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Abstract Biomass pyrolysis oil has been reported as a po-
tential renewable biofuel precursor. Although several review
articles focusing on lignocellulose pyrolysis can be found, the
one that particularly focus on lignin pyrolysis is still not
available in literature. Lignin is the second most abundant
biomass component and the primary renewable aromatic re-
source in nature. The pyrolysis chemistry and mechanism of
lignin are significantly different from pyrolysis of cellulose or
entire biomass. Therefore, different from other review articles
in the field, this review particularly focuses on the recent
developments in lignin pyrolysis chemistry, mechanism, cat-
alysts, and the upgrading of the bio-oil from lignin pyrolysis.
Although bio-oil production from pyrolysis of biomass has
been proven on commercial scale and is a very promising
option for production of renewable chemicals and fuels, there
are still several drawbacks that have not been solved. The
components of biomass pyrolysis oils are very complicated
and related to the properties of bio-oil. In this review article,
the details about pyrolysis oil components particularly those
from lignin pyrolysis processes will be discussed first. Due to
the poor physical and chemical property, the lignin pyrolysis
oil has to be upgraded before usage. The most common
method of upgrading bio-oil is hydrotreating. Catalysts have
been widely used in petroleum industry for pyrolysis bio-oil
upgrading. In this review paper, the mechanism of the
hydrodeoxygenation reaction between the model compounds
and catalysts will be discussed and the effects of the reaction
condition will be summarized.

Keywords Lignin . Pyrolysis . Catalyst . Oil upgrade .

Hydrodeoxygenation . Biofuel

Introduction

The US Department of Agriculture and US Department of
Energy established a vision to derive 25 % of chemicals and
materials and 20 % of transportation fuels from biomass by
2030 [1]. Domestic energy consumption is continuing to
expand and further resources will need to be tapped in the
future to accommodate growth and expansion while reduc-
ing the exploitation of dead dinosaur fuel. There are many
highlights in the United States alone for the consumption of
energy including [2, 3]:

& Domestic energy consumption has increased by 28 %
since 1973 from 75 to 97 quadrillion Btu of energy with
a large percentage (28 % in 2010) of energy used for the
transportation sector.

& Annual energy consumption from renewable resources
is on pace to double from the year 2001 to 2012.

& Renewable energies now contribute more energy to
domestic consumption than that of nuclear electric
power.

& Annual consumption of fuel ethanol has more than tri-
pled between 2005 and 2011 while biodiesel is on pace
to more than double in 2012 over the previous year.

The remarkable growth in renewable transportation fuels
in the USA is being realized due to changes in economic and
political policies as well as changing consumer demand.
Politicians are quick to throw out buzz phrases and tout
national security concerns for the impetus to increase alter-
native fuels production, even though we import 33 % less
petroleum from OPEC countries than non-OPEC countries
[2]. Environmentalists and scientists make the argument to
reduce carbon emissions which have been shown to con-
tribute to global warming and cause changes to farming
practices [4–9].
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There is a vast potential supply of sustainable renewable
biomass from forest and agricultural lands throughout the
world. The United States alone has the ability to provide more
than 1.3 billion dry tons annually to supply bio-refineries [10].
Therefore, it is imperative that efforts are contributed towards
advancing the science of converting renewable materials such
as trees into other useful products such as fuels, specialty
chemicals, and plastics. Parikka claimed the sustainable global
biomass energy potential is ∼1020J per year (∼9.478E16 Btu
per year) and ∼40 % was being used [11]. It is also imperative
that all fractions of the tree be used for the highest value
products obtainable for that specific fraction. There has been
a great deal of research with turning cellulose and hemicellu-
lose into ethanol, while lignin has been utilized predominately
as an agricultural waste for the production of steam to run the
process. However, lignins’ unique structure is well suited for
specialty chemicals and high-value fuels.

Biomass represents a renewable and carbon-neutral re-
source for the production of bio-fuels and bio-chemicals.
Generally, biomasses contain around 35–50 % of cellulose
which is a polymer of β-(1,4)-glucan with a degree of
polymerization of ∼300–15,000, 25–30 % of hemicellulose
which is a short-chain branched and substituted polymer of
sugars with a degree of polymerization of ∼70–200 and
another 15–30 % of lignin which is a polymer derived from
coniferyl, coumaryl, and sinapyl alcohol [12]. Pyrolysis is a
thermochemical conversion process which could break
down the biomass using heat in the absence of oxygen
[13]. The products are in gas, liquid, and solid form. The
solid form products are mainly recognized as char with high
energy [14]. However, it is not a preferred as the liquid
product. The liquid product of pyrolysis of biomass—pyrol-
ysis oils are dark brown liquids which are comprised of
hundreds of highly oxygenated organic compounds [14].

As the second most abundant biomass component and the
primary renewable aromatic resource in nature, lignin, how-
ever, has received much less attention than plant polysac-
charides as a resource for biofuels. Among the various
conversion technologies being investigated, pyrolysis has
been reported as one of the economic ways (i.e., low capital
and operating costs) to utilize biomass for bio-fuels and bio-
chemicals [15]. The pyrolysis of lignin yielding low-
molecular weight compounds has been examined for the
past 50 years. The lignin pyrolysis products are complicat-
ed. To fully understand the lignin pyrolysis process and
develop more effective pyrolysis technology, new analysis
methods for characterization of the lignin pyrolysis products
have been developed recently. This review will summarize
the new developments in lignin pyrolysis, including the new
methods for analyzing the lignin pyrolysis products, the
composition of lignin pyrolysis oil, upgrading the oil and
mechanism study of lignin pyrolysis oil upgrading using
model compounds.

Gas Products of Pyrolysis of Lignin

From the 1980s to the early 2000s, many lignin pyrolysis
researches focused on the gas products [16–22]. Some major
gas components reported in the literature have been sum-
marized in Table 1. Carbon monoxide and carbon dioxides
are the top two most abundant components in the gas phase
of pyrolysis of lignin. Normally, more than half percentages
of gas products are these two components [16–21]. Methane
has also been reported as another major gas component and
the yield could be up to ∼5 wt.% of dry lignin [16, 17].
Methane, carbon monoxide, and carbon dioxides were
found to increase in yield as the reactor temperature in-
creased from 773 to 1,173 K [17, 18, 21, 22]. Nevertheless,
the content of methane decrease at a higher heating rate [19].
Most interestingly, Ferdous et al. [19, 20] indicated that
pyrolysis of lignin also produce ∼25 mol% of H2 in the
gas phase and the content significantly increased with in-
creasing thermal conversion temperature. It is well known
that H2 and CO are the major components of syngas which
could be used to produce synthetic petroleum, whereas the
gas products of pyrolysis of lignin could also be used as
syngas. The possible major gas production pathways are
summarized in Fig. 1.

