4.7 11.9 309 236 o647 233
Ketones 0.5 11 4 32 433 28 0.9 1.8 2.7 3.7
Acids 2.94 6 4 4.94 237 933 82 58.3
Aldehydes Trace 1 7 0.23 0.33 8.8
Furan 0.62 2 3 0.59 2.51
Oxygenate 52
Sugar/carbohydrate 6.38 5 34 0.43 44 27
Water 25 24
Alcohols 0 2
Esters 0.36 1.53 24.5 75.1  14.6 5.5
Unclassified 46 5

Different materials have been proposed as catalysts for the
pyrolysis process. Acid catalysts have been studied extensive-
ly, such as microporous zeolites, mesoporous alumino-sili-
cates, and metal-modified zeolites, whereas basic catalysts
have not gained attention. Acid catalysts lead to dehydration,
decarbonylation, cracking, and aromatization reactions.
Moreover, aromatization reactions which take place over
strong zeolitic acid sites result in the formation of valued
monocyclic aromatic hydrocarbons and BTX. Higher quanti-
ties of polycyclic aromatic hydrocarbons (PAHs) and lower
amounts of monocyclic aromatic hydrocarbons (MAHs) can
be obtained by the ZSM-5 catalysts. Adding transition metals
into ZSM-5 catalyst can be used to reduce the yields of PAHs
and increase the production of MAHs [40, 41].

The most commonly used reactors for FP pyrolysis are
fixed bed, fluidized bed, recirculating fluidized bed, rotating
cone, ablative, auger, and vacuum reactors [42]. In most cases,
bio-oil production in fixed bed reactors was low and per-
formed at a laboratory scale; however, fluidized bed reactors
are the most common and commercialized pyrolyzers.
Recirculation fluidized bed reactors have lower heat transfer
than fluidized bed reactors but have better char attrition due to
higher gas velocities through recirculation/reflux. Pyrolysis
process can be performed in the absence of inert gas by rotat-
ing cone reactors. Concerning ablative pyrolysis, it is still at a
pilot-scale research because of its operating and scaling-up
difficulties. Although by using a vacuum pyrolyzer, the con-
trollability of vapor residence time is excellent, it suffers from
lower heat and mass transfer, large equipment size, and high
capital investments. Auger (screw) reactors exhibited some

advantages, such as compactness and simplicity, requirement
of low amount or no carrier gas, simple operation of bio-oil
and char separation, and lower energy requisite, while moving
parts (mechanical damage) are the disadvantages of this tech-
nology, which can be solved by material development and
maintenance services.

3 Bio-oil upgrading

Improvement in the physicochemical properties of bio-oil
could be performed by physical upgrading processes or chem-
ical and thermocatalytic operations. Several favorable catalyt-
ic processes for bio-oil upgrading/pretreatment can be applied
such as ketonization, aldol condensation, esterification, and
HDO [43]. Other methods can be categorized as catalytic
cracking and deoxygenating over zeolites, and novel technol-
ogies, such as catalytic plasma reactors. It is worth mentioning
that physical upgrading methods have gained less attention
compared with chemical upgrading. The following subsec-
tions review the bio-oil upgrading methods in recent years.

3.1 Physical upgrading

3.1.1 Solvent addition

The addition of polar solvents (like methanol, ethanol, and
furfural) leads to homogenization and lower viscosity of bio-

oil and higher stability. For instance, by the addition of 10%
methanol, the rate of viscosity increase can be reduced up to
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20-fold (during the long-term storage). Also, the influence of
adding these polar solvents is increasing in heating value. This
occurs due to the higher heating value of the solvent than those
of most bio-oils [11, 44].

3.1.2 Vacuum distillation

Another procedure could be distillation at 2 kPa and 80 °C,
which results in lower oxygen content (from 50.3 to 9.2 wt%
by separating fractions with low oxygen content from the
mixture), lower water content (e.g., from 25.2 to 0.01 wt%),
increasing pH close to neutral pH, and higher heating value
(around 34.2 MJ/kg) which is 2 times that of raw bio-oil.
However, generally, this method gives higher oxygen content
of upgrade bio-oil than hydrotreatment or catalytic cracking
[45].

3.1.3 Filtration

Hot-vapor filtration is a useful technique to reduce the ash
content of the oil to less than 0.01% and the content of alkali
to less than 10 ppm, which is lower than bio-oils produced in
the systems by using only cyclones. This process leads to the
enhancement of burning rate and lower ignition delay in en-
gines due to lower average molecular weight of filtered oil
[18]. In a study, a moving bed granular filter was established
for fast pyrolysis vapor using cassava rhizome as feedstock.
Filtration parameters affected the yield and properties of bio-
oil, and high quality bio-oil was achieved by this system. The
total bio-oil yield decreased from 57.7 to 42.0-49.2 wt% (dry
basis) by applying hot-vapor granular filtration unit which
resulted in organic bio-oil yield reduction of 38.1 wt%
(unfiltered) to 27.0-32.5 wt% (filtered), although the gas yield
increased from 13.42 to 20-22 wt%. However, the bio-oil
quality improved (the solids content, ash content, initial vis-
cosity, viscosity change, and aging rate of the final products
declined) [46].

It was observed that the smaller size of the granules result-
ed in higher performance as the different sizes in the range of
425-600, 600—850, and 850-1160 wm showed filtration effi-
ciencies of 93.2, 90.1, and 89.5%, respectively.

3.1.4 Emulsification

Emulsion of bio-oil with other fuel sources has been recog-
nized as a technique to produce combustion fuel. Emulsifying
with diesel oil using surfactants can solve the problem of
mixing bio-oil and diesel; however, it involves disadvantages
such as higher level of corrosion in engines, high cost of
surfactants, and high-energy requirement for emulsification
[18]. Pyrolysis oil is not miscible with hydrocarbons; howev-
er, by a simple process (adding the surfactants), it can be
blended with diesel oil. The final product (emulsion)

@ Springer

demonstrated favorable ignition specifics; nevertheless, prop-
erties like heating value, cetane, and corrosivity are not ac-
ceptable. Also, high energy for production is required. Thus,
designing and testing of injectors and fuel pumps are neces-
sary for this process [11].

3.1.5 Liquid-liquid extraction (LLE)

LLE has been performed for the fractionation of bio-oils.
Recently, Kanaujia et al. [47] performed research on
upgrading of bio-oil from pyrolysis of Jatropha curcas seed
cake using an extensive liquid-liquid extraction approach. The
produced bio-oil was phase separated and then the solvent
extraction method was applied in order to extract all organic
compounds. Ethyl acetate, dichloromethane, carbon tetrachlo-
ride, diethyl ether, benzene, cyclohexane, and hexane were
utilized for the extraction of aqueous phase and organic phase.
Among them, ethyl acetate and dichloromethane were found
as optimum solvents. Ethyl acetate was found out as an effec-
tive extracting solvent and polymeric phase can be extracted
by hexane.

3.1.6 Solid-phase extraction (SPE)

SPE is another useful separation method which can overcome
some disadvantages of LLE, such as incomplete phase sepa-
ration, use of expensive breakable specialty glasswares and
disposal of a high amount of organic solvent. Moreover,
SPE has more efficiency, is a faster process, and is able to be
automated more easily. SPE can be used to separate
semivolatile or nonvolatile analytes and chemical compound
or groups from a matrix. It is suitable for fractionation of bio-
oil in polar and nonpolar parts due to affinity of dissolved
analytes. Different types of SPE cartridge can be used for
bio-oil fractionation, but the most efficient one is C18 car-
tridge. This cartridge can be conditioned first with methanol
and water, then the extraction step is performed, and finally,
the elution step should be performed with different solutions
of methanol and water (0, 15, 35, 50, and 100%) to separate
various groups of compounds, such as acids and furans, aro-
matics and aldehydes, alkyls, or alkenes [48]. In a study, the
condensable vapors were collected using a condenser follow-
ed by an electrostatic precipitator (ESP); then, an extraction
was performed with equal percentage of water/dichlorometh-
ane. The more active fraction of the bio-oil was fractioned into
10 separate parts using amino solid-phase extraction car-
tridges. Liquid chromatography separation and fraction col-
lection of the most active hexane subfraction was performed
on a liquid chromatographic system [49]. In the recent re-
search, bio-oil was separated into pyrolytic lignin and aqueous
fraction using water extraction. The aqueous fraction was then
treated by SPE to isolate nonpolar compounds from the solu-
tion [50].
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3.2 Catalytic and chemical processes of bio-oil
upgrading

In catalytic pyrolysis/upgrading, three major points are very im-
portant: catalyst type, heating rate, and catalyst to feed ratio. The
use of catalyst during or after the pyrolysis process can greatly
improve the composition of bio-oil [51]. The major groups of
catalysts used for catalytic pyrolysis are metal oxides, molecular
sieves (such as HZSM-5, ZSM-5, SBA-15, MCM-41, HUSY,
REY), minerals, bimetals, and transition metals. Generally, ho-
mogeneous catalysts (such as KOH, Na,COs, and alkaline salts)
and heterogeneous catalysts (such as Pd/C, Pt/C, Ru/C, Ni/SiO,-
Al,O3, CoMo/y-Al,O3, zeolite, and Fe) have been used in cata-
lytic pyrolysis/upgrading of biomass. The latter one is preferred
due to higher catalytic activity and capability of easier separation.

Moreover, monodispersion of nanocatalyst makes it possi-
ble to having accessibility of oxygen atoms of the cellulose.
Application of nanocrystalline zeolite demonstrated the high
conversion of feedstock. Also, the usage of the NiW-nano-
hydroxyapatite (NiW-nHA) composite in hydrocracking of
bio-oil showed that 100% conversion is possible at high tem-
perature [52]. Reductions in residence time, temperature, and
pressure in such a process are the results from using catalyst in
direct pyrolysis.

Thermal upgrading followed by catalytic upgrading is also
known as a suitable method for bio-oil upgrading. Figure 4
shows the scheme of typical lignin-derived bio-oil upgrading
process in two steps (thermal and catalytic upgrading). The
first part of the reactor (thermal treatment) was filled by glass
spheres which carbonaceous matters are produced by the po-
lymerization of bio-oil, while the catalytic reaction takes place
in the second part [53].

3.2.1 Catalytic hydrodeoxygenation and hydrotreating (HDT)

Hydrotreating involves hydrodesulfurization,
hydrodenitrogenation, and HDO in order to remove the sulfur,

Fig. 4 Schematic of continuous
two-step pyrolytic lignin removal
and crude bio-oil upgrading
(feedstock is lignocellulosic
biomass) at atmospheric pressure
in a U-shape reactor [5, 53]: the
first step is thermal treatment
section (polymerization of
phenolic derivatives); the second
step is catalytic upgrading
(valorization of crude bio-oil
combined with methanol co-
feeding to minimize deactivation
of the HZSM-5 zeolite catalyst)

CWj—E —> +

nitrogen, and oxygen heteroatoms of oil, respectively, by the
reactions between element containing compounds with hydro-
gen. While more attention has been paid to the
hydrodesulfurization as compared with HDO for petroleum
refining due to the low oxygen content in oils (< 0.3 wt%),
the high oxygen content in bio-oils (20 to 50 wt%) is the main
reason of the HDO process for bio-oil upgrading [54]. HDO is
usually carried out at high pressures (about 20 MPa) and me-
dium temperatures (around 400 °C). Compared with the other
hydroprocesses, HDO is a low-hydrogen consumption and
effective process in stabilizing pyrolytic lignin oil. Several
pathways have been recognized for oxygen removal by reac-
tion with H,. Direct hydrodeoxygenation (DDO) results in the
formation of aromatics and water. Hydrogenation of the phe-
nolic ring and dehydration in the next step lead to form cyclo-
hexene derivatives and rehydrogenation to produce cyclohex-
ane derivatives. Besides, methoxy groups from phenolic com-
pound removal can be performed by demethylation (DME)
and demethoxylation (DMO) that comprise C—O bond break-
ing and producing methane and methanol [26, 51]. Recent
studies of fast pyrolysis followed by catalytic upgrading for
HDO of bio-oil are mentioned in Table 3.

