SCCER BIOSWEET - THE Swiss ComMPETENCE CENTER FOR ENERGY RESEARCH ON BIOENERGY

597

CHIMIA 2015, 69, No. 10

doi:10.2533/chimia.2015.597

Chimia 69 (2015) 597-602 © Schweizerische Chemische Gesellschaft

Chemicals from Lignin by Catalytic
Fast Pyrolysis, from Product Control to
Reaction Mechanism
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Abstract: Conversion of lignin into renewable and value-added chemicals by thermal processes, especially
pyrolysis, receives great attention. The products may serve as feedstock for chemicals and fuels and contribute
to the development of a sustainable society. However, the application of lignin conversion is limited by the low
selectivity from lignin to the desired products. The opportunities for catalysis to selectively convert lignin into
useful chemicals by catalytic fast pyrolysis and our efforts to elucidate the mechanism of lignin pyrolysis are
discussed. Possible research directions will be identified.
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1. Introduction

Due to the worldwide demand for re-
newable energy, lignocellulosic biomass
is becoming more and more attractive as
feedstock for the production of fuels and
commodity chemicals.[l It is the most
abundant and inexpensive sustainable
source of carbon, and consists of three main
components: lignin, cellulose and hemicel-
lulose.!? Lignin is the third main compo-
nent, which constitutes ~40% by energy
and ~15-30% by weight of the biomass.
It has received relatively little attention
compared to the other components in bio-
mass with regard to its utility, because lig-
nin depolymerization with selective bond
cleavage remains a major challenge for
selectively converting it into liquid hydro-
carbons and other value-added chemicals.
Furthermore, lignin produces more coke/
char than cellulose and hemicellulose.P!
The use of catalysts may overcome these
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problems and thus provide a solution for
lignin conversion to valuable chemicals.
Recently, several reviews have been pub-
lished with regard to the catalytic conver-
sion of lignin in particular.3¢# Different
strategies have been proposed, including
non-catalytic  pyrolysis,®  liquid-phase
catalytic processing,ll catalytic fast py-
rolysis over acidic zeolites,[”! and catalytic
conversion over transition metal oxides!®!
and supported transition metal catalysts.[!

In this overview, the opportunities of
catalysis for tuning the selectivity for lignin
conversion by catalytic fast pyrolysis over
different catalysts, such as zeolites, transi-
tion metal oxides, and supported transition
metals, will be discussed. The objective is
to demonstrate the ability to control the se-
lectivity to specific value-added products
and to give an overview of catalytic fast
pyrolysis of lignin over these catalysts. In
addition, we believe that understanding of
the complex mechanisms that occur during
(catalytic) fast pyrolysis is essential to ad-
vance development beyond trial and error.

2. Catalytic Fast Pyrolysis of Lignin

2.1 Zeolite Catalysts

For lignin catalytic fast pyrolysis over
zeolite catalysts, a high catalyst/biomass
ratio is required to avoid rapid deactiva-
tion of the zeolite catalysts.!'P-101 Brgnsted
acid sites are capable of deoxygenation
of the highly oxygenated intermediates
formed during pyrolysis. Various studies
determined the roles of concentration of
acid sites and the pore structure.’d! Fig. 1
shows typical results of catalytic and non-
catalytic lignin pyrolysis. The solid phase
consisted mainly of char/coke, and the gas

phase of carbon monoxide, carbon dioxide,
and methane. The liquid product contains
different organic and inorganic compounds
and water (detail of the product analysis in
ref. [7d]). In the case of zeolite as a cata-
lyst, char is the main solid product dur-
ing fast pyrolysis.['!l The composition of
liquid products by catalytic fast pyrolysis
strongly depended on the presence of acid
sites. Zeolites, such as H-ZSM5, converted
alkoxy aromatics and alkoxy phenols into
aromatics and phenol through dealkoxyl-
ation. Phenols were not easily further de-
oxygenated, and they were only converted
over zeolites with a high number of acid
sites. These transformations are acid cat-
alyzed and do not occur over non-acidic
catalyst, such as silicalite. On an acid site,
dehydration of phenol occurs, resulting in
the formation of water and a benzenium
ion on the zeolite, which might rapidly re-
act further via hydride transfer. As a result,
aromatics such as benzene, toluene, xylene
(BTX), and naphthalene are formed as the
main aromatic compounds. In addition,
acid zeolites are reported as active in con-
version of olefin to aromatics.[3121 Thus, by
tuning the nature and amount of the active
sites in the catalysts, the selectivity and the
yield can be partially controlled.