Solid Products of Pyrolysis of Lignin

In the literature there are considerable works have been done
on the characterization of volatile products (including gas
and tar) produced from pyrolysis of lignin; however, there is
very limited information on the other important product—
char. It has been reported that char has a condensed aromatic
structure and reserve up to 50 % of energy from starting
biomass [23]. Sharma et al. [24, 25] has done very detailed
characterization of lignin char by SEM, FTIR, and CPMAS
13C NMR. The char yield decreased from ∼80 to ∼40 wt.%
of lignin as the pyrolysis temperature increased from 523 to
1,023 K. The authors also indicated that based on FTIR and
NMR results the cleavages of aliphatic OH, carboxyl, and
methoxyl groups have been improved at higher pyrolysis
temperature. As a result, both H/C and O/C ratios decreased
at a higher thermal treatment temperature, which represents
a condensed aromatic structure. Hosoya et al. [26] have
investigated the influence of methoxyl group in char forma-
tion from lignin model compounds by GC-MS analysis.
They indicated that methoxyl groups are one of the neces-
sary requirements for the char formation during lignin py-
rolysis process. In addition, o-quinone methide was found to
be an important intermediate during lignin char formation
process. Chu et al. [27] examined the pyrolytic behavior of a
β-O-4 type lignin model polymer at 523–823 K and char-
acterized the products by TGA, FTIR, GPC, GC-MS, 1H,
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and 13C NMR. The authors proposed some possible reaction
mechanisms of pyrolysis of lignin model polymer and indi-
cated that the formation of char was due to polymerization
of small radical species and the elimination of side func-
tional groups including hydroxyl and methoxyl groups will
terminate the polymerization and finally form the char. The
possible char formation pathways are summarized in Fig. 1.

Liquid Products of Pyrolysis of Lignin

GC-MS Analysis of Lignin Pyrolysis Oil

Most of pyrolysis works employed GC-MS to analyze the
liquid pyrolysis products [28–44]. By using pyrolysis(Py)-
GC-MS, Jimenez et al. [44] indicated that softwood lignins
yielded guaiacyl derivatives, coniferaldehyde, and coniferyl
alcohol as the major products; hardwood lignins gave guaiacyl
and syringyl derivatives, syringaldehyde, coniferyl alcohol,
and sinapyl alcohol. Pyrolysis of bamboo lignin produced p-
vinylphenol as the major compound. Similarly, Jiang et al.
[32] also used Py-GC-MS to analyze pyrolysis products of

lignin over a temperature range of 673–1,073 K and indicated
that the maximum yield of phenolic compounds was obtained
at 873 K. Most of the phenolic compounds had an individual
yield of less than 1 wt.% of lignin on a dry-ash-free basis.
Greenwood et al. [39] pyrolyzed Douglas fir and Quercus
nigra water oak lignin in a laser micropyrolysis-GC-MS sys-
tem. They found that guaiacol, 4-methyl-guaiacol,
vinylguaiacol, eugenol, vanillin, and coniferylaldehyde are
the major components in the pyrolysis oil produced from
Douglas fir lignin. For theQ. nigra water oak lignin pyrolysis
oil, guaiacol, 4-methyl-guaiacol, vinylguaiacol, syringol, eu-
genol, 3,5-dimethoxyacetophenone, 4-methyl 2,5-dimethoxy
benzaldehyde, 4-allyl-dimethoxylphenol, syringaldehyde,
2,6-dimethoxyl-2-propylphenol, and sinapaldehyde are found
as the major components. Jegers et al. [41] also indicated that
guaiacol, 4-methylguaiacol, 4-ethylguaiacol, catechol, 4-
methylcatechol, 4-ethylcatechol, phenol, cresol, and 4-
ethylphenol are the major products of pyrolysis of lignin. As
the most abundant products, the content of guaiacol and 4-
methylguaiacol are ∼5.3 wt.% of dry lignin. Lou et al. [34]
examined the effect of temperature on the composition of
pyrolysis products and indicated that the contents of methoxyl

Table 1 Reported major gas products of pyrolysis of lignin

Major gas components of pyrolysis of lignina

CH4 [16–22] C2H4 [16–18, 21, 22] C2H6 [16–18, 21, 22] C3H6 [16–18, 21, 22] C4H8 [16–18, 21, 22]

CO [16–22] CO2 [16–21] H2[19, 20] HCHO [16, 18, 22] CH3CHO [16–18, 22]

a The pyrolysis temperatures are from 573–1,273 K and lignins are isolated from both softwood and hardwood by kraft and ethanol-based pulping
process

Fig. 1 The possible
decomposition pathways of
lignin during the pyrolysis [27,
140–146]
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contained components such as guaiacol, 4-methylguaiacol, 4-
vinylguaiacol, and syringol decreased at higher pyrolysis tem-
perature. In contrast, the contents of non-methoxyl contained
compounds, like cresols, ethyl-phenol, and 2, 6-dimethyl-
phenol increased with increasing treatment temperature.

To understand the possible decomposition pathways
of lignin during the pyrolysis process and to find an
effective upgrading method, many researchers choose to
use pyrolysis oil model compounds to simplify the
simulation model. To facilitate this part of work, in
Table 2, we summarized the GC-MS detected compo-
nents in the lignin pyrolysis oils reported from seven
literatures [32, 38–43]. There are approximately a hundred
compounds in Table 2 and almost all of them contain a phenol
structure. Furthermore, phenol, acetovanillone, cresols,
guaiacol, 4-ethylphenol, syringaldehyde, acetosyringone,
4-methylguaiacol, catechol, 3-methylcatechol, 4-
methylguaiacol, 4-vinylguaiacol, vanillin, syringol, euge-
nol, isoeugenol, and acetovanillone have been reported
in more than four references and many of them also could
be found in other references [30, 33–35, 37]. Therefore, these
components could be used as potential candidates for the
model compounds study about pyrolysis of lignin. A summa-
ry of lignin pyrolysis conditions and the yield of pyrolysis
products are shown in Table 3. The possible decomposition
pathways are shown in Fig. 1.

FTIR Analysis of Lignin Pyrolysis Oil

Most compounds in the Table 2 have a molecular weight
below 220 g/mol. However, some researchers have detected
the average molecular weight of lignin pyrolysis oil by GPC
and reported that the molecular weights are from 210 to
1,300 g/mol [45–47]. Due to the limitation of volatility of
high molecular weight components in the pyrolysis oil, it
has been indicated that there are only about 40 % of pyrol-
ysis oil that could be detected by GC [14]. Therefore, many
researchers also try to find alternative characterization meth-
od which could analyze the whole portion of pyrolysis oil,
such as FTIR [43, 48–53]. Liu et al. [50] did a mechanistic
study of hardwood and softwood lignin pyrolysis using a
thermogravimetric analyzer coupled with a Fourier trans-
form infrared spectrometry (TG-FTIR). They indicated that
lignin undergoes three consecutive sets of reactions during
pyrolysis including the evaporation of water, the formation
of primary volatiles and the release of small molecular
gases. At first, the absorbed water is released by evapora-
tion, and then at a higher temperature (above 373 K) water is
generated by the dehydration of lignin aliphatic hydroxyl
groups. The authors also indicated that phenols, in addition
to alcohols, aldehydes, acids, and CO, CO2 CH4 were the
major gaseous products. Scholze et al. [43] also character-
ized pyrolysis oil by FTIR and indicated a correlation

between carbonyl absorption bands and oxygen content as
well as carbon content. To facilitate this promising fast
analysis method of pyrolysis oils, we summarized the as-
signment ranges from six references and shown this result in
Table 3.