The influences of nanostructured CoMo catalysts (activat-
ed carbon, alumina, HZSM-5, MCM-41, and SBA-15) and a
commercial catalyst of Ru/C were studied for HDO of fast
pyrolysis oil in supercritical ethanol. The study showed that
CoMo/MCM-41 had the highest yield of oil products by re-
ducing the molecular weight of bio-oil with the highest H/C
molar ratio. In comparison with raw pyrolysis oil, the
upgraded bio-oil included light and heavy oils with more car-
bon and hydrogen contents and less oxygen content [55]. The
HDO process can also be combined with esterification
methods. Figure 5 depicts the HDO process in the presence
of supercritical ethanol. The upgrading of bio-oil in the pres-
ence of Ni,P/SiO, catalyst led to reducing in oxygen content
to around half of the untreated one, while the O element de-
creased with increasing catalyst ratio. Furthermore, in contrast

TC
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:‘2 g to the other metallic catalysts such as Ni/SiO, and acid catalysts
= 0w B (ZSM-5 zeolite, silica-alumina, and FCC-catalyst), the activity
- § =3 of Ni,P/SiO, for deoxygenation of pyrolysis oil was relatively
Zp‘i £ % :Z higher [27]. Recently, HDO of phenol in the presence of nickel
% = i _g 2 nanoparticles (of different sizes 5-22 nm) supported on SiO,
E ; 5 T e has been investigated. Interestingly, hydrogenation and deoxy-
* 2 : genation reactions were dependent on the particle sizes of the
s - °E § catalysts. Using large particles, fast hydrogenation of phenol
E gg § é :‘, = into cyclohexanol was obtained; however, the rate of deoxy-
E E S £ % g genation of cyclohexanol was slow. Utilizing small particles,
T 8 z the turnover frequency (TOF) of hydrogenation was slower (85

times) for the smallest particles than for the largest particles. In
contrast, the TOF of cyclohexanol deoxygenation raised (20
times) by applying the particle size from 20 to 5 nm [71].

Oh et al. [26] investigated the upgraded bio-oil storage
performance using HDO with noble catalyst metal. HDO pro-
cess over Pd/C, Ru/C, or Pt/C was carried out. The properties
(viscosity, acidity, elemental composition, and functional
groups) of the stored heavy oil were remained approximately
at the initial levels (the water content marginally increased and
the chemical compositions of compounds with low molecular
weight were slightly improved), showing that the oil proper-
ties were stabilized by this process. Furthermore, partial
repolymerization of phenol polymers in heavy oil was ob-

increased deoxygenation (metal-doped
acidic, basic, and y-alumina catalysts
and their parent counterparts were
cracking capability of Ti/HZSM-5 was
enhanced that obtained relatively high
contents of monocyclic aromatic

used).
The refined bio-oils contained many

aromatization performance and obtain

transfer reactions which strengthened
more polycyclic aromatic

hydrocarbon contents had further
increased. P, Zn modification
contributed to the hydrogen atom
hydrocarbons (PAHs). Otherwise, the
hydrocarbons (MAHs) and aliphatic
hydrocarbon AHCs.

The acidity of CFP oils decreased with an
organic compounds, in which

Improved characteristics

of products

o

Q 7]
22 5o
7] g S N
'E § 5 E % A~ served during storage. HDO of guaiacol (as an O-containing
s 2 ?Eé) B chemicals) was investigated over nonsulfided catalysts.
4 [==E ] . .. .
2 S 'z ? 2 Different catalyst compositions were tested, and it was found

© O i 53 . . . .

g = %“ E ; §2% that NiCo/CNT demonstrated the highest guaiacol conversion

E 2L 553 . .

3 EEQ2S o R performance and higher H/C,.¢. The most effective parameters

= = gpo3gsE ° . . . :

?DED g % 7. R.g ; on guaiacol conversion and the yields of the desired products

i) = 1Z=] ..

% g 72 E %‘§ é 2 were metal composition and temperature [77].

g é‘ § S5288% Although HDO depends mainly on catalytically active me-

©® “ tallic components, the catalyst support also is another signifi-

o g E o cant aspect. Specially, acidic supports can boost the catalytic

£ g é 9.2 activity for deoxygenation in the HDO process. As a result, a

I v B . . Lo .

5 43 5 § EE bifunctional catalyst which integrated the hydrogenation of a

8= w ] : . . .y . .
zg = £ § 2 § z gg “ metal with the deoxygenation capability of acid sites can pro-
= 2 . .
E Cé) gé E | g 2 g % mote the HDO process. For instance, platinum-loaded HY
g = E8a& Tsvfex zeolites (Pt/HY) with diverse Si/Al molar ratios of catalyst
8 “ were utilized for the hydrodeoxygenation of bio-oil model
compounds such as guaiacol, anisole, veratrole, and phenol
= to hydrocarbons, which resulted in enhanced yield in cyclo-

- = [

5|2 % g hexane production as the number of acid sites increases. In

S| gng this case, for maximizing the cyclohexane and alkylated cy-

TS| 25873 . . . .

s E| 22k g clohexane production, the Si/Al molar ratio must be optimized

SE| £24% to balance the bifunctional catalyst. The results of fuel from

Ao 15} . . .

s § S ceE real fast pyrolysis were enriched using the Pt/HY catalyst [78].
=) HDO of mono-aromatic components such as phenols (—OH),
E = anisoles (—OCHj3), and guaiacols (—OH and —OCHs;) in the
g g presence of ZrO, supported Mo oxide. The highest perfor-
N E mance was obtained at intermediate loading of Mo oxide cat-
= % § é alyst, while the original Mo oxides were more active than their
El R 2 & carburized analogues; 100, 85, and 5-10% selectivities to

@ Springer



Biomass Conv. Bioref. (2018) 8:739-773 753
Vent
.o
pyrotyss X
ol
'
Alcohol i N
\r Stirred autociave reactor N’ Nz
Vacuum Hz

Fig.5 Simplified schematic of experimental setup of HDO/esterification of
bio-oil using supercritical ethanol in a stirred autoclaved reactor [55, 72]. In
such a process, pyrolysis oil (PO) and anhydrous ethanol as solvent are
added to the reactor with 33.3 and 66.6 wt%, respectively, and a catalyst is
charged (3.3 wt% of the wet liquid bio-oil feed). The reactor is introduced
byl0 MPa of hydrogen for 30 min. Then, using a vacuum pump, the
residual air is completely discharged. In the next step, the reactor is under

nonoxygenates in a wide conversion range were observed
from phenol, anisole, and guaiacol, respectively [79].

Effective HDT process of pyrolysis bio-oil involves some
issues to the industrialization. Moreover, preparing and choosing
the best catalysts is one of the challenges because of the low
quality of pyrolysis bio-oil feedstock (high oxygen content, mo-
lecular complexity, coking propensity, and corrosiveness) [54].
HDT results in a naphtha-like product which requires refining to
obtain conventional transport fuel [45]. The reactions are com-
plex but can be shown in a simple form as follows [18]:

C1H;330043 + 0.77H,—CH, + 0.43 H,O (3)

3.2.2 Esterification

Esterification of bio-oil is a way of pretreatment of bio-oil to
enhance the stability of bio-oil during the transportation and
storage before final upgrading. Methanol/ethanol addition can
significantly improve the stability of bio-oil. Catalytic
upgrading by esterification over solid acids is recognized as
a low energy technique to oil stabilization. By the addition of
methanol, the following reactions take place by the formation
of ester and acetals [43].

pressure with hydrogen at 5 MPa as the initial pressure and is heated up to
300 or 350 °C with warm-up of 10 °C/min under continuous stirring at
360 rpm. The maximum pressures of the reactor at 300 and 350 °C are be
20.7 and 22.5 MPa, respectively [55]. The product consists of two phases:
ethanol/water-soluble oil phase (light oil) and an ethanol-insoluble but
acetone-soluble oil phase (heavy oil, HO)

R;COOH + R-OH-R;COOR + H,0 (4)
R;CHO + 2R-OHeR,; CH(OR), + H,0 (5)

In a recent study, the influences of the esterification process
of fast pyrolysis bio-oil in the presence of alcohol (at a small
loading) on the successive HDT of the oil were considered
(Fig. 5 shows the process flow diagram). Methanol, ethanol,
or glycerol was utilized as esterification agent, and the results
showed that stabilization does not have any effect on the yield
or composition of the product; however, it could reduce the
molecular weight of the bio-oil. The stabilization pretreatment
could also inhibit self-polymerization of the bio-oil in the
HDT process [72]. The ethanol addition can reduce the water
content in upgraded bio-oil and enhance the higher heating
value (HHV) of bio-oil [56].

Carboxylic acid formation during fast pyrolysis is
one of the challenges in this regard. Esterification of
bio-oil leads to lower acidity, increasing heating value
and stability improvement. Sundqvist et al. [35] per-
formed bio-oil upgrading using esterification (p-toluene
sulfonic acid (p-TSA) was used as catalyst) and
azeotropic water removal. By using methanol/butanol,
higher pH (6-8) of bio-oil was achieved compared with
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pH 4.0 to 5.6. Also, azeotropic water removal improved
the esterification process. The bio-oil upgraded by ester-
ification could probably be utilized in the combustion
engines, like slow- and medium-speed diesel engines.

3.2.3 Catalytic cracking

Catalytic cracking involves deoxygenating via simultaneous
dehydration, decarboxylation, and decarbonylation reactions
taking place in the presence of catalysts, such as zeolites (like
HZSM-5 or ZSM-5). This process can convert oxygenated
organic compounds (OOC) into hydrocarbons. Zeolite crack-
ing removes oxygen as CO,. The zeolite upgrading can apply
on the liquid or vapors [45]. Catalytic conceptual reaction over
zeolite can be considered as follows [18]:

C1H1A3300A43 + 02602—>065CH12 + 0.27 HZO
+0.34C0O, (6)

Temperature is an important factor in catalytic upgrading,
which leads to the enhancement of gas yield and less catalyst
coking. It affects chemical distribution and selectivity (for gas
and liquid products) as well [80]. The ex situ catalytic
upgrading of pyrolysis vapor obtained from corncob hydrolysis
residue by an integrated system of an auger pyrolysis reactor
followed by fixed bed reactor was performed by Li et al. [3].