No significant influence on the liquid
yield and product distribution was observed
with non-porous, non-acidic SiC com-
pared to that of pyrolysis in the absence of
a catalyst (‘without’ in Fig. 1). The liquid
yield increased to above 50 wt.% and the
yield of solid decreased to about 35 wt.%
(Fig. 1a) over porous catalysts without acid
sites such as Na-ZSM5(25) and silicalite.
However, similar liquid product distribu-
tion as in the non-catalytic pyrolysis was
observed: phenol alkoxy was the main
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Fig. 1. The effect of acidity and pore structure on yield and product distribution during lignin fast pyrolysis at 80 wt.% of catalyst loading. a) Yield of
solid, liquid, and gas, wt.%; b) composition of liquid fraction, based on relative peak area. With permission of Elsevier from ref. [7d].

component (Fig. 1b). Secondary catalytic
conversion of phenol alkoxys into phenols
and aromatic hydrocarbons was prevented
with a catalyst lacking acid function, and
the initially formed products were also pre-
vented from secondary reactions to form
the coke/char. In the case of catalyst with
merely acid sites without zeolite cages,
such as amorphous silica alumina (ASA),
no such stabilization occurred. Due to acid
sites present in the catalysts, phenol and
aromatic hydrocarbons were formed from
the intermediates by catalytic transforma-
tion, thus the yield of liquid increased and
the yield of solid decreased. The differ-
ence between each ZSM5 catalyst is the
acidity, indicated by the Si to Al ratio in
the brackets. The gradual introduction of
more acid sites into H-ZSMS5 caused a
systematic, increased selectivity to deoxy-
genated products. H-ZSMS5 with low Si to
Al ratio, such as 25 or 15, was effective
in the selective deoxygenation of oxygen
containing organic molecules, resulting in
the formation of aromatics.!'3! The amount
of phenols showed a maximum with a
catalyst at intermediate Si/Al ratio of 55.
Therefore, the selectivity to the final prod-
uct can be tuned by changing the number
and the strength of acid sites in the cata-
lysts. Low Si/Al ratio (high number of acid
sites and strength) favors the formation of
aromatic hydrocarbons; while high Si/Al
ratio shows little effect on the product dis-
tribution compared to that without catalyst
and with non-acidic catalyst. Phenols are
the intermediate products and are obtained
with high percentage over medium Si/Al
ratio. Not only the number of sites, but also
the pore size of the catalyst influenced the
yield of liquid. The high yield of liquid was
obtained with a large pore size catalyst, as

shown by zeolites with decreasing pore
sizes: H-USY (7.4 A) > H-beta (6.6 A) >
H-ZSM5 (5.5A) in Fig. 1. The majority of
the aromatic product was obtained inside
the zeolite pores of the medium and large
pore zeolites.['4 It is likely that the large
pore opening in H-USY (Fig. 1a) enables
adsorption and thus reaction of the larger
molecules, preventing their secondary con-
version and char formation. Conversion
over small pore zeolites is likely caused by
adsorption on the surface or partial enter-
ing of the pores so catalytic conversion oc-
curs. Overall, acid sites yielded increasing
fraction of liquid product, which primar-
ily consisted of aromatic hydrocarbons.
A liquid yield of over 70 wt.% was
achieved over the H-USY zeolite, which
mainly consisted of benzene, xylenes, and
toluene (Fig. 1).

2.2 Metal Oxide Catalysts

Metal oxides have been widely studied
for hydrodeoxygenation (HDO) of bio-oils
and they exhibited excellent activity and
selectivity.[15] Fig. 2 shows the yields of
solid, liquid, and gas during catalytic fast
pyrolysis of lignin over transition metal
oxides. The yields of solids increased over
nickel oxide and iron oxide catalysts, com-
pared to pyrolysis without catalyst (Fig.
2a). The yield of the solid was slightly re-
duced and the yield of liquid increased over
manganese oxide, cobalt oxide and copper
oxide, except for molybdenum oxide. Over
this catalyst, a large amount of gas was
produced, which mainly consists of car-
bon dioxide. Low yield of liquid was ob-
tained in the presence of iron oxide, which
was due to the inhibition of decomposi-
tion reaction of organic compounds.[!%al
Fig. 2b shows the liquid products distri-