NMR Analysis of Lignin Pyrolysis Oil

It is well known that pyrolysis oil is a very complex mixture,
whereas the ability of FTIR for comprehending the details of
pyrolysis oil is limited. Most recently, some research work
[46, 47, 54–63] introduce NMR, including quantitative 1H,
31P, and 13C-NMR, and semi-quantitative HSQC-NMR to
characterize pyrolysis oils. Mullen et al. [54] analyzed var-
ious pyrolysis oils produced from switchgrass, alfalfa stems,
corn stover, guayule (whole plant and latex-extracted ba-
gasse), and chicken litter by 1H, 13C, and 13C-DEPT
(distortionless enhancement polarization transfer)–NMR.
They found that pyrolysis oil from chicken litter had the
lowest overall amount of methyl groups and had the highest
ketone content of the pyrolysis oils studied. The 13C and
DEPT-NMR analysis indicated that the pyrolysis oils from
corn stover and switchgrass had the fewest aliphatic car-
bons. The large amount of methine (CH1) groups in the corn
stover pyrolysis oil suggested that its aliphatics were highly
branched. However, there were almost the same amounts of
methyl (–CH3) groups as its methine groups, while the
percentage of –CH2– was low, it was surmised that these
branches were very short which could mostly be methyl
groups. Conversely, pyrolysis oil from switchgrass appeared
to have more straight-chain aliphatics. The authors also
indicated that the aromatic region of these pyrolysis oils
had CH0:CH1 ratios of >2:1, which represents highly com-
plex substituted (at least four substituents) benzene rings.

Our previous work [47] used 31P and 13C-NMR to char-
acterize pyrolysis oils produced from softwood (SW) kraft
lignin at 673, 773, 873, and 973 K. A 13C-NMR database
was created to provide a more accurate chemical shift as-
signment for analysis of pyrolysis oils. This analysis showed
that the carbonyl group content was reduced after pyrolysis,
and methoxyl group was significantly eliminated after py-
rolysis, especially at higher pyrolysis temperatures. Nearly
70–80 % of the carbons from water-insoluble portion of
pyrolysis oil (heavy oil) are aromatic carbon. By using
31P-NMR, the results indicated that the heavy oils contained
less aliphatic hydroxyl group and carboxyl acid group. The
decreased concentration of aliphatic hydroxyl and acid
groups was significant as it indicated that the lignin side
chain hydroxyl groups were readily eliminated during the
thermal treatment. In contrast, the content of guaiacyl, p-
hydroxyphenyl and catechol type hydroxyl groups increased
after pyrolysis. The 31P-NMR results for the water soluble
part of pyrolysis oil (light oil) showed that it contained
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Table 2 Reported liquid products of pyrolysis of lignin

GC-MS detected components in lignin pyrolysis oila

Phenol [32, 38–43] 4′-Hydroxy-3′-methoxyacetophenone
[32, 38–40, 42, 43] Acetovanillone
Acetoguaiacone

4-Allyl-dimethoxyphenol [39]

2-Methylphenol [32, 38–43] o-Cresol 5-Tert-butylpyrogallol [32] Dimethoxypropylphenol [39]

4-Methylphenol [32, 38, 39, 41, 42] p-Cresol 1-(4-Hydroxy-3-methoxyphenyl)-2-propanone
[32, 42, 43] Guaiacylacetone

Coniferylaldehyde [39, 43]

2-Methoxyphenol [32, 38–43] Guaiacol 2-(3,4-Dimethoxyphenyl)-6-methyl-3,4-
chromanediol [32]

Sinapaldehyde [39, 43]

2,6-Dimethylphenol [32, 40, 42] 2,6-Xylenol 3,4-Dimethylbenzoic acid [32, 40] 2,6-Dimethoxy-4-methylphenol
[38, 43] 4-Methylsyringol

4-Ethylphenol [32, 38, 41, 42] p-Ethylphenol 3-Methoxy-4-hydroxybenzoic acid [32] 1-( 4-Hydroxy-3-methoxyphenyl )
propyne [38]

3-Methylbenzaldehyde [32] m-Tolualdehyde 4-Ethyl-1,2-dimethoxybenzene [32] 4-Ethyl-2,6-dimethoxyphenol
[38, 43] 4-Ethylsyringol

2-Hydroxy-6-methylbenzaldehyde [32] 4-Propenylsyringol [32, 38, 43]
4-Propenyl-2,6-dimethoxyphenol

4-Vinyl-2,6-dimethoxyphenol
[38, 43] Vinylsyringol

2-Ethylphenol [32, 41, 42] Ferulic acid [32] 3-Hydroxy-
4-methoxycinnamic acid

4-Propyl-2,6-dimethoxyphenol [38]

4-Methoxy-3-methylphenol [32] 4-Hydroxy-3,5-dimethoxybenzaldehyde
[32, 38, 39, 42, 43] Syringaldehyde

Syringylacetone [38, 43]

2-Methoxy-4-methylphenol [32, 38–43]
4-Methylguaiacol

Acetosyringone [32, 38, 39, 42] 4′-
Hydroxy-3′,5′-dimethoxyacetophenone

m-Cresol [40, 41]

Catechol [32, 39–42] 1,2-Benzenediol 1-(2,6-Dihydroxy-4-methoxyphenyl)-
1-butanone [32] Desaspidinol

p-Propylphenol [41]

Benzofuran [32] Syringic acid [32] 4-Hydroxy-3,
5-dimethoxybenzoic acid

6-Ethylguaiacol [41]

p-Isopropylphenol [32] p-Cumenol 2,3,5-Trimethyl phenol [42] 2-Methoxy-4-propylphenol [40, 41,
43] 4-Propylguaiacol

2-Ethyl-4-methylphenol [32] 3-Ethyl phenol [40–42] 4-Methyl-1,2-benzenediol [40, 41]
4-Methylcatechol

3-Methoxy-1,2-benzenediol [32, 41, 42]
3-Methoxycatechol

1,2,3-Trimethoxybenzene [42] 6-Ethylcatechol [41]

3-Methyl-1,2-benzenediol [32, 39–42]
3-Methylpyrocatechol 3-Methylcatechol

Coniferyl alcohol [40–42] 3-Methylguaiacol [43]

2-Methoxy-4-ethylphenol [32, 38–43] Methoxyeugenol [38, 42] 4-Hydroxy-3,5
dimethoxyallylbenzene 4-Allyl-2,6-
dimethoxyphenol

