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Abstract: The potential of technical lignins slow pyrolysis is briefly summarized. The pyrolysis process, which
can be self-sustained by burning the co-produced gas, can primarily produce high-quality biochar in significant
amounts, to be used as a fuel and as a reductant in metallurgy. Together, significant amounts of bio-oil can be
produced, rich in guaiacols, which are commercial and expensive chemicals produced today via petrochemical
routes and used in pharmacology, food chemistry, polymer chemistry, etc. Such compounds or bio-oil itself can
also be converted by hydrodeoxygenation into biofuels.

Keywords: biomass; lignin; pyrolysis; biochar; bio-oil; biofuels; antioxidants; pharmaceuticals; polymerization
inhibitor; anti-knocking.

1. Introduction

The concerns related to the global warming, attributed in large part to the increasing
concentration of COz in the atmosphere as a result of the fossil fuels use, push to a de-fossilization of
our society. Although the development of full electric mobility technologies or electrolytic hydrogen-
based technologies will likely have a main role in reducing emissions of fossil-derived COy, it is
evident that the use of biomass for producing energy, fuels, and chemicals will be more largely
applied in the near future [/.

Among organic renewable natural resources, lignin is the most abundant class of compounds
having an aromatic character [ii]. Lignin represents around 18-40 % of wood biomass, where it is
present together with cellulose and hemicellulose as the largely predominant materials, to which it
forms molecular complexes [ii]. It is present even in larger concentration in waste biomasses such as,
e.g., olive husk and walnut shell [¥] and could also be recovered from algae []. Currently, technical
lignins are byproducts of some industrial processes, among which the manufacture of ligneo-
cellulosic bioethanol and of paper. Technical lignins are produced at a rate of around 100 million tons
per year, primarily coming from the pulp and paper industry ['i]. Most of them are burned to provide
heat and electricity. The rest is sold as a byproduct for fuel or as a mixture or binder in animal feed,
or used to produce adhesives, as an additive in cement, fertilizer, paper coatings, etc. [ii, viii,ix x],

Among technologies allowing useful application of lignins, pyrolysis represents one of the most
promising ways to exploit at least part of its potential. In particular, slow pyrolysis may allow the
production of significant amounts of biochar, a carbon-rich material that can represent an important
solid fuel for heating and energy production, as well as a reductant for metallurgy (i.e. iron and
steelmaking, but maybe also silicon manufacturing), a filler for rubber and a raw material for
producing adsorbents and catalysts or catalyst supports. Together with biochar, significant amounts
of bio-oils can be produced. Such liquids, when produced by slow pyrolysis at moderate
temperatures, are rich in phenol-type compounds some of which are commercial chemical products
today, being manufactured mostly by petrochemical routes. Gases are also produced, mainly
constituted by carbon oxides, light hydrocarbons, and hydrogen, whose combustion may provide the
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heat needed for pyrolysis. In the present review, we will summarize data to underline the potential
of technologies based on slow pyrolysis of lignins.

2. Technical Lignin as a Secondary Raw Material

Technical lignin is a byproduct of industrial processes aimed at the production of cellulose-based
(or polysaccharide-based) chemicals. Industrial lignin is produced as a byproduct of cellulose and
paper manufacture or bioethanol synthesis from ligneocellulosic biomasses, as schematized in Figure
1. Today, approximately 98% of the lignin produced is used as fuel for heat and electricity [ix].
Industrial lignins, which contain 30-50 wt% of oxygen, are not pure materials typically containing 0.5
-8 wt.% ashes, variable amounts of sulfur up to 8 wt.% and 1-3 wt.% of sugars [xi,xii]. Efforts for their
valorization are in progress [*ii].

Wood
Sulfite pulping
Kraft process process Soda pulping Drgranoaolv
Na,CO, and Na,5 CaS0; and MgS0, process T F Dl‘:jess X
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Figure 1. Schematization of lignin obtained as a byproduct from cellulose-base materials or bioethanol

pI‘OdUCtiOH processes.

2.1. Lignins from Pulp, Paper, and Cellulose-Based Polymers Manufacturing

Pulp is a wet cellulose matter which is obtained by chemically treating wood. Pulp is obtained
in an early step of manufacturing of paper and cellulose-based polymers, such as cellulose acetate
and nitrate, celluloid, cellophane and regenerated cellulose [*V]. Although most cellulose-derived
polymers have been recently substituted by more efficient oil-derived plastics, it seems likely that, in
the near future, the chemistry of such renewable and biodegradable bioplastics will be re-considered,
and their manufacturing will be the object of renewed investigation and development [*].