Reforming of oxygenates and gasification of heavy com-
ponents of bio-oil occurred in the reformer and nickel net was
used as the catalyst. Bio-oil/methanol mixture reforming led to
the production of hydrogen-enriched gas mixture, and water
contents in the bio-oil resulted in water-gas shift (WGS) reac-
tion. The final result gave the carbon yield of aromatics over
50%. Also, the combination of Co-Ru-Zr/silica with Pt-ZSM-

5 in the upgrading section led to the high yield of aromatics
(53.7%) and low coke formation (7.1%) [64]. Figure 6 dem-
onstrates the setup for two-stage upgrading system. The per-
formance of the upgrading of raw bio-oil over the graphene-
encapsulated Ru nanoparticles (NPs) on carbon sheets was
investigated recently. The catalyst was active and stable for
the hydrogenation of bio-oil including phenols, furfurals, and
aromatics [81]. Concerning ex situ catalytic upgrading of py-
rolysis vapor, it was found that bifunctional catalysts (like
transition metal sulfide) were needed for the deoxygenation
of bio-oil. Also, the results showed that the catalyst supports
(like zirconia, titania, and alumina) which limit chemical ad-
sorption of reactants can be used in such a process [82]. Via
aqueous phase reforming and dehydration/hydrogenation, the
hydrogen and alkanes can be produced from aqueous solu-
tions of oxygenated hydrocarbons. A study showed that
ZnO and freshly calcined Zn/Al and Mg/Al layered double
hydroxides can be used to upgrade a synthetic bio-oil [18].
The influences of the zeolite catalysts, USY (ultra-stable
Y), and HZSM-5 (Si/Al=25, 38) on the crude bio-oil
depicted that the acidity of porous zeolite was indispensable
for catalytic deoxygenation during upgrading pyrolysis vapor.
HZSM-5 (Si/Al=25) with robust acidity and acidic sites
showed an appropriate result of the deoxygenation conversion
of carbonyl/carboxyl-containing oxygenates in the pyrolysis
vapor. Catalytic cracking of pinewood pyrolysis vapor in the
presence of HZSM-5 was performed, and the results revealed
that deoxygenation and hydrogen transfer were preferred [83].
In another recent research, the influences of phosphorus, zinc,
and titanium-modified HZSM-5 were studied. The results ex-
hibited that the final bio-oil products meet the practical re-
quirements of combustion in power machinery. The capability
of anti-coking of modified catalyst was increased; however,
coke deposition hindered the continuous process [76].

Heater

Gas analyzer

Fig. 6 Combined catalytic process (two sequence steps including
reforming and upgrading) for bio-oil upgrading. Hydrogen is generated
in the presence of Co-Ru-Zr-silica and Pt-ZSM-S catalysts in the first
step, and hydrotreating along with zeolite cracking takes place in the
second step using nickel-net catalyst [64]. The reforming reactor
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produces in situ hydrogen and no excess hydrogen is required. Active
molecules in bio-oil form heavy coke deposition during zeolite cracking
(due to thermal polymerization) and lead to deactivation of the catalyst.
Hydrogenation of these active compounds to alcohols resulted in over-
whelming coke formation over zeolite catalysts
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Carboxylic acids (as they can be found in biomass-derived
oxygenates, like bio-oil) are able to convert to ketone, CO,,
and water in ketonization process and resulted in the reduction
of carboxylic acids in bio-oil. The most applicable catalysts
for this process are metal oxides and zeolites [84].

Aldol condensation (creating carbon-carbon bonds be-
tween the low molecular weight acids, ketones, and alde-
hydes) has been recognized as the other method for bio-oil
upgrading. In a study, the aldol condensation of acetaldehyde,
acetone, and methyl ethyl ketone (as model compounds) was
investigated over a bifunctional aluminophosphate catalyst.
The results showed a decrease in condensation product yield;
however, the organic acid addition (like acetic acid) at low
concentrations to the reaction mixture led to an increase in
activity [85]. Wan and Wang believe that optimizing the FP
and bio-oil upgrading sections separately can be an advantage
of the ex situ upgrading method [86].

3.2.4 Integrated (in situ) catalytic pyrolysis

Integrated catalytic pyrolysis (ICP) process of biomass by zeo-
lites leads to the production of gasoline and diesel fuel, heating
oil, and renewable chemicals including benzene, toluene, and
xylenes without further chemical upgrading. High heating rates
and catalyst to feed ratios are important factors in such a pro-
cess. The process can be completed in a short time (under
2 min). Because of coking phenomenon, catalyst regeneration
has to be considered in the reactor design. Acidic zeolite cata-
lysts can be applied in catalytic vapor cracking which delivers
deoxygenation along with dehydration-decarboxylation that
produces typically aromatics at 450 °C and atmospheric pres-
sure. Oxygen can eventually be removed as CO, and CO forms
in a secondary oxidizing reactor in order to scorch the coke
formation on the catalyst. The raw aromatic product could be
sent to the refining section in a conventional refinery [45].
Biomass conversion into fuel through in situ catalytic fast py-
rolysis using zeolite catalysts makes an opportunity for produc-
ing the gasoline-like aromatics. The yield of achieved aromatic
compounds depends on the acidity and textural and topological
properties of the zeolite [87].

Immediate catalytic upgrading of soybean shell bio-oil in a
fixed bed reactor led to higher yield of hydrocarbons.
Generally, in the noncatalytic pyrolysis, more liquid products
were produced compared with the catalytic process (using com-
mercial equilibrium fluid catalytic cracking (FCC) catalyst: Y
zeolite supported on a matrix, which is either active (alumina,
silica-alumina) or inactive (silica)); however, an increase in the
yield of gases was observed in the case of catalytic upgrading.
Also, the coke yield was amplified when the catalyst/oil ratio
increased. The total yield of oxygenated compounds decreased
to about half of the yield (at catalyst/oil of 3.5) compared with
pyrolysis in the absence of catalyst. Furthermore, immediate
catalytic upgrading of the bio-oils yielded much more CO,

(40% increase) and more water (about 20% increase) than the
pyrolysis. CO was produced at a very low amount with both
pyrolysis and the integrated catalytic upgrading of the bio-oils.
Hydrogen was also observed at higher levels in the presence of
catalyst [57]. Figure 7 shows the schematic of this process. In
situ catalytic upgrading of bio-oil to aromatic hydrocarbons was
carried out by Karnjanakom et al. [61]. The relative total hy-
drocarbon amount enhanced noticeably (52.9%) with an in-
creasing catalyst/biomass ratio of 8 wt%. More catalyst usage
could deliver more active sites for the deoxygenation and crack-
ing and raise the residence time of bio-oil. Conversely, the total
relative hydrocarbon amount declines a little while the catalyst/
biomass weight ratio was over 8 wt%, perhaps due to the stim-
ulation of secondary reactions in which hydrocarbons were
cracked into gases and coke throughout the more residence
time. The effect of metal loading amount on the catalytic per-
formance was also examined, and 2.5 wt% loading (the cata-
lysts with 2.5 wt% metal (Zn, Ce, or Ni) loading doped on
mesoporous rod-like Al,Oz) was establish for higher acidity
selection, leading to an increase in relative total hydrocarbon
in the upgraded bio-oil. Particularly, 2.5 wt% Zn/Al,05-0.5 and
2.5 wt% Ni/Al,03-0.5 demonstrated high selectivity toward
monocyclic aromatic hydrocarbons. The regeneration and reus-
ability of the catalyst were also tested and good results were
observed. The total results led to the production of more aro-
matics such as benzene, toluene, xylene, ethylbenzene, indenes,
naphthalenes, etc. The effects of different metal catalysts and
zeolite and biomass pretreatment were also investigated [63].
The metals and zeolite types are listed in Table 3, and biomass
pretreatments were performed by HCI, NaOH, and NaBH, im-
pregnation. Direct catalytic cracking (using HZSM-5 catalyst
modified with Fe, Zr, and Co) of the vapor from fast pyrolysis
of biomass led to the improvement in quality of bio-oil.
Besides, enhancement in the temperature of the catalytic reac-
tion resulted in a noticeable increase in the content and yield of
aromatic hydrocarbons. Using 4CO/HZSM-5 catalyst to affect
the gas production, 4Fe/HZSM-5 stimulated the formation of
naphthalene compounds and 4Zr/HZSM-5 promoted the pro-
duction of benzene derivatives. Moreover, pretreatment with
HCI and NaBH, increased the hydrocarbon percentage; how-
ever, pretreatment with NaOH led mainly to phenol production.
In the novel research, the CFP of biomass with integration of
methane aromatization was investigated [66]. This method can
be used to solve the high cost of hydrogen consumption in
traditional bio-oil upgrading techniques in the presence of
HZSM-5 zeolites. Cellulose resulted in more aromatic com-
pound production compared with hemicellulose and lignin.
Also, using methane (instead of He) led to an increase in
HDO of lignin-derived phenols and an enhanced aromatic
yield. CFP of pine wood in micropyrolysis and a bench-scale
fast pyrolysis (in continuous mode of operation) unit was ac-
complished. Several zeolite catalysts (including metal-doped
acidic, basic, and y-alumina catalysts and their parent

@ Springer



756

Biomass Conv. Bioref. (2018) 8:739-773

Fig. 7 Simplified experimental
setup for immediate catalytic
pyrolysis of lignocellulosic
biomass [57]. This process
includes pyrolysis (thermal
reaction) followed by catalytic
upgrading comprising two
electrical heating zones

Deoxygenation and cracking
secondary reactions favoring the
fragmentation of monomers of the
main polymeric chains

Carrier gas ——p

Vapor

Catalyst product

(Cellulose, hemicellulose and lignin)

counterparts) were experienced. A few major catalyst groups
were examined based on an acidic zeolite (ZSM-5), lower metal
content, lower zeolite content and basic materials, and a y-
alumina material. It was found that the quality of the produced
bio-oil considerably depended on the catalyst type; however,
for all the catalyst types, the acidity of the derived bio-oils
significantly declined while the deoxygenation enhanced. By
the lower redox-metal-containing acidic catalyst and calcined
metal-doped basic mixed-metal oxide catalysts, the highest per-
formance was also observed [75].

Recently, a process that includes integrated CFP and HDT
was developed. The main problem with catalytic pyrolysis is
the carbon yield which is moderately low compared with con-
ventional pyrolysis because of much more coke and gas forma-
tion. Bio-oil from CFP is thermally more stable, less acidic, and
less oxygenated; consequently, it is more suitable for HDT. For
bio-oil production, an established pilot plant consists of a screw
feeder, reactor, catalyst regenerator cyclones, and condensation
system including a quench, gas/liquid separator, condenser, and
coalescing filters. The experiments in a single stage pilot plant
showed that HDT (consisting of various sections such as oil feed
system, gas feed structure, reactor, gas/liquid separator, and gas
and liquid sampling) could be a successful method for upgrading
bio-oil into hydrocarbon liquid fuels without the stabilization
process [67]. More details have been mentioned in Table 3.