bution over these metal oxide catalysts.
Phenol alkoxys were the main products
over transition metal oxides. This prod-
uct distribution is similar to that without
a catalyst, with the exception of cobalt
oxide, which is a deoxygenation catalyst,
producing ~30% of aromatic hydrocar-
bon alkoxy and ~30% phenols alkoxy. A
similar liquid products distribution was
obtained over iron oxide and manganese
oxide compared to those without a cata-
lyst (Fig. 2b), suggesting these catalysts
are not active for catalytic fast pyrolysis of
lignin; the highest amount of 2-methoxy
phenol is produced over nickel oxide; on
the contrary, more vanillin (over 30%) than
2-methoxy phenol and phenols is produced
over copper oxide and molybdenum oxide.
A selective extraction would be a signifi-
cant gain in value from economical point
of view. Cobalt oxide is active for the pro-
duction of aromatic alkoxy hydrocarbons,
such as 1,3-benzodioxole, 3,4-dimethoxy
benzene and toluene, and for the reduction
of phenol and alkoxy phenol.

2.3 Zeolite-supported Metal
Catalysts

Fig. 3 shows the results of catalytic fast
pyrolysis over zeolite-supported transition
metals. The yield of solid decreased, that
of liquid increased, while the yield of gas
remained the same compared to yields
obtained without catalyst. The large sur-
face area and pore volume of the zeolite
helps stabilize intermediates, increasing
the liquid fraction, as shown above.[7d]
In the presence of the zeolite-supported
catalysts, the liquid products distribution
changed drastically (Fig. 3b). Aromatic
hydrocarbons, phenols, and phenols alk-
oxy were produced with similar yield over
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Fig. 2. The effect of transition metals on yield and product distribution during lignin fast pyrolysis at 80 wt.% of catalyst loading. a) Yield of solid, lig-
uid, and gas, wt.%; b) composition of liquid fraction, based on relative peak area. With permission of the Royal Society of Chemistry from ref. [16].

supported molybdenum and iron oxides
catalysts; each around 30%. The metal
ions probably interacted with the acid sites
during preparation of the zeolite-supported
catalyst by impregnation, which caused the
decrease of the number of acid sites. The
catalysts after impregnation were obtained
in lowered acidic activity, because the acid
site is the active site to produce aromatic
hydrocarbons from biomass by fast pyrol-
ysis.[b.7¢7d.8.17] For supported manganese,
copper, nickel, and cobalt catalysts, partial
loss of acid sites was observed. However,
the aromatic hydrocarbons remain as the
main products, and a small amount of

phenols alkoxy is also present. Significant
amounts of aromatic hydrocarbons are also
produced over supported nickel and cobalt
catalyst, even on the sodium-form zeolite;
clearly, these two metals catalyze the for-
mation of aromatic hydrocarbons under
the pyrolysis conditions.

Scheme 1 shows a general reaction
scheme for lignin non-catalytic and cata-
Iytic fast pyrolysis. It identifies the role
of catalysis and the partial control of the
selectivity to the final products. The most
abundant compounds in the liquid frac-
tion over different catalysts are indicated.
Under non-catalytic fast pyrolysis condi-

tions, lignin decomposes under heat and
generates depolymerization products, fol-
lowing a radical reaction mechanism.[!8]
These radicals are highly reactive and can
rapidly repolymerize to form undesired
solid or be stabilized to form stable prod-
ucts, such as phenols alkoxy and phenols.
Over transition metal oxides, alkoxy phe-
nols are the main products, however, the
relative ratio between oxygenated com-
pounds varies significantly. Over zeolite-
supported cobalt and nickel catalysts, the
formation of aromatic hydrocarbons is en-
hanced.!'%I The intermediates are stabilized
by adsorption in the pores in the presence
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Fig. 3. The effect of zeolite-supported transition metals on yield and product distribution during lignin fast pyrolysis at 80 wt.% of catalyst loading.
a) Yield of solid, liquid, and gas, wt.%; b) composition of liquid fraction, based on relative peak area. With permission of the Royal Society of

Chemistry from ref. [16].
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Scheme 1. Selectivity to most abundant liquid products of lignin non-catalytic/catalytic fast pyrolysis (number in parentheses) are the yields based
on peak area in GC/MS. With permission of the Royal Society of Chemistry from ref. [16].

of porous materials without acidic func-
tion, such as silicalite, thus increasing the
yield of liquid without changing the lig-
uid products distribution. In the presence
of strong acidic zeolites, such as H-USY
and H-ZSMS5 with low Si to Al ratio, com-
plex reactions are involved, such as de-
hydration, decarboxylation, dealkylation,
cracking, isomerization, oligomerization,
etc. Aromatic hydrocarbons are the final
products of such transformations.[7d:8:10a]
Phenols are intermediate products, the
amount of which can be controlled to some
extent by modification of the acid function
and by introduction of transition metals,
such as molybdenum and iron into the
acidic zeolites.