Softwoods (coniferous) such as pine, spruce, fir, and hardwoods (deciduous) such as eucalyptus,
maple, aspen and ash are mostly used to produce paper. More recently, non-wood raw materials like
rice straw and paper waste have been also used [*]. Several different pulp manufacturing processes
have been developed [*i]. Wood pretreatments are needed to favor the separation of lignin from
polysaccharides [*ii] and to remove extractives that can damage quality of cellulose products [*¥x].

The kraft process (Fig. 2) is the predominant one for pulping today. The main cooking step is
realized in the presence of soda and sodium sulfide (the main components of “white liquor”) at 155-
180 °C under 8 bar steam pressure [xvi,*]. Lignin is dissolved in such conditions in the resulting so-
called “black liquor”, which is partly burnt allowing to recover energy and sodium compounds.
However, by acidification of black liquor, kraft lignin can be recovered too, with different procedures
[xxi]. Kraft lignin is impure because of the presence of 1.5-3 wt.% sulfur and sodium [xxii, xxiii].
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Figure 2. Simplified scheme of kraft pulping process with lignin coproduction.

The alternative sulfite pulping process [xvi] implies the reaction of wood with calcium or
magnesium sulfites at acidic pHs and temperatures of 125-170 °C. After pulp separation, fermentation
of residual sugars to ethanol, and further membrane filtration for reduction of the metal ion content,
lignosulphonates are produced, with 5 wt% sulfur content [xxii]. These materials are the most
exploited for several industrial applications such as adhesives, binders, surfactants and dispersing
agents.

Sulfur free-lignins are obtained from other pulping processes, such as soda lignin, obtained by
the soda pulping process realized in a pressurized reactor at 160-170 °C in the presence of 10-15 wt.%
soda solution, or organosolv-lignin, produced in the presence of alkali and organic solvents (e.g.
ethanol) [xvi].

2.2. Lignins from Lignocellulosic Bioethanol Production Processes

Bioethanol is a gasoline component biofuel as well as one of the few renewable large-scale
chemicals produced from biomass today. After opportune physical, thermal or chemical
pretreatments, wood biomass is enzymatically treated to convert cellulose into glucose monomers,
and glucose into bioethanol. After distillation of the fermentation broth for bioethanol recovery, a
lignin rich stillage is obtained. This material can be anaerobically digested to convert microorganisms,
enzymes, and residual carbohydrates in the stillage to biogas, while lignin is merely altered. This
sulphur-free lignin-rich material, also denoted as hydrolysis lignin, represents a byproduct useful for
valorization, e.g. as a soil additive [*i] or by pyrolysis [, xi].

3. Lignin Pyrolysis Technologies and Their Products

Biomass and lignin pyrolysis technologies result in different product amounts and properties
depending essentially on temperature, reaction time, heating rate and raw material composition. In
an inert atmosphere, lignin starts to lose weight above 200 °C [xxvii]. Depending on actual pyrolysis
conditions, different amounts of gases, liquid bio-oils, and char are produced in the range 200-700 °C
[xxviii,xxix].

In practice, pyrolysis technologies are categorized as: i) slow pyrolysis, when realized at 300-700
°C and residence times up to 100 min; ii) fast pyrolysis when realized at 500-800 °C and few seconds
residence time; iii) flash pyrolysis, when realized at 800-1000 °C and < 0.5 sec residence time. In
particular, at low residence times, the amount of solid product (biochar) and gaseous product tends
to decrease with reaction temperature while the amounts of liquid products tend to increase with
reaction temperature [xxx]. However, by increasing residence times, condensable vapors tend to
crack into smaller molecules finally producing more gas and less liquid. The possibility of
coproducing biochar and bio-oils in useful amounts can be considered [*i].