MgO materials as catalysts (as an alternative to conventional
acidic zeolite catalysts) have been recently investigated for the
catalytic fast pyrolysis of lignocellulosic biomass. It
was observed that the MgO catalysts efficiently reduced the ox-
ygen content of the final bio-oil and had similar or even better
performance in comparison with industrial ZSM-5 catalyst. In
the presence of MgO, oxygen was removed through the CO,
formation pathway, rather than CO and water formation by
ZSM-5 zeolite. Coke formation slightly increased over the
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MgO catalysts than ZSM-5, but the formed coke could be oxi-
dized at lower temperatures [41]. In another study, the Fe/ZSM-5
catalyst performance was investigated for the fast pyrolysis of
biomass. The Fe/ZSM-5 catalyst exhibited higher activity for the
conversion of oxygenates and higher production of monocyclic
aromatic hydrocarbons (MAHs) compared with the ZSM-5 cat-
alyst. Additionally, the yields of aromatic hydrocarbons were
meaningfully raised with the increase of temperature from 500
to 600 °C, but it declined with the rise of temperature from 600 to
800 °C. Using the mentioned prepared catalyst, further polymer-
ization reaction of MAHs and oxygenates was hindered [40]. Cu-
modified (3-zeolite catalyst was used to upgrade bio-oil in a
pyrolysis and upgrading process in a downdraft fixed bed reactor.
High silica (3-zeolite showed high selectivity to the hydrocarbon.
Moreover, by modification of a small amount of Cu, the selec-
tivity was noticeably improved [74].

To conclude, CFP leads to high-energy density hydrocarbons
and bio-oil; nevertheless, the development of a suitable catalyst
with high activity and stability is a main challenge in this field.
Correspondingly, the feasibility of in situ and ex situ methods of
CFP is still a challenge to choose the most appropriate technique
for high-quality bio-oil production. Figure 8 shows the reaction
pathways of catalytic upgrading of lignocellulosic biomass. As
depicted, from four basic structures of biomass, some intermedi-
ate chemicals are produced such as oxygenates, furans, etc. to
reach the final products such as aromatics.

3.2.5 Summary of catalysts used in FP and bio-oil upgrading

In general, two types of catalysts are used: acid and base
catalysts. Microporous acid catalysts (which already have
been used in catalytic cracking in oil refinery) are synthesized
from zeolite, noble metal oxides, or as salts and noble metal on
a support.
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Fig. 8 Proposed reaction pathways for catalytic fast pyrolysis of lignocellulosic materials [88-90]

The acid catalyst utilization leads to cracking oxygenated
compounds in bio-oils into hydrocarbons. The pore size of
these kinds of catalyst is in the range of 5.1-6.36 A.
Specimens are ZSM-5, H-Y, mordenite, silicalite-1, and alumi-
na-silica. The silica-to-alumina ratio of the zeolite leads to in-
crease the aromatic yields. The disadvantages of microporous
acid catalysts is deactivation of the catalyst due to high water
and coke formation and also bulk matter of pyrolysis oil pro-
duction which leads to undesired PHA production. To over-
come these issues, mesoporous acidic catalysts (mesoporous
zeolite) are used since large molecules can penetrate the active
catalyst sites and have enough acid sites for aromatics forma-
tion. Examples of these catalysts are AI-MCM-41, HZSM-5
and Re-USY, alumina, and supported Fe/Cr catalysts. The pore
size of the mesoporous zeolite catalysts influences the bio-oil
speciation and distribution of the pyrolysis products. Moreover,
the weak acid sites promoted the selectivity of phenols and
hydrocarbons, while strong acid sites improve the aromatic
formation. In another category, the acid catalyst of noble metal
salts such as MoNi/y-Al,Os, metal-modified zeolite ZSM-5,
Me-Al-MCM-41, Ni/C, Ni-Co/cordierite, and metal-
supported gamma-alumina (y-Al,Os) catalyst (Pt/Al,O3) can
improve the catalyst activities. In spite of the different advan-
tages of acid catalysts such as the ability of breaking bulky
oligomers into bio-oil, they suffer from poor hydrothermal sta-
bility, relatively rapid deactivation, and high expenses.

Base catalysts are active for a double bond migration dur-
ing deoxygenation and decarbonylation mechanisms although

they have lower capability in the cleavage of the C-C bond
compared to acid catalysts. Moreover, they cannot be easily
poisoned due to elimination of water through CO, and vapor
and limitation of coke deposition due to sufficient pores, con-
sequently more suitable for deoxygenation than acid catalysts.
Alkali and alkaline earth metal oxides and their salts like MgO
and CaO convert the oxygenated compounds into hydrocar-
bons through abstraction of proton from allylic structures.
Nonoxide metal and inorganic salts are the other branch of
base catalyst involved in nonoxide alkali metal chlorides
(NaCl and KCl) and alkali earth metal chlorides (MgCl, and
CaCl,). They contain highly reactive compound for FP.
Chlorides and sulfates can increase the yield of bio-oil.
These metal salts significantly reduce the operating tempera-
ture and accelerate the cracking of levoglucosan to smaller
molecular compounds, like of acetic acid, furfural, and hy-
droxyl acetone. Mineral-based material basic catalyst such as
calcite (CaO) and dolomite (Ca0.MgO) and mineral boron
(tincal (Na,B40,-10H,0), colemanite (CaB3;04(OH);-H,0),
and ulexite NaCaBs;04(OH)sO-5(H,0)) can influence pyro-
lytic densification of lignocellulose biomass to liquid oil. On
the other hand, red mud catalyst contains mineral metal oxides
such as Fe,05, Al,O3, SiO,, TiO,, CaO, and Na,O and can
produce phenol and methoxy and methylphenol. Biomass-
derived ash catalysts in another category contain indigenous
mineral metals (alkali and alkaline earth metals) can influence
the thermal degradation and the formation of products. Last
but not the least, surface-modified base catalyst such as
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zeolites modified with alkali and alkaline earth metals as bi-
functional catalyst can stimulate aromatization reactions [88].
Recently, the performance of hierarchical ZSM-5 and beta
zeolites, loaded with MgO and ZnO, was investigated, and the
results showed decreases in the textural properties and changes
in the acidic properties of the zeolites. Using zeolite led to a
decline in the bio-oil (water free basis) production; however,
formation of gases and coke deposition were increased, com-
pared to the noncatalytic process. At the same time, the quality
of'the bio-oil was improved due to reduction of oxygen content.
H-ZSM-5-based catalysts demonstrated profounder deoxygen-
ation degree compared to h-Beta and MgO-loaded which re-
sulted in bio-oil production with higher energy yields and lower
oxygen content, owing to the adequate balance of Lewis acid
and basic sites [91]. Faujasite zeolites were prepared by various
Si/Al ratios with hierarchical porosity and have been assessed
as solid acid catalysts for esterification pretreatments of pyrol-
ysis bio-oil. Increasing Si/Al ratio led to a decrease in the sur-
face polarity and hydrophobicity of zeolite. The mesoporosity
structure of the catalyst resulted in improvement in esterifica-
tion activity via promotion of acid site accessibility and hydro-
phobicity. Methanol was found as the most reactive alcohol for
the esterification process of bio-oil which led to decreasing in
the acid content by 76% under mild conditions [92]. MnO,
nanocatalyst efficiency was explored for bio-oil upgrading by
vapor-phase ketonization from lignocellulosic biomass. The
catalyst affected the ketonization of model compounds, acetic
and propionic acid, at 335 °C which presented high activity for
the MnQO,. and nanocast FeO, with conversion of more than
90% with high selectivity to the ketones [93]. Catalytic
hydrotreatment of pyrolysis liquids has been performed using
bi- and tri-metallic nickel-based catalysts improved by Cu, Pd,
and Mo, with combination in a SiO,, Si0,-ZrO,, or SiO,-
Al,O5 matrix. The monometallic Ni catalyst showed the lowest
activity, while using Mo as the promoter had the highest activity
and favored product properties by having the highest H/C molar
ratio and the lowest coke formation; however, the relatively
high methane yield was recognized as its disadvantages [94].

3.3 Novel techniques in fast pyrolysis and bio-oil
upgrading

3.3.1 Plasma and pulse-current reactors (PR)

Plasma-processing systems are distributed into two main clas-
sifications: thermal and nonthermal (NT). Among the NT pro-
cesses, dielectric barrier discharge (DBD), corona discharge,
and spark discharge are prominent [95], where DBD is one of
the efficient methods for plasma essence owing to its simple
design and operation. In a plasma reactor, plasma is generated
by an electric current applied through a gas, leading to the
ionization of gas and production of reactive components includ-
ing free radicals, excited atoms, ions, and molecules which are
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able to facilitate the initiation and propagation of chemical reac-
tions occurring over solid catalysts [96]. The advantages of the
plasma reactor compared with the catalytic process are as fol-
lows: operation at ambient temperature and atmospheric pres-
sure, no coke formation, and operation in a shorter time [60].
Figure 9 illustrates the overall configuration of the plasma reactor
for bio-oil upgrading which mainly consists of inner and outer
electrodes and pulsed electric generator. In a study, 4-
methylanisole conversion (as a model compound of lignin-
derived bio-oil) in a catalytic reactor with electric discharges for
the removal of oxygen from bio-oil using different commercial
catalysts containing Pt-Cl, Ni-Mo, Co-Mo, Pt-Re, and Ni sup-
ported on Al,O3 was investigated [97]. The 4-methylanisole
conversion (98.7%) and deoxygenation degree (47%) were ob-
tained in the presence of Pt-CI/AL,O; and Pt-Re/Al,O5 catalysts,
respectively. The plasma catalysis apparatus showed a lower
discharge power, electrode temperature, and breakdown voltage
in comparison with the plasma reactor in the absence of catalyst.

Fast pyrolysis of wood biomass in a pulse-current reactor
(consisting of graphite dies and quartz tube (sample), pyroly-
sis oil collection bottle, and gas sampling bag) showed that by
elevating the temperature up to 500-700 °C, the gas and bio-
oil yields increased, and biochar yield decreased. Besides,
phenolic compounds, like guaiacol, catechol, 4-vinyl
guaiacol, and vanillin, were obtained as well, while pyrolysis
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Fig. 9 Simplified plasma reactor setup. The reactor is made of quartz
glass, the inner electrode is stainless steel, the outer one is brass (or
copper foil), and the generator is able to create up to 10 kV voltage.
The electric field is generated to excite electrons which are used to
ionize the carrier gas molecules (e.g., Ar), and to create radicals to react
with feed for upgrading [60, 96, 97]
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at 800 °C resulted in the production of aromatic hydrocarbons
such as naphthalene, acenaphthylene, anthracene, and pyrene
and chemicals such as benzene, toluene, and styrene due to the
deoxygenation of products at higher temperature [68].

3.3.2 Microwave-assisted process (MAP)

In the microwave pyrolysis process, a different methodology
by microwave radiation (as an indirect heat source) to the
pyrolysis of waste materials and/or biomass is utilized. The
microwave absorbent is able to absorb microwave energy and
heat up to reach the desired temperature for the pyrolysis of
waste material [33].