3. Fast Pyrolysis Chemistry

A fundamental understanding of the
properties of lignin and the chemistry
of the reactions taking place during py-
rolysis is essential to rationally design or
optimize the process and the catalyst.
However, pyrolysis follows a complex
multi-reaction radical mechanism and lig-
ninisavery complex polymer withirregular
structure.3] Moreover, to gain meaningful

results in sifu observation of the pyrolysis
reactions at high temperatures is necessary
but not trivial to perform. Reactive radicals
are formed by the thermal dissociation of
chemical bonds within the lignin polymer.
The recombination of these radicals can
lead to new compounds and eventually tar,
resulting in low yield of the desired py-
rolysis products. To gain insight into what
radicals form during pyrolysis, ex situ and
in situ electron paramagnetic resonance
spectroscopy (EPR) was applied. Ex situ
EPR measurements of radicals in pyrolytic
chars indicated that radicals started to form
at temperatures around 300 °C as shown
in Fig. 4.

Fig. 4 shows the result of in situ EPR
measurements of poplar (hardwood) and
pine (softwood) Klason lignins pyroly-
sis at high temperature, which indicated
that the radical formation under pyrolytic
conditions started between 250 °C and
350 °C.I1 About 6-10' radicals/g are
present in wood corresponding to about
2 to 3-10" radicals/g in the lignin fraction
before pyrolysis.[20] Klason and Dioxan
extraction of the lignin preserves this radi-
cal concentration, whereas the Organosolv
process that takes place at 200 °C leads to
an about tenfold increase in radical concen-

tration.[91 By high-field EPR spectroscopy
it could be shown that these stable radicals
existing before pyrolysis are most likely
ortho-semiquinone radicals in different
states with the speciation depending on
the pH value during extraction. Speciation
can also be changed after extraction by
treatment with acids or bases. Under py-
rolysis, significant differences in the radi-
cal formation were observed for hardwood
lignin, which contains large amounts of
syringyl units (dimethoxy-phenols), and
softwood-based lignin, which almost
exclusively contains guaiacyl units (me-
thoxy-phenols).l'9! Syringyl-derived radi-
cals seem to be more stable and undergo
fewer recombination reactions. Therefore
hardwood lignin pyrolysis typically yields
less char.l'%1 By EPR investigations of the
gas phase, Kibet ef al. showed that vola-
tile radical fragments with low molecular
weight were formed during pyrolysis.2!1
These radicals can end up in the condensed
pyrolysis products and may influence their
stability. A recent study by Kim er al
showed that the majority of radicals con-
tained in pyrolysis oil from wood are the
products of lignin pyrolysis.?2l However,
it seems that those radicals are stable and
do not influence the stability of the liquid
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obtained after pyrolysis towards repoly-
merization, at least on the short term.

Catalytic/non-catalytic pyrolysis of
lignin comprises a very complex set of re-
actions due to the wide variety of bonds
and monomers in the lignin matrix.23
The primary depolymerization process is
not dominated with any catalyst, but by
the radical formation in the lignin poly-
mer upon pyrolysis and recombination of
intermediates and radicals. An additional
difficulty is that the structure and compo-
sition of lignin is highly dependent on the
origin and the isolation methods applied.
Therefore, model compounds of increas-
ing complexity were used and their de-
composition was studied to determine the
mechanisms and dominant reactions dur-
ing depolymerization under various condi-
tions.[1920.241 Scheme 2 shows the pyrolysis
of model compounds under high-vacuum
conditions. By applying imaging photo-
electron photoion coincidence (iPEPICO)
spectroscopy with vacuum ultraviolet
(VUV) synchrotron radiation, we are able
to isomer-selectively detect reactive inter-
mediates and determine the decomposition
mechanism of lignin model compounds
while suppressing secondary reactions of
the radicals.[?5] These results are compared
to those of fast pyrolysis at ambient pres-
sure in a py-GC/MS setup.