3.1. Biochar Manufacturing

Charcoal produced by wood charring has been used for millennia to improve burning properties
of wood, to produce black dyes and to reduce metals [*i]. Slow lignin pyrolysis processes produce
larger yields of biochar (up to > 50 wt% of the starting lignin biomass) than fast pyrolysis processes,
while large particle size and high lignin and ash contents in lignocellulosic biomass also favor high
biochar yields during slow pyrolysis [*ii]. Low-temperature slow pyrolysis produces biochar
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materials that are still rich in oxygen-containing functional groups, optimal for their use as soil
improvers [x«iv,»xv] Longer and/or higher temperature slow pyrolysis produces biochar rich in fixed
carbon content (commonly around 70 % up to 98%). This makes it a superior solid fuel, perhaps after
prior briquetting [*¥i], with lower heating values (LHV) in the 30-35 MJ/Kg range, much higher than
those of lignin and whole biomasses, as well as of biochars produced by whole biomass pyrolysis,
and comparable to or higher than those of coals [xxxvi,»i]. Biochar produced by slow lignin
pyrolysis is also attracting interest for its potential use as a reducing agent in metallurgical processes,
potentially allowing the reduction of greenhouse gas emissions in steelmaking process [*xviii, xxxix x1]
as well as in the manufacture of silicon [¥i]. Nevertheless, its surface area and porosity, thus
adsorption capacity, may increase by increasing pyrolysis temperatures to at least 700 °C [xxxv]. In
fact, fast lignin pyrolysis may produce highly porous biochar suitable to manufacture, by further
activation, activated carbons [ ¥lii], to be used as adsorbents [*V], supports for catalysts [¥¥] and as
materials for producing supercapacitors [¥¥i]. Thus, the production of high-carbon content biochar
represents potentially an interesting way to contribute to the defossilization of several technologies
and could play a relevant role in the expected energy transition.

3.2. Lignin Pyrolysis Bio-Oils

The liquid product of lignin pyrolysis is usually biphasic, with a water-rich fraction and an
organic-rich fraction, the latter usually denoted as bio-oil. The water-rich fraction contains organics
such as methanol, acetic acid, pyrrole, phenol, guaiacol, cresols, etc. that can be extracted with organic
solvents [xxvi,xvii].

The composition of bio-oils is strongly dependent on the reaction temperature. In all cases, the
organic fraction of bio-oils is essentially made of oxygenated mononuclear aromatic compounds, i.e.
alkoxy-alkyl phenols. At low pyrolysis temperatures (400-500 °C) methoxy-containing compounds
are quite predominant, while at higher temperatures demethylation, demethoxylation,
decarboxylation, and alkylation occur, leading to a change in product distribution towards
alkylphenol and polyhydroxybenzenes [*iii,xix]. Decomposition of side chains and condensation of
aromatic rings also occurs at high temperatures producing aromatic and polyaromatic hydrocarbons
from “monomeric” oxygenated monoaromatic compounds ['].

3.3. Lignin Pyrolysis Gas

The non-condensable pyrolysis gases are essentially constituted by carbon oxides, hydrogen,
light hydrocarbons (methane, ethylene, ethane) []] and, in particular in the case of sulfur-rich kraft
lignin, H2S, COS, and alkyl sulfides [xxiii, i]. Some ammonia may also be present. This gas can be
desulphurized by adsorption on activated carbons [lii], and although its heating value is moderate
[%if], its combustion can provide heat and energy. In particular, pyrolysis gas combustion can provide
the energy needed for the same pyrolysis process. Alternatively, this gas can be steam reformed to
produce renewable hydrogen ["] and used as a carrier for fluidization in the same pyrolysis reactor

[lv].

Table 1. Products distribution obtained by slow pyrolysis of lignin or lignin-containing biomass.

Ligni P
Biomass enin ro.ce'ss Char (%) Bio-oil (%) Gas (%) Ref
content conditions
Lignin-
rich - Batch, 370-450 °C 50.7 - ; 25
digested
stillage
Hazelnut

shell 42.5 Tubular reactor, 295-850 K 33.2+2.0 20.8+1.7 16 £2.3 47
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5
Softwood Quartz tubular reactor
Kraft ’ 57.21-38.14 34.54-4427 825-17.59 50
o 400-600 °C

Lignin

Kraft - Tubular reactor, 550 °C 427 28.7 286 52
lignin
Lignin - Packed bed pyrolyser, 500 °C 41.7 26.8 38.8 53

4. Product Separation from Slow Pyrolysis Bio-Oils

As mentioned above, slow pyrolysis of lignin can be realized at moderate temperatures and
relatively long residence times, to coproduce significant amounts of carbon-rich biochar to be used
as a solid fuel or reducing agent in metallurgy, and, together, significant amounts of an organic oil
rich in valuable compounds, such as guaiacols and other alkyl-alkoxy phenols (see below). This is
evident in the data reported in Table 1. The process could be nearly autothermal by using the
coproduced gas to fuel the pyrolysis reaction.