Glycerol with such characteristics, like low vapor pressure,
high-boiling point, high dielectric constant, etc., can be the best
solvents for any thermochemical process. Crude glycerol was
used as feedstock for pyrolysis into gaseous and liquid products
by means of a microwave heating technique. A coconut shell-
based activated carbon catalyst was used simultaneously to im-
prove the product properties. Pyrolysis temperature influenced
the product yield, and the liquid product yield was obtained at
the highest level at the temperature of 400 °C, while gases were
produced more at 700 °C. Another decisive factor was an inert
carrier gas flow which affected the product yield. In fact, low
carrier gas flow rate led to an increase in the residence time of
pyrolysis, consequently resulting in liquid product yield (by the

Glycerin (C3Hz03),
methanamine (CHsN),
cyclotrisiloxane C¢H1803Si3)

_
Gas sampling

gas

[ |
I o Pyrolyzer | carrier
| |
| |

Microwave

Fig. 10 Crude glycerol pyrolysis by magnetron microwave (max power
800 W) in a quartz reactor. Operating temperature is between 300 and
800 °C; glycerol is mixed with activated carbon [62]

increase in condensation rate) enhancement. The authors
claimed that the pyrolysis products can possibly be used as
alternative fuels in combustion systems [62]. Figure 10 shows
the experimental setup in detail. When lignocellulosic biomass
is treated under microwave irradiation, the polar chemicals are
heated rapidly; however, nonpolar chemicals are not affected by
the radiation and not heated up. Integration of biomass and
crude glycerol with the assistance of microwave treatment is a
suitable way of fast pyrolysis. The experiment by kernel olive
and crude glycerol showed that higher liquid yield was
achieved by microwave pretreated mixtures in comparison with
nonpretreated feedstock. Moreover, the results indicated an in-
crease in syngas (H,+CO) production in comparison with the
nonmicrowave pretreated samples. On the other hand, micro-
wave pretreatment had no significant influence on the biochar
yields and characteristics. Gas products from the pyrolysis
contained H,, CO, CO,, CHy4, C,H,, and C,Hg. Adding of
glycerol to olive kernel resulted in enhancement in hydrogen
and carbon dioxide concentrations and a reduction in carbon
monoxide and methane. Glycerol addition led to an enhance-
ment in CO, and H, formation and reduction in CO and CHy4
production. This happened due to the higher moisture content
of the mixtures (compared with raw biomass) which resulted in
producing more steam and stimulating endothermic reactions
between the steam and pyrolysis products [59]. Recently, a
study [58] showed that microwave-assisted pretreatment before
CFP of lignocellulosic biomass in the presence of formic acid
(MW-FA) is a practical way to increase aromatic production in
CFP. The pretreatment could depolymerize the recalcitrant
structure of lignocellulosic biomass and, consequently, enhance
the availability of cellulose for pyrolysis.

A microwave-assisted pyrolysis was applied to transform
crude glycerol from biodiesel waste into biofuel at temperatures
of 300-800 °C and gas flow rates of 1002000 mL/min, in the
presence of carbonaceous catalyst. In such a process, the quantity
of products in each phase depends on the residence time, reaction
temperature, and catalyst effect which influence the reaction sys-
tem and relative activation energy. The catalyst illustrated a ten-
dency toward hydrogen gas selectivity, resulting in a lower over-
all mass of gaseous products. Total energy yield amplified with
lessening temperature and increasing residence time. The results
showed that crude glycerol as waste has the potential for
bioenergy production of bio-oil and syngas [98]. In another
study, glycerol pyrolysis was performed in the presence of acti-
vated carbon using an electrical furnace and a microwave oven at
temperatures of 400 to 900 °C which led to higher production of
syngas in microwave heating, even at low temperatures [99].

3.3.3 Upgrading of bio-oil under supercritical conditions
Figure 11 shows the schematic of bio-oil upgrading under

alcoholic supercritical conditions. In such a system, by using
the unique properties of SCF, like low viscosity, high

@ Springer



760

Biomass Conv. Bioref. (2018) 8:739-773

Daztilate
»

Crude bio-oil

= Distiliation residue
Distillation

Mixar (ethanol methanol)

»

. Cawlyst

i

M2

S » Ligud

e
» Soid

Autociave moang reactor

Fig. 11 Upgrading of bio-oil in supercritical mono-alcohols in the presence of bifunctional catalysts. The reactions consist of esterification, cracking
(both alcoholysis and hydrolysis), hydrogenation, along with acetalization, and isomerization. The dominant product is esters [65]

diffusivity, and highly solvent power and polarity, a homoge-
neous reaction medium can be created. In a study carried out
by Zhang et al. [65], bio-oil obtained from fast pyrolysis was
upgraded in the presence of supported noble metal catalysts
and hydrogen in supercritical mono-alcohol medium. At the
first step, distillation of bio-oil was performed at 55 °C and
0.009 MPa as pretreatment to eliminate water. To upgrade the
bio-oil, the distillation residue was mixed with solvent (meth-
anol or ethanol), and then the catalysts (Pt/SZr, Pd/SZr, Pt/
HZSM-5, and Pd/HZSM-5) were added in a reactor.
Nitrogen and hydrogen were inserted into the reactor to re-
move the air, and 2.0 MPa hydrogen gas was introduced into
the autoclave chamber at room temperature. The reaction took
place for 3 h at 260 °C with stirring at 500 rpm. The pressure
of the system ranged from 7.5 to 11.5 MPa. Under such cir-
cumstances, various reactions, such as esterification, hydroge-
nation, hydrolysis, and alcoholysis, etc., took place. As a re-
sult, acids and aldehydes were removed and a decrease in
ketones, phenols, sugars, and PAHs was observed, and more
esters were produced as well. However, solvent recovery and
water removal process are needed as downstream processes.
Upgrading of bio-oil in supercritical ethanol in the presence of
hydrogen and pristine Ni/MgO catalyst led to esterification, hy-
drogenation, depolymerization, and alkylation which resulted in
higher HHV and pH improvement. Besides, carbon efficiency
was higher due to lower coke formation. Gas yields were less
than 5 wt% (the main components were CO, and CO), which
was caused by the organic acids via decarboxylation and alde-
hydes through decarboxylation and decarbonylation, respective-
ly [69]. In Table 3, more details of the experiments are illustrated.
Bio-oil derived from fast pyrolysis of empty palm fruit
bunch was upgraded in supercritical ethanol in the absence
of any catalysts and hydrogen. Alcohol and ester types were
recognized as the major compounds in the final bio-oil. Also,
upgraded bio-oil was thermally stable and had low viscosity.
Hydrogen donation, esterification, alcoholysis, cracking, and
alkylation reactions resulted in reduction in the water/oxygen
contents and an increase in the carbon/hydrogen content and
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calorific values [73]. In a recent study, bio-oil upgrading was
performed in supercritical water in the presence of Ni-Co cat-
alysts supported on carbon nanofibers (CNFs). Utilizing the
Ni-Co/CNFs for bio-oil upgrading in supercritical water
(SCW) led to improving the properties of the bio-oil.
Nevertheless, it resulted in a decrease in the H/C and an in-
crease in the O/C ratio of the upgraded bio-oil [29].

3.3.4 Fast pyrolysis of algae and upgrading of algal bio-oil

One of the most promising sources for fast pyrolysis and bio-
oil production is algae. Biofuel production from algae has
been an area of interest for biofuel production (third genera-
tion). Pyrolysis of algal biomass has been performed using
Chlorella, Emiliania huxleyi, Nannochloropsis residue,
Plocamium, Sargassum, Spirulina, Synechococcus,
Tetraselmis, cultivated mixed consortia, and blue-green algae
blooms (BGAB). The results showed that FP of algae is able
to be industrialized. Furthermore, different catalysts have been
used to upgrade the derived bio-oil such as Co/Al,03, Ni/
Al O3, v-AlL,O5, ZSM-5, HZSM-5, and nickel phosphide.

Figure 12 shows a simplified process flow diagram for
upgrading of algal bio-oil. A literature review revealed the
typical properties of pyrolysis-derived bio-oil from algae
which are shown in Table 1. Also, it can be concluded that a
few studies have been published on upgrading of algal bio-oil
which gives us the opportunity to further improve bio-oil de-
rived from algal species [24].

Macroalgae are known as a feedstock for biofuel production.
Pyrolysis of Saccharina japonica can lead to produce bio-oil,
gas, and biochar. In a study, the fast pyrolysis of S. japonica in
a fixed bed reactor at different temperatures was surveyed, and
the highest liquid yield (40.91 wt%) was achieved at a pyrolysis
temperature of 350 °C. By this approach, the components such
as di-anhydromannitol, iso-sorbide, and 2-furyl methyl were ob-
served in bio-oil. The derived bio-oil contained high nitrogen and
oxygen (which resulted in lower stability), and for that reason,
the upgrading methods should be applied for these bio-oils. The
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Fig. 12 Simplified process flow diagram for upgrading of algal bio-oil
[24, 37]. Bio-oil after passing through the pyrolyzer is separated into
parts: (1) bio-oil after passing through the cyclone, condenser, and filter

obtained NCGs contained CO, CO,, H,, and hydrocarbon gases
from C; to C4. The produced biochar had high HHV and
contained a high carbonaceous content [70]. The HHV of the
bio-oil from algae can be calculated based on Dulong’s equation:

M
HHV <k—gj> —0.338 C + 1.428 [H— (g)] +0.0955 (7)

where C, H, O, and S are the mass percentages of carbon (C),
hydrogen (H), oxygen (O), and sulfur (S), respectively [70]. In
another study, the pyrolysis of three types of macroalgae was
performed and the yields between 37.5 and 47.4 wt% were ob-
tained at an optimum temperature of 500 °C. The bio-oil com-
positions varied for different macroalgae, and hydrocarbons in-
creased steadily when the temperature rose [100]. Another for-
mula to estimate the HHV from the weight fractions of the ele-
ments is general Boie’s equation (Eq. 8) which demonstrated the
best accordance with measuring HHV of 50 samples from
cracked vegetable oil, hydrotreated cracked vegetable oil, diesel,
and vegetable oil. The oxygen content of the samples differs
from 10.7 to 0.09 wt% with an average relative error of 0.5%
[101].

HHV <f—;> — 0.3483wc(%) + 1.1591wia(%)-0.1080w0 (%) (8)

+0.0628wx (%) + 0.1047ws (%)

where wc, wy, wo, Wy, and wg are the weight fractions of
carbon, hydrogen, oxygen, nitrogen, and sulfur, respectively.

Co-pyrolysis of biomass with plastic waste, such as polysty-
rene, can enhance not only bio-oil quality but also in terms of
quantity. High heating value and less oxygen content of synthetic
polymers make them a suitable alternative. Co-pyrolysis of algae
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enters steam reforming and (2) bio-oil after pressurizing and pretreatment
goes to the hydrotreating section

and plastic waste could lead to achieving lower oxygen content
and higher carbon content of bio-oil [102].

Microalgae can also be used as a feedstock in fast pyrolysis.
The pyrolysis of Scenedesmus sp. and Jatropha seedshell cake
(JSC) led to the production of bio-oil which contained more
oxygen and nitrogen and less sulfur compared with petroleum
fuel oils (high sulfur diesel (HS diesel) and heavy fuel oil) and
palm oils. Additionally, the bio-oils demonstrated high yields
of fatty oxygenates and nitrogenous compounds. The major
components in bio-oil were aliphatic compounds, fatty acid
alkyl ester, alcohols, and nitriles. Overall, microalgae showed
that it has the potentials to be used as an alternative feedstock
for diesel and value-added chemical production [25].

Allin all, algae can be used in FP considering that they have
high oil content and high growth rate and need less farming
area; however, high harvesting (production and drying) cost
should not be neglected. Additionally, the provision of suffi-
cient light will be a large challenge to cultivate algae for the
production of liquid products. Besides, hydrothermal conver-
sion processes can be a better choice to convert algae than fast
pyrolysis. The essential drying of algae biomass can disappear
in hydrothermal processes in contrast to fast pyrolysis.