Fig. 4 shows the reaction mechanism
and detected products of model com-
pounds under different pyrolysis con-
ditions. Guaiacol is a prominent lignin
model compound and thoroughly studied
in literature.(2426] Radicals are formed by
homolytic fission of the weakest bond fol-
lowed by decarbonylation.[26>27] However,
as soon as there are other radicals pres-
ent, hydrogen radicals are abstracted
and rearrangement reactions become
dominant.[24281 Diphenyl ether, a model
substance for the o-O-4 ether bond in
lignin, directly forms phenyl- and phe-
noxy-radicals, which recombine easily
leading to char formation, in contrast to

guaiacol. In a radical-rich environment,
diphenylether rather recombines due to
the unstable nature of the intermediates.
As soon as a methoxy group is attached to
diphenylether, there are no recombination
reactions anymore, but the intermediate is
stabilized by hydrogen abstraction/addi-
tion and even rearrangement including a
1,2-phenyl shift. These pressure and tem-
perature reaction patterns are well repre-
sented in actual lignin pyrolysis. Several
lignins show a similar trend, such as hard-
wood lignin (poplar) and softwood lignin
(pine). Since hardwoods contain more sy-
ringyl-subunits (dimethoxy-phenols), they
form more monomers upon pyrolysis: on
the one hand the formed radicals are less
prone to recombination and more stable
(as is guaiacol compared to DPE); on the
other hand hardwoods contain fewer C—C
bonds, which are thermally more stable and

increase char formation.??! Hardwoods
produce more ketones and aldehydes at
low temperature (<550 °C) and fewer phe-
nols at high temperatures than softwoods
(Fig. 4).

4. Outlook

4.1 Catalysts

Generally, the selectivity varies strong-
ly with the type of lignin and reaction con-
ditions (Fig. 1b, 2b, 3b, and Scheme 1),
which poses many challenges. In situ EPR
measurements and model compounds
studies (Fig. 4 and Scheme 2) reveal that
there are two main decomposition routes:
first, the homolytic fission of the weakest
bond-forming radicals and, second, the
radical initiation leading to different radi-
cals, which further rearrange or recombine

Most abundant
compounds at 300 °C

poplar
«  pine

OH

OH

poplar

Most abundant
compounds at 500 °C

OH
OH
OH
OH
i 0

pine

%\

poplar

~

\

Fig. 4. Normalized radical concentration of poplar (hardwood) and pine (softwood) Klason lignin
during pyrolysis and the most abundant stable organic compounds at 300 and 500 °C. With per-

mission of Wiley-VCH from ref. [19].
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depending on the nature of the radicals.
The most relevant reaction step in lignin
pyrolysis is therefore the primary radical
formation, which then initiates further re-
actions. If stabilization of these primary
intermediates in lignin were possible, the
product selectivity of lignin could be tuned
towards much more desired chemicals with
the help of catalysis. The results indicate
that there is significant potential to con-
trol the selectivity by variation of catalysts
and reaction conditions using additives.
Multifunctionality of the catalyst is re-
quired for this process. Firstly, the catalyst
should be able to activate the initial pyroly-
sis products, especially oxygen-containing
molecules. Secondly, the catalyst must
show a high selectivity to target products,
which can significantly reduce the cost of
further separation/purification processes.
Furthermore, the catalysts should be sta-
ble under the reaction conditions and for
long-time operation, which can reduce the
cost of the catalyst itself.[100.30] Besides the
development of new catalysts, research
should focus on the understanding of the
reaction mechanism and designing a new
catalytic system. It is a great challenge to
meet the requirements for the development
of new catalysts and catalytic systems, but
the opportunities for tuning the selectiv-
ity during lignin catalytic fast pyrolysis
are also great. Because of the structural
complexity of lignin, it makes no sense to
aim at reaching complete selectivity. There
is significant potential to further increase
yields to specific classes of products, such
as phenols and aromatics.

4.2 Engineering

There are large differences in products
between vacuum pyrolysis and ambient
pyrolysis. Thus, process conditions (dis)
favoring secondary bimolecular reactions
may be used as a tool to control the re-
actions. The pressure plays an important
role in this process, so far, virtually all the
studies employ standard conditions, such
as pyrolysis under ambient pressure in
small reactors. Therefore, significant ef-
forts should be devoted to the engineering
aspects of the process.
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