The exact composition of lignin pyrolysis oils is strongly dependent on the original biomass, the
lignin separation process, reaction conditions, aging time, etc. The separation of individual
components from extracted lignin pyrolysis bio-oils is really not an easy matter, and few data are
reported in the literature about it [Ivi,Vi]. Taking into account that several organic monomeric units
obtained by pyrolysis are prone to rapid repolymerization [Viil] it is evident that rapid separation is
convenient. On the other hand, according to the different compositions of the produced bio-oils,
different separation strategies are also needed.

The liquid product is sometimes monophasic, containing inorganic matter together with water
and organics, other times biphasic with a denser organic fraction and a water-rich supernatant
[xlviii,l,*]. The water-rich phase may contain light oxygenated compounds, at least partially derived
from residual cellulose, together with methanol derived from lignin cracking. However, phenols and
guaiacols are also a partially soluble in water and may be present both in the aqueous and in the
organic phase.

To extract all molecules which are highly soluble in water (e.g. acetic acid, methanol) from bio-
oil, a previous water extraction step can be used [¥]. To separate partially water-soluble oxygenated
compounds from water, such as guaiacols, eugenols, syringols, etc.,, non-polar or slightly polar
organic solvents can be used [*] such as methyl isobutyl ketone, methyl tert-butyl ether, toluene,
benzene, hexane, cyclohexane, isopropanol, dichloroethane, chloroform, isopropyl acetate [i], and
methylene dichloride. In particular, CH2Cl: is an efficient solvent for extracting bio-oil and can be
quite easily removed later by distillation (Teoit 39.6 °C) [¥ii]. The use of ionic liquids [*¥] and deep
eutectic solvents [xV] has also been considered. Thus, extraction with the above solvents allows to
obtain an almostdried organic fraction rich in oxygenated monomers.

On the other hand, the direct distillation of the organic phase can also be considered, and has
been investigated, e.g. in the case of walnut shell pyrolysis bio-oil [*]. It was found that phenol and
guaiacol compounds can produce azeotropic mixtures with increased boiling points. In contrast,
phenols and alkylphenols can be separated by fractional distillation with the exception of meta- and
para-cresols, whose boiling point is nearly identical (around 202 °C), and can be partially separated
by crystallization [vii,viii], 2,6-xylenol also boils at a very close temperature (201 °C). In any case, the
concentration of phenol and its congeners can be greatly increased by distillation of bio-oils at 260-
300 °C, while that of guaiacol and its congeners is increased in the 300-320 °C temperature distillation
range [Ixvi]. In a study concerning rice husk bio-oil distillation, guaiacols can be distilled in the range
250-300 °C [x]. Similarly, from a loblolly pine biocrude, guaiacols and eugenols were enriched up to
>80 % by a four step distillation at 220-280 °C [].

Table 2. Separation processes for recovery compounds from biomass pyrolysis biooils.
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Compound of

Biomass Separation method . Ref
interest
F ids,
Wheat- Supercritical fluid Hranoes
. pyranoids, 56
hemlock extraction .
benzenoids
Basification—
Rice husk acidification and Phthalate esters 56
column
chromatography
Glycoladehydes,
Forest acetic acid, acetol,
. Water extraction furfural, furanone, 60
Residue
levoglucosan,
syringol, guaiacol
Sugarcane
bagasse, L-L extraction Phenols 63
palm empty
fruit bunch
Acqueous e
I liquid
levoglucosan omce lqm Guaiacols 64
. extraction
solution
Atmospheric Phenols, ketones,
Wallnut shell mosph ethers, carboxylic 66
distillation .
acids
iacol
Rice husk Distillation Guaiacol, 69
4-methyl guaiacol
Distillati d
Loblolly Pine tstiation an Methoxyphenols 70

chromatography

It can be remarked that, depending on the pyrolysis conditions, hydrocarbon products amount
can vary with respect to oxygenated compounds. If hydrocarbons are present in significant amounts,
phenols can be extracted from them using basic water solutions (caustic soda) producing sodium
phenolates, and, after acidification (e.g. with COz), re-extracted with polar solvents, such as ethers,
similar the extraction of phenols from carbolic oil obtained from coal tar distillation [x].