4 Computational modeling
4.1 Classic reaction and macroscopic kinetic models

Modeling of biomass fast pyrolysis is challenging due
to the influences of various parameters such as
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feedstocks, products, particle sizes, mass and heat trans-
fer, and reactor configurations.

Steady-state laboratory scale of mathematical model of fast
pyrolysis reactor considering reaction kinetics coupled with
fluid dynamics (one-dimensional) has been developed using
the Aspen Custom Modeler [103]. The model has been veri-
fied with experimental data. In this model, three phases such
as gas, biomass/char, and sand were considered. In the first
step, the continuity and mass balance has been done. The
reaction kinetics was adopted from Arrhenius model for 19
main reactions:

kp = A, T (7 (9)

The momentum model has also been considered based on
driving force of fluidizing gas to carry the biomass and sand
through the reactor. Ranzi et al. presented the kinetics mech-
anism of biomass pyrolysis and bio-oil production. Foremost,
biomass characterization has been done to choose the refer-
ence species for different samples, such as cellulose, hemicel-
lulose, lignin, extractives, metaplastics, and water based on
elemental analysis (H/C/O atomic balances). Totally, 29 equa-
tions were developed with the lumped kinetic model. The
model has been validated by experimental data according to
thermogravimetric analysis. Moreover, the catalytic effect of
ash (inorganic elements such as K, Na, Ca, Mg) showed re-
duction in bio-oil selectivity. Ash factor (AF) can be defined
as a function of ash contents:

AF = tanh(*"/)) (10)

It is combined with activation energy for the decomposi-
tions of cellulose, hemicellulose intermediates, and
charification as follows:

E = a—b x (AF-0.5) (11)

where a and b are constants [104]. Secondary gas-phase reac-
tions and bio-oil production were also developed after investi-
gating the kinetic study of fast pyrolysis. Three main groups of
reactions for secondary gas reactions, such as chain radical
reactions, molecular dehydration reactions, and aromatics reac-
tions (formation of heavy polyaromatic hydrocarbons and
soot), followed by char gasification and combustion in hetero-
geneous mode have been considered. Finally, the model of
particle and reactor scale was developed using mass and energy
balances. From a process point of view, mechanism and model-
ing of pyrolysis need to be more researched; however, biomass
pyrolysis to bio-oil has already been achieved in the commer-
cial phase [105]. Recently, the kinetic model was developed by
the catalytic hydroprocessing of phenethyl phenyl ether in the
presence of ruthenium-based catalysts. The results of the model
showed the consumption and production of different products;
nonetheless, some over-/underestimation was observed [106].

@ Springer

Table 4 shows the most important related mathematical equa-
tions. Commonly, macroscopic kinetic modeling is applied to
simulate the thermal degradation of biomass or to calculate the
production rates of species in the products. This approach can
be divided on the following categories.

4.1.1 Biomass degradation model

Model fitting Homogeneous reaction kinetics is considered in
this technique as follows:

da

G =k k) =aew(5r) (12)

RT

The model-fitting method is used to fit the experimental
data to calculate the kinetic parameters. f{cv) is used in solid
reactions, such as in the reaction-order model, nucleation and
growth model, and diffusion model.

Distributed activation energy model (DAEM) In this model, it
is assumed that pyrolysis takes place via various independent
parallel reactions with diverse activation energies, in which
the distribution of the reactions is described by a continuous
function. DAEM can predict mass loss rate with a much
higher accuracy in comparison with the model-fitting
approaches.

Isoconversional technique The isoconversional method does
not need the assumption of f{cr), and the computed kinetic
parameters are more reliable and consistent. This method is
able to determine the activation energy directly from a series
of data under different heating rates.

4.1.2 Product estimation of pyrolysis

Detailed lumped kinetic model This model which is based on
the biomass structure characterization can be applied into the
kinetics study of biomass pyrolysis. It emphasizes on the fol-
lowing assumptions: characterization of the biomass structure,
biomass devolatilization (formation of permanent gases, con-
densable vapors, and char), and finally secondary gas-phase
reactions of the released gases and tar. This model is more
mechanistic compared to the classical lump model.

Chemical percolation devolatilization (CPD) model This mod-
el was presented for the prediction of coal devolatilization and
was recently applied to predict the devolatilization of biomass.
The characterization of the biomass structure is considered in
this model, and biomass is assumed as a linear arrangement of
cellulose, hemicellulose, and lignin. The feed structure is sim-
ulated as clusters, labile bridges, and side chains, compared to
pseudocomponents (in the detailed lumped kinetic model).
The groups for lignin are aromatic rings; however, for
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Ref.

Application

NCP

Mathematical model

Table 4 (continued)
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NCG

NCG
IC 1S ICS; + 8 X Jjvihji=S; X Jjihyi + ViRH

he

m’,

Energy balance (particle model)

Ji

1

i

dy

For Fick, Fourier, and Darcy laws, rule mass and heat

1

i

1

i

dt

fluxes within the particle refer to the reference.
h; ;= Cp;,T; is the component partial enthalpy; 7} is the

temperature of the jth sector. JC accounts for the heat

conduction; V x HR accounts for the total reaction heat;
NCP and NCG are the total number of solid and gas

components.
Gas-phase mass balance (reactor scale)

Gin,i_G()ut,i + JN.iSNn + VRR Ji

dg;
dt

the term Jyy; is the gas-solid mass exchange multiplied by the particle

surface Sy and the number of particles inside the layer.

formation of the ith species from secondary gas-phase reactions;
Y Ginihg, .= 2 Gouihg, + 2 Inihn iSnn + hext (TN—Tb“u‘)SNn + VRHR, Gas-phase energy balance (reactor scale)

g; 1s the mass of the ith species within the reactor volume Vi;
Gin; and G, are the inlet and outlet flow rate; R, ; is the net

hg.i=cpiTou: Touik is the gas-phase temperature; G * A, are the

NCG
=1

i

1

NCG

i

NCG
=1

i

gihg; —

NCG
1
dr

i

s

enthalpies of inlet and outlet flow rates; J x / is the enthalpy

flux relating to the mass transfer of a single particle; HR, is the

overall heat of gas-phase reactions.

cellulose and hemicellulose, the related groups are fixed
anomeric carbon and attached hydrogen.

Kinetic Monte Carlo (KMC) model This model is based on all
possible reaction mechanisms and pathways with regard to
each compound. Actually, the KMC model acts as a bridge
to the macroscopic reaction rate and the microscopic rate via
astochastic methodology [17].

4.1.3 Kinetic model for HDO

As two of the most important aspects of bio-oil upgrading is
HDO and zeolite cracking, in this section, these methods are
investigated.

Lumped kinetic model Lumped kinetic can be successfully
applied for HDO as follows [37]:

_ dmoyy
dz

= km® PP

oxy (13)
where m,, is the mass of oxygen in the product relative to the
oxygen in the crude pyrolysis oil, z is the axial position in the
reactor, k is the rate constant (Arrhenius expression), P is the
total pressure (mainly H,), and @ and b are the reaction orders
for the oxygen and total pressure, respectively. Moreover, a
kinetic model of the HDO of phenol was developed based on a
Langmuir-Hinshelwood-type expression as well.

Deactivation of HDO Due to poisoning by nitrogen species or
water, catalyst sintering, metal deposition, such as alkali
metals, or coking, catalyst deactivation occurs depending on
the catalyst type; however, deposition of carbon is the most
common reason of deactivation of catalyst. This phenomenon
can be modeled as follows:

k:ko(l_ec) (14)

where k is the rate constant, kj is the rate constant of the active
catalyst, and 6, is the fraction of carbon on the catalyst’s active
sites.

4.1.4 Kinetic model of zeolite cracking

In contradiction to the HDO, zeolite cracking does not need
external hydrogen supply. However, this process needs com-
paratively higher residence time (i.e., LHSV around 2 h™).
This kinetic model can be tuned to experimental data; for
instance, in a study using aspen bio-oil over HZSM-5 in the
temperature range from 330 to 410 °C, separate differential
models were written for each of the following phase/group
compounds: nonvolatiles, volatiles, oil, aqueous, gas, carbon,
and residue.
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Deactivation of zeolite cracking Like HDO, carbon deposition
leads to catalyst deactivation in zeolite cracking. In such a
process, carbon is mainly made by polymerization and poly-
condensation reactions, which leads to the obstruction of the
pores in the zeolites [37]. In fact, carbon formation is driven
by the presence of acid sites on the catalyst resulting in
poly(aromatic) carbon species. Thus, the acid sites are the
crucial part of the mechanism for the deoxygenation and the
deactivation.

4.2 Molecular modeling and density functional theory
(DFT)

Recently, molecular-scale modeling has been developed for
the simulation of the fast pyrolysis process. DFT advances
make it possible to explore the fundamental aspects and the
intermediate formation and decomposition mechanisms of
biomass pyrolysis reactions. Regularly, intermediate reactions
are tough to be experimentally observed and just pyrolysis
products can be realized at ultimate state. On the other hand,
related reactions are intricate due to the presence of liquid- and
gas-phase intermediates; hence, their interactions need to be
studied in molecular perception. Over the past years, DFT has
been the prevailing method for the simulation of quantum
mechanics of periodic systems. Moreover, this technique can
be adopted by quantum chemistry and used for energy surface
simulation in molecules. To do that, characterization of bio-
mass and understanding its dynamics as a function of dimen-
sion and time are crucial. Concerning biomass fast pyrolysis
kinetics, molecular modeling could recognize possible reac-
tion pathways of cellulose and lignin; however, detecting tran-
sition states and reaction intermediates of hemicellulose was
not comprehensively modeled because of its amorphous, var-
iable, and unclear structure [109, 110]. In a recent study, DFT
computations have been performed using Materials Studio
Dmol program from Accerlrys. For the valence orbits of O,
C, and H atoms, double numerical plus polarization (DNP)
was used. Also to estimate the nonlocal exchange and the
correlation energies of reactants, products, and transition
states (the structure of activation energy), the revised
Perdew-Burke-Ernzerhof (RPBE) functional of generalized
gradient approximation (GGA) was utilized by the calculation
of energy barrier. Pyran ring breaking in the pyrolysis of cel-
lulose (cellotriose as the model compound) has also been
modeled, and it was supposed that there were various reaction
mechanisms such as direct breaking mechanism, Retro-Diels-
Alder mechanism, C¢AOH-assisted pinacol ring cleavage
mechanism, and Retro-Aldol mechanism. It was concluded
that pyran decomposition through the Retro-Aldol mechanism
is more promising from a kinetics viewpoint [111]. In another
research work, vanillin (4-hydroxy-3-methoxy-benzaldehyde)
was used as a model compound of a lignin-derived product.
Different intermediates and hydrocarbon fractions with lower

molecular weights such as benzene, guaiacol, o-cresol, p-
hydroxybenzaldehyde, m-methoxybenzaldehyde, phenol,
and o-quinonemethide have been investigated. Bond dissoci-
ation energies (BDEs) were calculated to study the potential
chemical breakage as follows:

BDEyos(R—A) = Ha03(A) + H2o3(A)—Ha9s(R—A) (15)

where, H,og is the enthalpy of the molecule (R-A) and the
radical of (R, A) [107].