3-Ethylguaiacol [43]

4-(2-Propenyl)phenol [32] 1-Methoxy-3-methylbenzene [39] Propioguaiacone [43] 1-(4-Hydroxy-3-
methoxy-phenyl)-propan-1-one

p-Isopropenylphenol [32] Indene [39] 6-Hydroxy-5,7-dimethoxy-indene [43]

2-Methoxy-4-vinylphenol
[32, 38, 39, 42, 43]
4-Vinylguaiacol

1,2,3-Trimethylbenzene [39] Dihydroconiferylalcohol [43]

3-Methyl-5-methoxyphenol [32] 1,2,4-Trimethylbenzene [39] Propiosyringone [43]

4-Ethyl-1,3-benzenediol [40]
4-Ethylresorcinol

Mesitylene [39] Dihydrosinapylalcohol [43]

2,6-Dimethoxyphenol
[32, 38, 39, 42, 43] Syringol

4-Ethenylphenol [38, 39] Vinylphenol Sinapylalcohol [43]

2,5-Dimethyl-1,4-benzenediol [32] m-Dimethoxybenzene [39] 2,3-dimethylphenol [40] 2,3-xylenol

2,4-Dimethoxyphenol [32] Veratrole [39] Naphthalene [39, 40]

2′,4′-Dimethylacetophenone [32] p-Dimethoxybenzene [39] Benzene [42]

4-Ethyl-1,2-benzenediol [32, 41] 4-
Ethylpyrocatechol

Dimethylcatechol [39] Styrene [42]

Eugenol [32, 38–40, 42, 43] Vinylcatechol [39] p-Xylene [42]

3-Hydroxy-4-methoxybenzaldehyde
[32, 39, 42] Isovanillin

Vanillin [38–40, 43] Ethylbenzene [42]

2,5-Dimethoxybenzylalcohol [32] 3′,5′-Dimethoxyacetophenone [39] Toluene [42]
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nearly 80 % w/w water and another 10 % w/w was methanol,
catechol, and acetic acid.

To solve spectral overlapping problems when using 13C-
NMR to analyze the pyrolysis oils, our previous work [62]
demonstrated that HSQC-NMR was uniquely well suited to
analyze various C-H bonds present in the pyrolysis oils. The
fingerprint analysis of HSQC-NMR spectral data provided
chemical shift assignment of 27 (14 from lignin pyrolysis
oil) different types of C-H bonds present in pyrolysis oils
produced from cellulose, lignin, and pine wood. The HSQC-
NMR for the lignin pyrolysis oils showed that there were
two different types of methoxyl group present in the pyrol-
ysis oils, which indicated that the native methoxyl group in
the kraft lignin will rearrange to another type during the
thermal treatment. The content of aromatic C-H and aliphat-
ic C-H bonds in the lignin pyrolysis oils increased with
increasing pyrolysis temperature, which was attributed to
the rearrangement and the cleavage of ether bonds or
methoxyl groups in the lignin structure. Table 4 summarized
the functional groups present in lignin pyrolysis oils could
be analyzed by NMR (Table 5).

Introduction to Bio-oil Upgrading

The major products in lignin-derived pyrolysis oil are
discussed and listed in Gas products of pyrolysis of lignin
and Solid products of pyrolysis of lignin sections. However,
the produced oil cannot be used directly as fuel due to
several poor properties, such as thermal instability, corro-
siveness, poor volatility, high coking tendency, low heating
value, and immiscible with petroleum fuels [66]. The two
key differences between bio-oil from pyrolysis and tradi-
tional oil are the high oxygen content and high unsaturated
content. Therefore, upgrading is a necessary step of the
lignin-derived pyrolysis oil to meet the fuel specification.

The catalytic bio-oil upgrading involves a series of com-
plex reactions. Generally speaking, the upgrading process
stabilizes the bio-oil, reduces or eliminates the poor properties
mentioned above and makes it compatible with gasoline. The
most common upgrading routes are hydrodeoxygenation
(HDO) and zeolite cracking. Mortensen et al. gave a detailed
review on the whole biomass derived bio-oil upgrading by
using HDO and zeolite method [65]. Huber and Corma et al.

Table 2 (continued)

GC-MS detected components in lignin pyrolysis oila

2-Methoxy-4-(1-propenyl)phenol
[32, 38–40, 42, 43] Isoeugenol

4-Methyl 2,5-dimethoxy benzaldehyde [39]

4′-Hydroxy-3′-methoxyacetophenone [32, 38–40,
42, 43] Acetovanillone Acetoguaiacone

Fluorene [39]

a The pyrolysis temperatures are from 673 to 1,073 K

Table 3 Summary of lignin pyrolysis conditions and the yield of pyrolysis products

Lignin Reactor Temperature (K) Tar (wt.%) Char (wt.%) Gas (wt.%)

Kraft lignin (wheat straw and sarkanda grass) [42] Fluidized bed 773 31 49 6

Fluidized bed 683–833 31 34 12

Fluidized bed 748–798 50 42 8

Entrained flow 973 37 35 28

Batch 753 22 48 30

Kraft lignin (pine) Fluidized bed [147] 823 23 41 39

LignoboostTM (pine) 22 29 49

EOL (pinus radiate) 16 63 21

Kraft lignin Fixed bed [19] 1,073 3–5 43–48 49–52

EOL 14–21 35–44 41–44

Kraft lignin Fix bed [20] 923 13 47 40

EOL 19 39 42

Klason lignin (almond shells) [18] Micro pyroprobe reactor 773 53 34 7

873 64 20 9

973 55 17 17

1,073 50 15 22

1,173 43 14 29

1188 Bioenerg. Res. (2013) 6:1183–1204



also reviewed the synthesis of transportation fuel from whole
biomass and both upgrading methods were introduced in the
bio-oil upgrading section [66]. Briefly speaking, HDO process
produces high-quality oil, but it requires hydrogen under
pressure as reactant. The cost for hydrogen and pressurized
reactor is a big barrier for the promotion of HDO process.
Zeolite cracking only requires low amount hydrogen and
regular non-pressurized reactor. However, the produced oil
is in low quality (low H/C ratio) [67] and the coking problem
is much stronger than it is in the HDO process [68]. Moreover,
although zeolite is effective in deoxygenation with small
oxygenates (such as aldehydes and ketones), their capability
for phenolics deoxygenation is limited because of the small
pore opening [69–71]. This paper will only discuss the cata-
lysts used in HDO and related reaction mechanism.

Hydrodeoxygenation, as the name indicated, contains hy-
drogenation and deoxygenation parts. The common features
of key model compounds for pyrolysis oil are oxygen atoms
and aromatic structure. The purpose for HDO is to hydroge-
nate the unstable unsaturated bonds and reduce the oxygen in
the pyrolysis oil. Research showed that the pyrolysis oil tends
to repolymerize under 448–523 K without catalyst or hydro-
gen, followed by char formation within a couple of minutes
[72]. However, in the presence of catalyst and hydrogen, the
pyrolysis oil will convert to stable compounds first under the
same condition. When the temperature goes higher than
523 K, the HDO reaction occurs with the existence of hydro-
gen and catalyst.