In a recent study, the solubility of different substituted phenols on soda and potash solutions
were investigated, showing important differences in relation to acidity and steric hindrance
differences [i]. The different solubilities allow the separation of relatively similar compounds such
as propyl guaiacol and propyl syringol, which can be further purified by crystallization as alkali salts
[Ixxii].

After isolation and separation of fractions rich in the desired compounds, the separation of the
individual molecules is currently realized by column chromatography [Ixx]. For example, high
selectivity and performance have been obtained in the separation of lignin “monomers” by flash
chromatography using silica as the stationary phase and diethyl-ether, dichloromethane, toluene,
ethyl-acetate and 4-methyl furan as mobile phases [ di ]. Several more complex liquid
chromatography methods have been found to be effective for the separation of individual
components from bio-oils [Ixx,v]. Table 2 summarizes some of the separation methods used to
obtain compounds of interest reported in the literature.

5. Exploitation of Individual Components of Biomass Slow Pyrolysis Oils

Several studies [xxiiiIxvi, v, ] agree in showing the same compounds as the main
components of bio-oils from slow lignin pyrolysis. As shown here below, several of them represent
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useful commercial chemicals, which are at least partially produced today through petrochemical
routes. In Fig. 3 shows the structures of some of the main compounds observed in the slow pyrolysis

lignin.
OH = oH
HsCO HaC OCHs
guaiacol meaquinol 3-methoxy-5-methyl-phenol
OH OH
HsC\/Q: JCE
OCH3 HEC_ OCH3
2-methoxy-4-ethyl-phenol 2-methoxy-4-vinyl-phenol
Ho.C*™ OCHz  HC™ OCH; HsC OCH,4
eugenol isoeugenol dihydroeugenol

Figure 3. Structure of some of the most abundant compounds in the guaiacol-rich fraction of lignin
biooils.

5.1. Guaiacol

Guaiacol (o-methoxy-phenol) is quite a relevant chemical product [*i]. It has applications such
as local anesthetic, antiseptic, and expectorant [*ii]. Additionally, it is an intermediate to produce
chemicals, such as flavorings, pharmaceuticals and antioxidants. Among others, vanillin and eugenol
can be manufactured from guaiacol.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) ["«ix, ] is extracted as “natural vanillin” from
vanilla pods with an expensive process [, and is used in the cosmetics, food, and pharmaceutical
industries. Many food safety control agencies only allow the use of natural vanillin in food and
flavoring applications. Synthetic vanillin is produced at a much lower cost by the reaction of synthetic
guaiacol with glyoxylic acid followed by oxidation and decarboxylation [*i]. Vanillin is also an
intermediate for the production of several pharmaceuticals [ii].

Eugenol, whose natural version is extracted from clove oil obtained from dried flower buds of
clove trees grown in Indonesia and Madagascar [*¥], can also be produced from guaiacol. It is used
as a flavor or aroma ingredient in foods, beverages, perfumes, and cosmetics. It also has antioxidant,
anti-inflammatory, anti-tumor, cardiovascular protection, antiviral, hypoglycemic, neuroprotective,
and osteoprotective properties [*]. Synthetic eugenol can be industrially produced by allylation of
guaiacol [Ixxxiv]. Other relevant drugs are or can be produced from guaiacol [*>¥] including the
cough suppressant guaifenesin (guaiacol glycerol ether).

Commercial production of guaiacol is mainly petrochemical-based, i.e. by methylation of
catechol using dimethyl sulfate, methyl iodide, or dimethyl carbonate and NaOH as a homogeneous
catalyst in liquid phase [Ixxxiii,*ii], although heterogeneously catalyzed processes are under study.
Catechol is mostly produced by hydroxylation of phenol with hydrogen peroxide in the presence of
acids, together with its isomer benzoquinone [Ixxxiii]. The main manufacturing way for phenol today
is the Hock process, based on the oxidation of cumene produced by the alkylation of benzene with
propene, with the intermediacy of cumene hydroperoxide and coproduction of acetone [bxxvili boxix xc],
The use of extracted guaiacol produced by lignin pyrolysis would represent an important
improvement.