HDO of guaiacol to aromatic compounds has been inves-
tigated using DFT along with the microkinetic model over a
Ru(0001) as a model surface. They used the periodic DFT
implementation in the Vienna ab initio simulation package
(VASP). The projector-augmented wave (PAW) method was
utilized for defining the electron-ion interactions.
Furthermore, the exchange correlation energy was considered
within the GGA by the aid of the PBE functional form. For
dispersion interactions, the DFT-D; approach was applied as
well. The results showed that the most satisfactory pathways
from a kinetic point of view are through the dehydrogenation
of a hydroxyl group of guaiacol, full dehydrogenation of
methoxy group, decarbonylate reaction, and finally hydroge-
nation to produce phenol. They calculated zero-point
corrected reaction energies, activation barriers, and rate pa-
rameters for fundamental reactions. Generally, 60 reactions
at four different temperatures (473-623 K) have been consid-
ered for the model, and the following terms have been studied:
impacts of dispersion corrections, adsorbed intermediates, po-
tential energy surface for different reaction pathways (includ-
ing partial hydrogenations of phenyl ring, functional group
removal, dehydrogenation reactions of functional groups),
and mean-field microkinetic modeling [112]. A similar study
has been performed for the hydrogenation of guaiacol over a
Pt(111) catalyst to produce aromatics by developing 62 main
reactions [113]. The reaction mechanism of guaiacol HDO to
catechol on Pt(111) catalyst surface was studied using DFT
along with linear free energy or Br@nsted-Evans-Polanyi
(BEP) relations [114]. These relations were employed to cal-
culate reaction barriers by correlating the activation energy E,
with the reaction energy AE,,, as follows:

Ey=aAEx, + (16)

where « and 3 are constants, E, and AE,,, are the activation
and reaction energies, respectively. Overall reactions of
guaiacol on Pt(111) have been proposed and the adsorption
energy was calculated as follows:

AE, 4 = AEslabJri_AEslab_AEi (17)

In this formula, Eg,, +; is the energy of the metal slab-
adsorbate structure, Ej,y, is the energy of a clean slab, and E;
is the energy of the adsorbate in gas phase. Relative molecular
binding energies were also computed according to the
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energies of guaiacol and hydrogen in gas phases and the Pt
surface. For instance, the binding energy of phenol can be
stated as follows:

CyHgO(g) + 4H,(g) + *—CyHsO" + 7H" 4+ OCH;  (18)
o .[CeHgO" H"\
AE(C6H6O)7E( P )+7{E(Pt ) E(Ptsur)}

sur

+ |:E (%) *E(Ptsur):| *E(C7H802)—4E(H2),E(Ptsur)
(19)

The catalytic reaction of 2-hydroxybenzaldehyde (2-HB)
over Pd(111) was also modeled using DFT by using four
reaction steps. Quantum chemistry was computed using the
Gaussian 0924 and GaussView 525 software packages.
Besides, the adsorption/desorption energies, activation ener-
gies, reaction energies, imaginary frequencies of transition
states, and reaction rate constants of elementary reactions have
been considered. For 24 key reactions, the pre-exponential
factors and equilibrium constants were calculated as well.
The results showed phenol production as an intermediate (in-
stead of benzaldehyde) through the dehydrogenation of for-
myl group of 2-HB [108].

Noncatalytic guaiacol conversion has been studied by con-
sidering six reaction pathways including the thermochemistry of
the reactions (exothermic and spontaneous) and transition state
structure (using normal mode vibrational frequency and BDE
calculation). The quantum computations were carried out by
using the Gaussian and Gauss View software packages [115].

Various kinetic models of lignocellulosic biomass fast py-
rolysis have been tested. Different kinetic models were
reviewed such as the Kissinger model, Kissinger-Akahira-
Sunose (KAS), and Flynn-Wall-Ozawa (FWO) and activation
energy distribution model (AEDM). The results disclosed that
the chemical percolation devolatilization model [116] is the
best for predicting the products; however, the competitive
model [117] indicated good consistency with bio-oil experi-
mental data [13]. Table 4 shows the basic equations of molec-
ular modeling.

To find the details of pyrolysis reaction pathways in gas and
liquid phase, the molecular-level representation of biomass can
be used. Ab initio techniques are one of the most common
methods used to discriminate between reaction mechanisms
and to calculate kinetic parameters. The automatic kinetic mod-
el and a first-principle-based kinetic model of biomass fast
pyrolysis are promising, although more work is still required
for liquid- and gas-phase reaction pathways [118].

4.3 Computational fluid dynamics (CFD) modeling

CFD simulation supposes three compounds as typical for the
liquid, gas, and solid components. It can be assumed either
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nonuniformity of a biomass particle in the reactions or focus-
ing on the kinetics and the composition. In a recent study, by
using user-defined functions (UDF) and ANSYS Fluent soft-
ware, 3D simulation has been carried out by considering com-
plex decomposition of each biomass subcomponent, coupling
with fluid dynamics and the heat and momentum transport of
three Eulerian phases (species conservation and reactions, en-
ergy and momentum conservation, and phase exchanges).
Reference components which represent the liquid (bio-oil),
gas, and char fraction along with several reactions related to
thermal cracking of the tar were taken into account.
Comparison between the simulated results and experimental
data revealed good agreement, except for the water content of
the product which shows the possibility of this method for
further works [119]. Modeling of a fluidized bed reactor of
fast pyrolysis using the CFD approach was performed using
the Eulerian-Eulerian method. In this technique, the hydrody-
namic behavior of the system was investigated followed by
studying the kinetic schemes. In addition, the impacts of bio-
mass particle (type and size) and operating condition
(temperature) were investigated. The results demonstrated that
this model can be applied for designing the large-scale reactor
of fast pyrolysis [120].

Taking everything into account, understanding the reaction
mechanisms helps us to optimize and design the process in
larger scales. Considering the complex biomass structures and
reactions involved in pyrolysis makes it difficult to explicate
the reaction pathways and present general models. By integra-
tion of macroscopic kinetic models with molecular simula-
tions of the elemental reaction network, profound understand-
ing of the biomass pyrolysis mechanism can be achieved.
Although molecular simulation of the pyrolysis reaction re-
veals the actual pyrolysis process, due to the lack of comput-
ing proficiency, these methods just emphasized on small
molecular-scale compounds, and no agreeable technique ex-
ists to address the pyrolysis of structural fragment compounds,
while the molecular dynamics method has presented a worthy
performance using cellulose as feedstock as a large-scale pe-
riodic structure [17].

5 Challenges, recommendations, and future
perspectives

Much more research still requires to be accomplished in high-
quality bio-oil production; however, recent advances have
shown that worthy progress has been made in bio-oil valori-
zation. Mathematical modeling of the complex reactions
(along with understanding of the reaction mechanisms) for
each technology can be useful to solve some problems, such
as scaling up, avoiding additional capital investment, and
obtaining faster results. In this regard, understanding the py-
rolysis and catalytic mechanism during biomass waste
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conversion is essential for HZSM-5 modification as the most
common catalyst in CFP process and bio-oil upgrading.
Increasing HZSM-5 acidity and avoiding coke deposition are
still to be performed in future works to gain maximum yields of
the desired mono-phenol and mono-aromatic hydrocarbons [3].
Additionally, more investigation on catalyst preparation
and effects must be performed. Moreover, engines should be
tested (or redesigned) by bio-oils to be sure that upgraded bio-
oils meet specifications or can be mixed with petroleum-
derived hydrocarbons [53]. Designing a complete system of
bio-oil upgrading and fast pyrolysis is difficult due to the
complication of bio-oil reactions and formation and the strug-
gle in controlling multiple reactions taking place all at once.
Catalysts are helpful to overcome this issue; however, most
catalysts are relatively expensive and can be easily
deactivated. Likewise, HDO needs a large amount of hydro-
gen, and quick catalyst deactivation in zeolite cracking pro-
cess is the main challenge [6]. The primary concerns about in
situ catalytic fast pyrolysis are the influences of metal and
oxide incorporation on the diffusional, structural, topological,
and stability features of the zeolites and the probability of
optimization of aromatics yield (above 95%), which needs
further investigations. For the HDO process, the catalyst plays
an important role in oxygen removal, dehydrogenation,
decarbonylation, or decarboxylation. Catalysts based on noble
metals supported on ZrO,, and transition metal phosphides on
silica, demonstrated more stability than conventional (for in-
stance, CoMo/Al,O3) catalyst. Although supported Ru, Rh,
and Pt are suitable choice catalysts for HDO, the operating
costs increase by using noble metals in an industrial scale.
Alternatively, less expensive metal catalysts, like Ni and Cu,
can be used; however, further work has to be performed in this
field. The cracking of bio-oils in the presence of solid acid
catalysts with mono- and multifunctional zeolite catalysts can
also be utilized as an alternative for bio-oil upgrading. This
process is less expensive than HDO, due to operating under
atmospheric pressure and not utilizing hydrogen [121]. In
CFP of biomass, the key problem is catalyst swamping and
deactivating due to the presence of the alkaline ash (from
biomass). In this regard, the direct contact between the catalyst
and the feedstock should be avoided. Therefore, this issue
must be identified and solved, before commercializing the
process. To deal with this problem, an ex situ process can be
suggested for reforming the primary pyrolysis vapors [122].
In the field of bio-oil upgrading, more studies on catalyst
preparation (for instance, bifunctional catalysts or multifunc-
tional catalysts) and reactor configurations are required in the
future. To industrialize the upgrading of the bio-oil process,
more attention must be paid to develop larger scale experi-
mental plants and more efficient process [10]. One of the
challenges for bio-oil HDT is the development of an appro-
priate catalyst. Suitable bio-oil HDT catalyst process should
meet some features, such as high HDO rates, appropriate

selectivity (optimizing the hydrogen consumption and carbon
loss), and high stability (minimizing the coke formation and
high tolerance against water and poisons to metal). More ex-
perimental studies by using simple model compounds could
lead to better understanding of the reaction mechanisms and
kinetics which is vital to test the produced bio-oil.
Understanding of the catalyst deactivation mechanisms for
bio-oil HTD is also crucial, to solve the problem of catalyst
destruction [54]. Concerning microwave-assisted pyrolysis,
an improvement can be done by studies on the types of mi-
crowave ovens (for example, single mode versus multimode)
which affect the yield and composition of the products [33].
Finally, high upgrading cost is one of the main issues of the
commercialization of bio-oil upgrading processes. HDT, hy-
drocracking, upgrading bio-oil under supercritical conditions,
solvent addition and esterification, emulsification, steam
reforming, and chemical extraction are among the processes
which have not been industrialized due to low efficiency and
their limitations [11].

Moreover, according to the literature, some studies have
been done just with model compounds; thus, using real bio-
mass and bio-oil feedstock is crucial to address for the indus-
trialization of FP, by applying synthesized catalysts, and in-
vestigation of their performance and deactivation through ad-
vanced in situ characterization and theoretical studies, along
with the kinetic analysis of the complex reaction pathways,
and applying on pilot and demonstration scales [123].