In 1983, Furimsky et al. published the first review paper
on the catalyst, mechanism, and kinetics study related to
HDO process in crude oil upgrading [73]. Very limited
information was available at that time. Afterwards, numer-
ous papers appeared in HDO study on coal-derived liquid
and biomass-derived oil. In 2000, Furimsky et al. reviewed
the catalytic hydrodeoxygenation again [74]. This time
much more detailed information was included that the phe-
nol, furan, ether, and other bio-oil compounds were all
included. Huber and Corma et al. reviewed the synthesis
of transportation fuel from biomass [66]. However, both of
the two reviews focused on the model compounds related to
whole biomass-derived oil. Elliott discussed the
hydroprocessing of bio-oil from whole biomass in his re-
view paper published in 2007 [75]. It focused on the HDO
of bio-oils made from various liquefaction methods. In
2011, Choudhary reviewed the HDO process related to
two bio-related feed stocks, (a) high content of triglycerides
oil and (b) high-pressure liquefaction-derived oil and
pyrolysis-derived oil [76]. Mortensen et al. discussed the
two major upgrading routes, HDO and zeolite upgrading on
whole biomass-derived oil [65]. In 2012, Bu et al. reviewed
the catalytic hydrodeoxygenation of lignin-derived phenols
[77]. Phenol compound HDO was discussed intensively
in the paper. Most of the review paper mentioned above
only related to the bio-oil from whole biomass. This
review paper focuses on the catalyst behaviors and
reaction mechanism study of lignin-derived bio-oil

Table 4 FTIR assign-
ments of lignin pyroly-
sis oil

Wave number (cm−1) Assignments [43, 48–50, 52, 53]

3429 O-H stretching vibration, H2O

1701–1734 C=O stretch in unconjugated ketones, carbonyl and ester groups

1652–1666 C=O stretch in conjugated aryl ketones

1593–1609 Aromatic ring vibrations and C=O stretch

1504–1515 Aromatic ring vibrations

1462–1464 Asymmetric C-H bending (in CH3 and –CH2–)

1420–1424 Aromatic ring vibrations

1365 Symmetric deformation of C-H in methyl groups

1360 Phenolic hydroxyl vibrations

1270 Vibrations of guaiacyl rings and stretching vibrations of C-O bonds

1214–1233 C-C, C-O, and C=O stretching

1190 Vibrations of methoxyl group

1160 Deformation vibrations of C-H bonds in benzene rings

1140 Deformation vibration of C-H bonds in guaiacyl rings

1115 Vibrations of ester linkage

1114–1125 Aromatic in-plane C-H bending

1075–1090 Deformation vibrations of C-O bonds in secondary alcohols and aliphatic ethers

1030–1033 Deformation vibrations of C-H bonds in aromatic rings

914–919 Aromatic out-of-plane C-H bending

852–859 Aromatic out-of-plane C-H bending in positions 2, 5, and 6 of guaiacyl units

833 Vibrations of C-H bonds in syringyl units
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HDO process. Only heterogeneous catalysts will be
introduced because the separation of homogeneous cat-
alysts from the reaction solution is still a big problem in
the application.

Source of Hydrogen and Economic Analysis

Hydrogen plays a key role in the upgrading of pyrolysis oil.
In the report published by the International Energy Agency

Table 5 NMR detectable functional groups in lignin pyrolysis oils [46, 47, 54–63]

1H-NMR[46, 54, 55, 58, 63]
31P-NMR[47, 57, 59-61] 13C-NMR[54, 56-61, 63] HSQC[62]

-CHO, 
-COOH

ArH, HC=C- 

-CHn-O- , CHn-O-

-CH3, -CHn- 
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[78], the author compared the process and cost of hydrogen
generation from various methods such as electrolysis, natu-
ral gas reforming, coal gasification, thermal-water splitting,
biomass, photo-electrolysis, and biological process. The
result showed that natural gas reforming and coal gasifica-
tion could produce hydrogen at lowest costs. The prices of
hydrogen in unit GJ for natural gas reforming, coal gasifi-
cation, and electrolysis were $3–4, $1–1.5, and $35–55,
respectively.

Besides using external sources, the hydrogen could also
be produced from pyrolysis oil portion through aqueous
phase reforming (APR). Pt/γ-Al2O3 was reported in cata-
lyzing APR reaction with low-boiling fraction of pyrolysis
oil [79]. Although the hydrogen from APR was not enough
for complete upgrading, it could partially reduce our depen-
dence on the external source. Wright et al. analyzed the
economic feasibility and concluded that this method could
reduce the cost of bio-oil [80]. A more detailed study re-
vealed that using portion of bio-oil would reduce the overall
yield and potentially result in higher cost [81]. Therefore the
amount of bio-oil for hydrogen production needs further
optimization to minimize the cost. Another internal hydro-
gen source is the hydrogen generated in pyrolysis stage,
which could also be collected and used in upgrading.

Several economic analyses have been done on bio-oil
production through upgrading. In the study by Wright et
al. [80], the author optimized the process and the minimum
fuel selling price was 2.48 per gallon. The result is similar to
another study done by PNNL [82]. Two years ago, another
more relevant study on economic analysis was done on
upgrading of fast pyrolysis oil [81]. Depending on various
hydrogen sources, the cost of final oil product could be
ranged from $2.11 to 3.09. All these studies showed that
bio-oil production through pyrolysis and upgrading is very
competitive to traditional fossil fuel.

Catalysts Used in Hydrodeoxygenation Process

Two types of catalysts are commonly used in HDO process.
The first type is sulfide catalysts, such as NiMoS/Al2O3,
CoMoS/Al2O3, etc. This type of catalyst is widely used in
the petroleum industry for HDO purpose for decades [65,
74, 75]. The technique is mature and the reaction mecha-
nisms are very well studied. The cost for this type of
catalysts is much lower than the second type described
below. Oxygen atoms in phenolic compounds can be effec-
tively removed by these sulfided catalysts with high yields
of aromatic and saturated products [74, 75, 83–86]. How-
ever, bio-oil is different to conventional fossil feedstock that
the oxygen content in bio-oil is way higher than it is in the
fossil oil and it is also inherently low amount of sulfur.
Although these catalysts are good at oxygen removal, the

high amount of oxygen can cause rapid catalyst deactivation
during the HDO [87]. Second, the water in raw bio-oil
would also induce deactivation to the catalysts, therefore
most of the reactions catalyzed by sulfide catalysts were
conducted in gas phase [88]. The high coking formation
would also reduce the life of the catalysts [88–90]. Some
of the catalysts need sulfur during the reaction which would
cause sulfur contamination [74].