The catalytic hydrogenation of naturally derived guaiacol [*] to different compounds,
depending on catalyst and conditions, such as to phenol and alkylphenols [*i], cyclohexanol [xii],
benzene [x], aromatic mixtures [*¥], and cycloalkanes [*]] is being investigated. Guaiacol is also
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considered for the manufacture of renewable monomers for producing biobased polymers [xii].
Guaiacol has also interesting anti-knocking properties to be used as octane booster in gasolines [*eiii].

5.2. Mequinol

Mequinol (p-methoxy-phenol) is also a useful molecule, used as an antioxidant for edible oils
and greases, polymerization inhibitor for acrylic and vinylic compounds [*<¥], stabilizer for photo
sensitive materials, lubricating additive for high temperature gas turbine engine oils, and key
intermediate in many pharmacological applications [¢,], in particular as a cosmeceutical for
hyperpigmentation [<].

Mequinol is commonly produced by fossil-derived routes, by mono-alkylation of 1,4-
hydroquinone in the presence of catalytic quantities of p-benzoquinone with different catalysts [c].
1,4-hydroquinone is commonly manufactured by three alternative processes: i) the application of the
Hock process to para-diisopropyl benzene (oxidation with O: and decomposition of the di-
hydroperoxide with coproduction of acetone [<i]); ii) oxidation of aniline using manganese dioxide
in sulfuric medium [<]; phenol hydroxylation by hydrogen peroxide in the presence of either a
homogeneous or heterogeneous catalyst method, with coproduction of catechol [Ixxxiii].

5.3. Other Bio-Oil Components

4-Allyl-2-methoxyphenol (eugenol), 2-methoxy-4-propenyl-phenol (isoeugenol) and 4-
propylguaiacol (dihydroeugenol) are related molecules with quite similar properties. As said above,
eugenol is a common fragrance ['] with a pleasant, spicy, clove-like odor. It is used in perfumes,
flavors, and essential oils. Additionally, it has antibacterial, antiviral, antifungal, anticancer, anti-
inflammatory and antioxidant properties, it has long been used in various areas, such as cosmetology,
medicine, and pharmacology [*]. Isoeugenol derivatives exhibit even greater antimicrobial activity
than eugenol [i]. Dihydroeugenol has a similar odor and physicochemical properties to eugenol.
The three are of interest as natural antioxidants [¢ii] and are considered for the manufacture of
polymeric materials [¢*] and to produce renewable monomers for producing biobased polymers
[xcvii].

3-methoxy-5-methyl-phenol (3-methoxy-5-cresol) is also a fragrance component [*] reported to
have anti-inflammatory, anti-infective and anti-tumor properties. It can be used to synthesize new
molecules with similar biological activity to usnic acid. This compound also inhibits fatty acid
synthesis by blocking the enzyme acetyl coenzyme A carboxylase [].

2-methoxy-4-ethyl-phenol (4-ethyl-guiacol) is a pharmaceutical used in the treatment of multiple
sclerosis [i]] and has interesting anti-knocking properties in gasoline [xcviii].

2-methoxy-4-vinylphenol (4-vinyl guaiacol) besides being a commercial chemical intermediate,
is a monomer or a precursor of monomers for producing interesting renewable polymers [<ii].
Additionally, it is used as a flavoring agent and as a pharmaceutical molecule [*].

6. Application of Lignin Pyrolysis Oil Fraction as a Whole

The bio-oil obtained from lignin pyrolysis can also find various applications depending on the
subsequent treatments, as described below.

Bio-oil as a fuel. Bio-oils from lignin and biomass pyrolysis are usually considered to be too
oxygen-rich and instable to be used as liquid fuels as such. In fact, their heating value is usually quite
low in agreement with their high oxygen content and the two values are correlated inversely [*].
This is in particular true for slow pyrolysis oils produced at moderate or low temperatures, which
are actually rich in oxygenated compounds and poor in hydrocarbons. However, taking into account
that they can be considered as byproducts of paper (or bioethanol) and biochar production, they can
be used as low-value but cheap and renewable fractions to be mixed with mineral gasoils or heavy
oils, e.g. in bunker oils for shipping.