6 Commercialization
6.1 Scale-up and industrial aspects

Bio-oil is an appropriate alternative to substitute petroleum-
based fuel. Not only the most studies focused on the produc-
tion of bio-oil in laboratory scale, but also pilot- and large-
scale production systems are still limited [31]. Novel reactor
structures for biomass pyrolysis include fixed bed, fluidized
bed, heated kiln, rotating cone, ablative, screw feeder/auger,
and vacuum pyrolyzers. Among them, three reactor configu-
rations, comprising bubbling and circulating fluidized beds
and rotating cone, have been industrialized, while others are
at demonstration, pilot, or laboratory stages. The other tech-
nologies are also at the research and development step which
are being considered for commercialization, such as
microwave-assisted pyrolysis, hydrothermal pyrolysis, cata-
lytic pyrolysis, and integrated pyrolysis process incorporated
with iron ore reduction and NO, reduction techniques [32].
Furthermore, research on the photocatalysis-assisted catalytic
upgrading of bio-oil (for instance by utilizing TiO, as a rep-
resentative of photocatalytic semiconductor materials) should
also be further investigated [76].
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The economic aspects of catalytic processes for biofuel
production have also been considered. In this regard, the eco-
nomics can be considered by relating the processing cost to
the feed cost [82]. Scaling up the laboratory experiments by
addressing main issues, such as the most suitable processing
mode, reactor type, and heat integration technology (e.g.,
using any by-products (i.e., biochar, coke on catalyst, noncon-
densable gases) for the heat generation), is needed at this
stage. Moreover, more research is required for understanding
the influences of altered operating parameters and optimizing
heat balance of the CFP. Besides, removal of solids from the
product oil is necessary in order to remove the undesirable
effects on downstream processes [122]. Upgrading of bio-oil
by SCFs is not practical on a large scale on an economic point
of view, because of the high cost of the organic solvents al-
though it is possible to use solvents of sustainable production
like bioethanol. This can be a part of a biorefinery with cas-
caded utilization of biomass.

Integration of upgrading processes of catalytic pyrolysis
and catalytic cracking has led to increasing the liquid yield
and promoting the quality of the derived biofuel. Catalytic
pyrolysis could also improve the production rate and quality
of bio-oils in the presence of proper catalysts; however, there
are some disadvantages, like catalyst deactivation, reactor
clogging, coke production, high water content in bio-oils,
etc. Hydrogenation and esterification methods in one reactor
showed better results compared with the conventional tech-
nique because of the use of bifunctional catalysts. Besides,
more novel and economically feasible catalysts (like amor-
phous catalysts) for the application in HDO process with high
oxygen content should be further developed [10].

In a recent study, a commercial scale biomass fast pyrolysis
plant (1-3 T/h feedstock input) was established (downdraft
circulating fluidized bed reactor was used). The plant is com-
prised of a feeding system, a heat carrier system, a reactor
system, a cyclone system, a condensation system, and a car-
bon separating system. This plant was operated in continuous
mode, and there was no need for any external energy to heat
during normal operation. At stable condition at 550 °C, the
yield of bio-oil is 48.1 wt%, and the relative values are 26.0
and 25.9 wt% for char and noncondensable, respectively. The
highest component concentration in the bio-oil products was
phenolic compounds (14.92%) [124]. Also, there are some
industrial plants of FP. Ensyn is one of the longest running
commercial plant (Renfrew Canada). It produces high yields
of valuable biocrude from renewable cellulosic biomass, typ-
ically wood-derived feedstocks (yields are normally 70 to
75 wt%) (http://www.ensyn.com, April 2018). BTG-BTL,
Netherlands, produces pyrolysis oil to replace natural gas in
high-pressure steam systems. Fortum uses pyrolysis bio-oil as
replacement to heavy fuel oil in commercial plants located in
Finland and Sweden [125]. Moreover, four fast pyrolysis pilot
plants have been developed by VTT research by utilizing
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various biomasses for production of biofuels and biochemical
[126]. All in all, scaling up of the new technics of bio-oil
upgrading is challenging which should be studied in the
future.

6.2 Energy efficiency

In general, three categories of energy are need in the FP pro-
cess: thermal energy to keep suitable pyrolysis temperature in
the reactor wall or heat carrier; the energy needed for grinding
and drying the feed material into smaller particle size; and
many electric motors to support the different flow rates, pres-
sures, and power for pumps, compressors, and the filtration
systems. As a result, the importance of energy efficiency is
crucial for this technology which can be identified as:

Tbiofuel (20)

nenergy =
Nfeed + 77process

where 7,0 is the energy efficiency of the pyrolysis process,
Nbiofuel 18 the energy content of the product, 7gq is the energy
content in the biomass feedstock, and 7process 18 the external
energy consumption in the pyrolysis, the required energy to
heat the biomass to a desired temperature, and the reaction
energy to decompose the feedstock. To have a more efficient
process, the by-products of pyrolysis can be used for energy
supply. Some research disclosed that around 5.5% of pro-
duced energy is needed to supply the pyrolysis energy, and
30-35% of energy recovery is able to be achieved by the
pyrolysis process, while more complete energy investigation
will be required at industrial scale [9].

6.3 Cost analysis

The reactor involves 10-15% of the total capital cost of py-
rolysis (although technically it is the most important part). The
other parts are storage tanks, structures, pumps and ex-
changes, etc. The variable and operating costs consist of bio-
mass collection and harvesting storage and handling (23—
30%), drying and grinding (7-9%), maintenance (17-24%),
utilities (22-25%), labor (12—-19%), transportation (5—7%),
etc. which depend on the plant size; for instance, the pilot cost
of production of bio-oil of 0.3 kg/h (0.0072 t/day) plant has
around 50 times higher unit cost of production than 100 kg/h
(2.4 t/day) plant, and about 100 times greater than the plant
cost of production of 1000 kg/h (24 t/day). In larger sizes, the
commercialization is possible; for example, by using wet
wood of 100 t/day, the product cost is $1.48/gal, while by
utilizing 200 and 1000 t/day of feedstock, the relative produc-
tion costs are $1.11/gal and $0.6/gal, respectively [9].

The study based on a fast pyrolysis plant with bio-oil
upgrading using 2000 metric tons per day (MT/day) of corn
stover feedstock resulted in the following product costs:
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petroleum fractions in the naphtha and diesel distillation range at
a product value of $3.09/gal ($0.82/L) with onsite hydrogen
production, $2.11/gal ($0.56/L) with hydrogen purchase, and
$0.83/gal ($0.21/L) bio-oil production. Generally, the results
of cost analysis demonstrated that pyrolysis-derived biofuels
can be competitive with the other fuels; however, these values
are not highly accurate due to the not fully developed process.
Regarding investment cost, capital costs for the integrated pro-
cess of hydrogen production are assessed at $287 million with a
production of 35 million gallons per year of naphtha and diesel
range products. Capital costs with supplied hydrogen are esti-
mated at $200 million with a fuel production rate of 58 million
gallons per year. According to sensitivity analysis, a 5% de-
crease in the bio-oil to naphtha and diesel fuel yields increases
fuel costs by $0.80/gal for the hydrogen production plan and
$0.27/gal for the hydrogen purchase setup. Feedstock (biomass)
cost can also directly affect the final production cost, for in-
stance, varying feed costs from $50 to $100 per short ton results
in changing the price of fuel from $2.57 to $3.62/gal [127]. In
another study, the bio-oil production from biomass using the
HDO process showed that the price of bio-oil is around 740
$/toe (ton of oil equivalent, 1 toe =42 GJ), while the bio-
ethanol price from biomass is around 1475-2029 $/toe [37].

7 Conclusions

The production of bio-oil from biomass by fast pyrolysis was
reviewed in terms of recent physical and chemical/catalytic
bio-oil upgrading methods. Concerning the application of
upgraded bio-oils, the ultimate objective is to produce fuel
compounds (such as aromatics, olefins) and/or chemicals
(such as phenolics). However, sometimes, producing bio-oil
which can be blended with petroleum refinery products could
be beneficial. The requirement of biofuel production is a topic
that should not be neglected at any rate due to its positive
effects on the environment by reducing carbon dioxide emis-
sion and providing energy. The existing issues in this field are
the high cost of bio-oil production from biomass and the low
yield and poor quality of bio-oil. Production of bio-oil and
eventually biofuel from different kinds of biomass is a result
of the combination of fast pyrolysis with catalyst, solvents,
etc. which can be developed more and more in the near future.
The review showed that biomass is a potential resource for
producing qualified bio-oil using fast pyrolysis followed by
upgrading methods. Although the pyrolysis bio-oil has numer-
ous advantages in terms of environmental aspects and sustain-
ability, there are several disadvantages in terms of character-
istics, such as high water, oxygen, ash, and solid contents;
high acidity and viscosity; instability (thermally and chemi-
cally); low HHV; and not acceptable ignition and combustion
features; hence, the upgrading process is necessary for pro-
ducing applicable biofuel production. Numerous parameters

can affect the biomass pyrolysis yields and product properties,
such as the type of biomass, physical and/or chemical pretreat-
ment of biomass, temperature, heating rate, and residence time
of solid and vapor, which should be optimized for each par-
ticular process. In spite of some beneficial effects of physical
upgrading of bio-oil derived from FP, such as simple opera-
tion, decrease in viscosity and increase in heating value, and
decrease in ash content, chemical and catalytic upgrading
techniques were the most favored research areas in recent
years, because they have more advantages, like producing less
oxygenated compounds and more hydrocarbons and giving
higher yield. The application of supercritical fluid for bio-oil
upgrading gives several advantages in terms of product refine-
ment. Integrated catalytic fast pyrolysis led to an improvement
in desired reactions including cracking, decarbonylation, de-
carboxylation, hydrocracking, hydrodeoxygenation, and hy-
drogenation. Catalysts such as H-ZSM-5 have exhibited in-
creased selectivity to aromatics compared with oxygenates.
Regarding the HDO process, recent studies using
nanocatalysts demonstrated that the size of nanoparticles had
effects on bio-oil quality. Deoxygenation of the pyrolysis va-
pors is a necessary step in bio-oil upgrading, and this requires
improvement in catalyst properties or development of new
catalysts with higher efficiencies. The metal-acid bifunctional
catalysts are the suitable choices for this purpose. Also, dis-
covering advanced synthetic techniques to prepare new bime-
tallic compositions and morphologies and novel support struc-
tures can be a future research area. Bifunctional catalysts (such
as a metal and acid function) have demonstrated improvement
in HDO activity in comparison with metal catalysts only.
Furthermore, modification of zeolite catalyst with some
metals, like Fe, Cu, Co, Zr, etc., resulted in more qualified
bio-oil. By plasma reactor technology (catalytic and/or
noncatalytic), fast pyrolysis can be performed under simple
operating conditions, such as ambient temperature and atmo-
spheric pressure, and it also has some advantages, like no coke
formation and operation in a shorter time. However, this tech-
nique should be developed in the future to erect pilot and
demonstrative plants. Also, upgrading of bio-oil at supercrit-
ical fluid led to a homogeneous reaction medium, which re-
sulted in esterification, hydrogenation, hydrolysis,
alcoholysis, depolymerization, and alkylation. Fast pyrolysis
using microwave oven showed that this method can be bene-
ficial for biomass thermochemical conversion and conse-
quently production of aromatic compounds from lignocellu-
losic biomass and a useful way to waste management.
Although there are some industrial scales of FP and bio-oil
upgrading, commercialization needs more techno-economical
and feasibility studies including cost and energy efficiency for
different feedstocks by different processes.
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