The second type of catalysts is transition metal catalysts,
including platinum, palladium, ruthenium, rhodium, etc.
This type of catalyst is tolerant to the solvent that it can
perform HDO reaction with the existence of water or even in
water phase. Generally, noble metals have higher reactivity
for hydrogenation and require less severe reaction condition
than sulfided catalyst [92, 93]. One of the disadvantages of
the experiment is that it is sensitive to sulfur. The feedstock
with certain amount of sulfur requires special treatment to
remove the sulfur before the HDO process. As long as the
lignin is not produced by kraft pulping process, it is not a
problem. Another problem is that the cost of this type of
catalyst is very high so that the demanding catalyst recycle
technique is also challenging.

Sulfided Catalyst

The sulfided catalyst was firstly applied in HDO experiment
in 1970 [94]. Lots of related research has been done since
then. Weckhuysen gave a detailed review paper about the
reaction conditions and catalysts [10]. In this paper, only the
latest progress will be updated.

In the study by Ryymin et al. [95], the HDO of phenol over
sulfided NiMo/γ-Al2O3 was evaluated under 523 K and
7.5 MPa hydrogen. They found that the competition on active
site greatly affected the selectivity, e.g., phenol was sensitive
to the presence of the other reactant such as methyl
heptanoate. The presence of sulfur-induced catalyst deactiva-
tion and decreased the fraction of cyclohexane, because the
active sites for alkene saturation were occupied by sulfur. The
sulfur-containing intermediates were also observed.

The temperature effect on guaiacol HDO was also eval-
uated by Lin et al. [96]. It was found that between 573 and
673 K, the yield of conversion was increased but the coke
formation was decreased. The NiMo had high selectivity
towards cyclohexane (∼80 %) and CoMo produced more
phenol and methyl-phenol. Cokes and sulfur stripping from
catalyst were found on both NiMo and CoMo catalysts.

The conversion of monomeric and dimeric substrates on
sulfide CoMo catalysts under 573 K and 5 MPa hydrogen
revealed the extended reaction paths that HDO, demethyla-
tion, and hydrogenation happened simultaneously [97]. The
forming of benzene from guaiacol had two paths: (1)
methoxy removal first, then direct deoxygenation of pheno-
lic –OH, (2) demethylation first, then remove both phenolic
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–OH by HDO. Path 2 was the dominant pathway in the
experiment since catechol was observed. In dimeric study,
alkyl ether and β-O-4 bonds were broken. The 5-5′ linkage
left intact.

The promoter effect on MoS2-based catalyst was another
key field in the application. Co and Ni are the two most
common promoters for Mo-catalyst [98–100]. The reason
for Ni/Co promoting effect was due to that the amount of
active sites, mainly sulfur vacancies (coordinatively unsat-
urated sites), are higher than individual pure MoS2 catalyst.
Both promoters were able to donate electron to MoS2, which
weakened the bonding between metal and sulfur and created
more active sites [100]. Daudin et al. studied the Ni pro-
moter effect and found that the Ni had dual role in the
catalyst [98]. First, NiMoS mix phase promoted the HDO
reaction. Second, Ni formed the Ni3S2 (111) active site after
sulfided. The HDO reaction was more favorable on the
Ni3S2 site than the MoS2 site. Laurenti et al. [99] studied
the Co promoter. The existence of Co formed CoMoS phase,
which greatly enhanced the direct deoxygenation compared
with MoS2. Richard et al. compared the Co and Ni promoter
effect [100]. It was discovered that under 613 K and 7 MPa
hydrogen, Ni had slightly higher activity than Co. Ni pro-
moter favored hydrogenation with promoting factor of 3.4.
Cobalt promoter favored direct deoxygenation reaction with
promoting factor of 3.8. The difference was due to that the
surface altered the preferred adsorption mode.

Travert et al. studied the water effect on Mo and CoMo
catalysts in HDO [101]. The water would accelerate the
deactivation of the catalyst because water occupied the
active site (edge sulfur atoms). With only MoS2, it was only
partially reversible. After adding the Co promoter, the water
poisoning was lowered and it became fully reversible be-
cause Co atom could suppress the exchange between sulfur
and oxygen.

Noble Metal Catalyst

Platinum

Platinum is the most extensively studied catalyst in this cate-
gory. It is widely used in various HDO reactions and shows
robust reactivity [64, 68, 91, 102–110]. The detailed reaction
network for the model compounds are discussed in Catalysts
Used in Hydrodeoxygenation Process section. In this section,
we only focus on the catalyst behavior during the reaction.

Overall speaking, platinum is active in hydrogenation of
the aromatic structure. To remove the oxygen in the com-
pound, in most cases, the bifunctional catalyst is necessary
because the removal of oxygen requires the acid site on the
support material. Lobo et al. used Pt/ γ-Al2O3 as catalyst to
hydrogenate meta-cresol under 533 K [102]. Platinum catalyst
only hydrogenated the aromatic ring and the acid site on the

support promoted the dehydration reaction after the aromatic
ring was hydrogenated. The kinetics study showed that phe-
nolic ring saturation was the rate-limiting step. Increasing
dispersion of platinum enhanced the hydrogenation activity
[68]. The dispersion of platinum is not only determined by the
surface area but also the surface chemistry of the support
material. Jones et al. [103] found that platinum catalyst was
efficient at ring saturation under 473 K. However, it did not
remove the hydroxyl group on both phenol and cyclohexanol
compounds. Bicyclic compounds were produced in the reac-
tion, which indicated ring-coupling reaction occurred on the
metal surface. Not only hydroxyl group, during the hydroge-
nation of guaiacol under 523 K, both methoxy and hydroxyl
group were not removed by platinum alone [104].

However, another research showed that under some con-
ditions, the oxygen could be partially or completely re-
moved by platinum catalyst. Gates et al. [64] performed
HDO experiments for four model compounds with Pt/γ-
Al2O3 catalyst under 573 K. Both HDO reaction and
hydrogenolysis reaction were observed under the condition.
The author defined the former as oxygen removal from the
aromatic ring and the latter meant that oxygen still attached
to the aromatic ring after the C-O cleavage (Fig. 2).The
kinetics data was calculated for all four model compounds
that hydrogenolysis reaction dominated in two of them
(anisole, 4-methylanisole). For guaiacol, the hydrogenolysis
reaction rate was still higher than the rate of HDO. After the
aromatic ring was saturated, the Pt did not effectively deox-
ygenate the cyclohexanone and cyclohexanol under this
condition.

Fukuoka et al. [107] used platinum supported on activat-
ed carbon (AC) to catalyze the 4-propyl-phenol HDO reac-
tion in water phase at 553 K under acid-free condition. The
aromatic structure was initially hydrogenated on the metal
surface, and then the deoxygenated products were produced.
In the NH3-TPD (temperature-programmed desorption) pro-
file, Pt/AC showed no peak, which meant that there was no
acidity site on the surface. Therefore, the acid-site catalyzed
deoxygenation was not possible in the reaction. The
hydrogenolysis reaction occurred on platinum surface. This
catalyst was reused for three times and no deactivation was
observed.