Catalytic hydrodeoxygenation of lignin pyrolysis oils to hydrocarbon rich-fractions. Upgrading
of lignin pyrolysis oils may be realized by catalytic cracking and catalytic hydrodeoxygenaton [>vi].
Catalytic cracking is mostly realized with medium or large pore acid zeolite catalysts such as H-ZSM-
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5, H-Beta and H-Faujasite. These microporous materials give rise to shape selective catalysis,
catalyzing the cracking of aliphatic chains but also of the methoxy-groups finally producing mainly
toluene, xylenes and also naphthalene. Using catalytic hydrodeoxygenation [evii,ewili] performed at
250-400 °C under hydrogen 1-20 Mpa in the presence of metal catalysts, usually Pt, Pd, Rh, Ru or Ni
supported on oxide carriers such as alumina, silica, titania and zirconia, or on acid zeolites such as
H-ZSM5, H-beta and HY. As an alternative, hydrotreating sulphide catalysts, such as Co-Mo
sulphides, can also be used. Bio-oil upgrading catalysts also tend to deactivate by coking, thus
regeneration steps are needed [**]. On the other hand, coking is mainly related to the presence of
heavy molecules in the bio-oil [**]. Thus, prevous distillation or extraction steps to produce
fractions pure from heavy molecules can be helpful to produce biofuel by hydrodeoxygenation.
Hydrotreatments of lignin bio-oil fractions can also be focused on the production of particular classes
of compounds such as e.g. cyclohexanols [**] useful, e.g. for renewable nylon 6,6 production.

Steam reforming of lignin pyrolysis oils. Steam reforming processes to produce hydrogen can
applied to several biomass-derived substances [ i ]including biomass-pyrolysis oil [ owii, exiv],
Renewable hydrogen-rich syngas can be obtained using Ni-based catalysts in particular if CO:z is
captured on basic oxides [*].

Application as anti-knocking agent in gasoline blends. Individual compounds or full guiacols
fractions could be applied as renewable anti-knocking additives in gasolines [xcviii].

5. Conclusions

The data summarized and discussed above show that technical lignin slow pyrolysis processes
could represent useful technologies to convert waste and hardly treatable biomass to useful products.
In fact, it seems likely that the production of cellulose-based plastic materials and paper itself will be
increased in the near future to provide biodegradable materials to substitute for non-biodegradable
petrochemical plastics. It is also likely that the production of bioethanol, both as a fuel and as a
platform chemical for the production of a large number of industrial products will also increase
considerably. These technologies may led to the coproduction of technical lignins in higher amounts.
The lignin slow pyrolysis process can be a good choice to valorise such a byproduct producing very
useful materials.

water methanol, acetic acid,
water soluble organics

bio-oil
lights  guiacolsrich
fraction

lignin

clean
pyrolysis gas

biochar

heavies and individual
hydrocarbons compounds

Figure 4. Possible flowsheet of a slow lignin pyrolysis process. 1 — Pyrolysis reactor; 2- Burner; 3-
Phase separation drum; 4 — Pyrolysis gas desulphurization by adsorption on activated carbons; 5 —
Solvent extraction of organics from water fraction; 6 — solvent extraction of oxygenated organics from
crude bio-oil; 7 — distillation; 8- column chromatography.

In fact, the production and use of plant-derived carbon materials (biochar) can represent an
optimal way to replace coal-derived carbon materials, such as coke as a solid fuel as well as a reducing
agent in metallurgy, thus obtaining de-fossilization of technologies with reduction of fossil-derived
carbon oxides emissions, as well as to produce filler for rubbers and catalytic and adsorption
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materials. Additionally, the coproduction of complex organic molecules such as pharmaceuticals,
which today are produced from oil-derived chemical intermediates, starting from vegetable matter,
is also becoming more and more appealing.

Pyrolysis of technical lignin, coproducts of cellulose-based materials, may become a common
technology to produce useful products. A tentative flowsheet for the process is reported in Figure 4.
At moderately high temperature, the solid product from lignin pyrolysis is a carbon-rich material
(biochar) with high heating value, potentially useful as a solid fuel and as a reductant in metallurgy
and steelmaking. Simultaneously, significant amounts of bio-oils rich in guaiacols and similar
compounds are produced, that have a market in different fields such as pharmacology, polymer
industry, food chemistry, etc.,. Technologies for recovery and purification of single molecules from
bio-oils are under development. The endothermicity of the process can be provided by burning the
evolved gases. It seems that a slow pyrolysis process can actually represent a useful process to convert
lignin to several valuable products, to be integrated together with cellulose-based chemicals
manufacturing processes (bioethanol, bioplastics) into biomass-based biorefinery processes.
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