Besides hydrogenation and deoxygenation reactions,
platinum is also able to catalyze the methyl removal/transfer
reaction. Resasco et al. [105] did HDO experiment on
anisole under 673 K with platinum on Hβ zeolite as catalyst.
Over the platinum metal, demethylation of anisole was the
primary reaction. The hydrogenation activity of platinum
under this condition was very low. Pt also improved the
coke tolerance that the coke amount of Pt/HBeta was lower
than the amount on HBeta. Krause et al. [109] performed
guaiacol HDO experiment at 373 and 573 K and methyl
transfer reaction was only observed under low temperature.
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Platinum was not effective in hydrogenation for all com-
pounds. In the study by Liang et al. [110], platinum on
silica-alumina neither hydrogenated the aromatic ring, nor
removed the oxygen for benzofuran at 553 K. 2-methyl-2-
pentenal is introduced as a special case here. Although it is
not a model compound for lignin-derived bio-oil, it has C=
O and C=C bonds. These two types of bonding existed
in the bio-oil. In this compound, the two bonds are
conjugated. Mallinson et al. [106] ran the experiment
under 473 K and catalyzed by platinum on SiO2. Plat-
inum showed high reactivity with the model com-
pounds. The calculated rate constant showed that
platinum mainly catalyze C=C bond. The reaction rate
of C=O bond was much smaller. The preference for C=C
hydrogenation was also reported in two other publications
[111, 112]. By the way, the aliphatic –OH was cleaved under
this condition.

Table 6 summarized the catalysts, reaction conditions,
model compounds studied, and reaction type in this section.
It is easy to find that temperature played a key role. Under
373–533 K, platinum mainly hydrogenates the aromatic
structure. Almost all of the model compounds listed below
are fully hydrogenated under this temperature. Deoxygen-
ation occurs at temperature over 553 K. Krause et al. [109]
performed guaiacol HYD/HDO experiment at 373 and
573 K. At 373 K, hydrogenated oxygen-containing com-
pounds were the major product. When the temperature in-
creased to 573 K, benzene became dominant product. It was
explained that the higher temperature will suppress the
hydrogenation reaction. The amount of hydrogen adsorbed
on catalyst surface at different temperatures was proposed to
be the major cause. Related study showed that hydrogen
adsorption was exothermic reaction [113]. Low hydrogen
coverage on catalysts at high temperature reduced reaction
rate for both HYD and DO [109]. According to the exper-
iment, the reaction rate of HYD was significantly reduced
because it highly required more hydrogen than deoxygen-
ation. On the other side, under higher pressure and lower
temperature, it was more conducive to ring saturation [105].

How the model compounds interacting with catalyst sur-
face directly determines the behavior of catalyst. Pt(111) are
most stable facets of the Pt crystal [91]. Adsorption of

anisole and its derivatives on Pt [103] surface was studied
[114]. The anisole was less strongly bonded to the surface
compare to parent molecule benzene, probably due to the
steric hindrance of the methoxy group. The most stable
configuration was that the molecule adsorbed parallel to
the surface with both aromatic ring and oxygen above the
bridge sites. The binding energy for this configuration was
2.23 eV for Pt(111). Another vertical configuration resulted
in a much weaker adsorption. The binding energy was only
1.09 eV. The adsorption on stepped surface was also studied
because it was often considered as preferable sites for catal-
ysis. The binding energy for Pt(211) was only 0.64 eV. The
dissociation of phenol into phenoxy was endothermic on
Pt(111) with reaction energy equal to 0.26 eV.

The addition of promoter is widely used to enhance the
activity of the catalyst. Platinum and 3d metals showed
superior performance than monometallic Pt in hydrogena-
tion reaction [115, 116]. Adding Ni or Co into the Pt would
not only increase the HDO activity, the distribution of
products would be changed as well [102]. The deoxygen-
ation selectivity is also higher on bimetallic catalysts, prob-
ably due to the additional sites generated. The EXAFS study
showed that Pt-Ni and Pt-Co coordination number indicated
the bimetallic formation well. If the number was greater than
one, the Pt atom was surrounded by more Ni or Co atoms
than Pt atoms. The DFT study [115–117] showed that Pt
terminated surface bonded with hydrogen and hydrocarbon
adsorbates more weakly than monometallic Pt surface, lead
to optimized binding energies and higher rates of hydroge-
nation. Rh doping is also studied that PtRh improved the
guaiacol conversion [109]. On the other hand, some dopant
would cause adverse effect. For example, adding Pd into
platinum catalyst might reduce guaiacol conversion due to
the lowered active surface area [109].

Palladium

Palladium is another widely used HDO catalyst. Under 423 K,
Pd could hydrogenate phenol, anisole, catechol, and guaiacol
effectively in water phase [118]. With the presence of phospho-
ric acid, the Pd/C converted phenolic and guaiacol-based com-
pounds into aliphatic molecule in aqueous phase under 353 K.

Fig. 2 Difference between
hydrogenolysis and
hydrodeoxygenation [64]
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The turnover frequency (TOF) was very high (>1,000 h−1) and
the recyclability was excellent that no deactivation observed
after 6 h [119]. For the phenolic dimers connected in various
bonding (includingα-O-4, 4-O-5,β-1, 5–5,β-β), the Pd/C and
solid acid HZSM-5 achieved 100 % hydrogenation and deox-
ygenation at 473 K in water phase [120].

The behavior of palladium is similar to platinum there-
fore they were compared in some study. The activity of
these two catalysts highly depended on the reaction condi-
tion. In Liang et al.’s study [110], metal dispersion of Pd
was only half as the value on Pt, but the CO uptake amount
was 50 % higher than it was on Pt and Pd catalyst also
showed higher activity than Pt in the both hydrogenation
and HDO of benzofuran. The study indicated that the HYD
of benzofuran and the cleavage of C-O were easier over Pd
than Pt. In some other cases, Pt showed better performance
than Pd. In the HDO of 4-propyl-phenol under 553 K in
acid-free aqueous solution, Pd on active carbon was used as
catalyst [107]. Pd was good at hydrogenation but not at
hydrogenolysis of C-O bond compared with Pt, Ru, and
Rh. More than half of the aliphatic –OH was left uncleaved.
Another example was that under 373 K and 8 MPa H2, Pd
was not effective in either HYD or HDO of guaiacol. Half of
the methoxy group was removed under this condition [109].

Understanding how the metal dispersed in the support
material is a big help in catalyst optimization. In the study
by Suzuki et al. [121], CeO2 and ZrO2 was used as support.
The amount of H2 chemisorbed as well as Pd metal surface

area increased abruptly when Pd loading increased from 1 to
3 wt.%. On the other hand, the Pd crystallite size increased
almost linearly. These two means that (1) deposition was
more on external surface as the loading increase, (2) Pd first
preferentially occupied the internal surface. The increasing
in the Pd loading increased the d-spacing of CeO2

mesoporous structure, which meant Pd particles expanded
the pore structure. For CeO2 support, the increasing loading
led to higher conversion but lower TOF value [121]. When
Pd loading is low, more C-hexanone was produced. When
Pd loading was high, more hexanol and hexane were pro-
duced. The temperature effect was also studied. Under
333 K, the conversion was highest. The overall conversion
decreased monotonously with increasing temperature. Other
two researchers also found the max conversion at 433 K
[122, 123]. When the temperature went higher, more cyclo-
hexane and cyclohexanone and less cyclohexanol were pro-
duced [121, 124]. For ZrO2 support, the result was much
simpler that the conversion of phenol was similar to the
conversion on Pd/CeO2 and the selectivity to cyclohexanone
was above 90 %.

Pd4Pt1 was made to study the alloy effect [110]. The
dispersion was doubled than Pd monometallic catalyst and
the CO uptake amount was also doubled. The selectivity of
Pd4Pt1 towards deoxygenated products was 80 %, compared
with Pd monometallic catalyst was 37 %. The TOF of
Pd4Pt1was 16.88, which was much higher than the TOF of
Pd 2.15. The surface change of Pd after alloying with Pt is

Table 6 Reaction condition for experiments using platinum catalyst

Model compounds (MC) Temp Hydrogen pressure Support material Solvent Reaction type Reference

Absolute H2 to MC
ratio

Guaiacol, anisole, 4-methyl-
anisole, cyclohexanone

573 K 0.14 MPa (30 % H2,
70 % N2)

− γ-Al2O3 − HYDa, HDO [48]

Meta cresol 533 K 0.05 MPa − γ-Al2O3 − HYD [79]

Dibenzofuran 473 K 4 MPa − γ-Al2O3, ZSM-5,
MZ-5(MSb)

Tridecane HYD [80]

Phenol 473–
523 K

4 MPa − HY, ZSM-5, Hβ,
γ-Al2O3, SiO2

Water HYD, ring
coupling

[81]

Guaiacol 523 K 4 MPa − γ-Al2O3, SiO2,
NACc

n-decane Weak HYD [82]

Anisole 673 K 0.1 MPa 50 SiO2,Hβ − HDO, HYD
demethylation

[83]

4-Pr-Phenol 553 K 4 MPa − AC, ZrO2, TiO2,
CeO2

Water HYD, HDO [85]

Guaiacol 373 8 MPa − ZrO2 Hexadecane HYD [87]
573 Deoxygen

Benzofuran 553 3 MPa − SiO2-Al2O3 Decalin HYD, HDO [88]

2-methyl-2-pentenal 473 0.1 MPa 12 SiO2 − HYD [84]

a Hydrogenation
bMesoporous
c Nitric-acid-treated carbon black
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summarized as (1) bonding length of Pd, (2) electronic density
in Pd. From the CO chemisorption change, these factors
enhanced the exposure of active sites on catalyst surface.

Orita and Itoh studied phenol the formation of phenol
from benzene on the surface on Pd(111) [125]. Pd(111) was
the most stable facet for palladium. Even in polycrystalline
Pd, it was still most abundant. The deoxygenation was basi-
cally the reverse for this reaction. The adsorption of phenol on
Pd surface was less stable than benzene. The adsorption
energy of phenol on Pd(111) was −7.85 eV. When one hydro-
gen atom attached to the C-1, the adsorption energy of the
intermediate increased to −6.85 eV. Then the O-atom and
benzene were both adsorbed on one unit cell. The co-
adsorption system becomes more stable (−7.06 eV). The last
step is C-O bond cleavage. The sum of adsorption energies of
oxygen atom and benzene in separate domains is −7.26 eV,
with benzene adsorption energy at −1.43 eV and oxygen
adsorption energy at −5.83 eV.

Rhodium

Rhodium was a relatively newly developed catalyst com-
pared with platinum and palladium catalysts. However, it
showed excellent performance in some cases. Under 553 K
in acid-free aqueous solution, rhodium on activated carbon
successfully catalyzed the HDO reaction of 4-propyl-phenol
[107]. The conversion of reactant was 100 and 83 % ali-
phatic –OH was cleaved. The hydrogenation of guaiacol
occurred on metal at 331–381 K and the deoxygenation
occurred over 523 K [104]. Both temperatures were lower
than the temperature required by platinum, which indicated
the high reactivity of Rh in HDO experiment. In another
guaiacol HDO experiment under 373 K, the main product
with Rh catalyst was 1-methyl-1,2-cyclohexanediol [109].
The conversion was 100 % on HYD. However, it did not
effectively achieve C-O hydrogenolysis. Rh showed better
performance than Pt and Pd in hydrogenation under the
same condition, probably due to the high amount of irre-
versible chemisorption of H2 on the Rh surface.

The temperature effect on guaiacol HDO was also stud-
ied for Rh catalyst [96]. The temperature range studied was
573–673 K. The increasing temperature led to higher cyclo-
hexane yield. The coke formed on Rh decrease with the
increasing temperature. The CxHyO2 compound decreased
dramatically in the temperature range (especially increased
from 623 to 673 K). Both mono-oxygen compound and
aliphatic compound increased. At 673 K, the aliphatic yield
was almost 50 %. RhPt and RhPd were both synthesized for
comparison and monometallic Rh catalyst had the highest
HDO reactivity than both of them.

Rh(111) is the most stable facets of rhodium [91]. Phenol
showed strong adsorption on Rh(111) with binding energy
of 2.79 eV under horizontal configuration. Under vertical

configuration, the binding energy was 1.15 eV, which was
much weaker than the energy from horizontal configuration.
On the stepped surface Rh(211), the binding energy reduced
to 1.79 eV. The dissociation of phenol to phenoxy was
−0.27 eV, which indicated an exothermic reaction. However,
for finite coverage, the dissociation on Rh(111) required
lower temperature than it was on Pt(111) [126, 127].

Ruthenium

Ruthenium on activated carbon was used to catalyze the
HDO of 4-propyl-phenol under 553 K in acid-free aqueous
solution [107]. In the study, ruthenium catalyst achieved
100 % hydrogenation but the deoxygenation capability
was weaker than Rh and Pt that only 50 % aliphatic –OH
bond was cleaved.

The performance of ruthenium is highly affected by the
support. Although it is also observed for other metal catalysts,
the effect is stronger for ruthenium. In the study by Park et al.
[104], platinum, rhodium, palladium, and ruthenium were
compared in guaiacol HDO on three different support mate-
rials. When using γ-Al2O3/SiO2-Al2O3/nitric acid treated car-
bon black as supports, the highest product yield were
cyclohexanol/cyclohexane/2-methoxycyclohexanol, respec-
tively. Furthermore, the selectivity of the ruthenium was the
best among Pt, Pd, Rh, and Ru.

The HDO of phenol and anisole by using Ru/charcoal were
studied by Kluson and Cerveny [128]. The reaction network
was proposed and kinetics data was calculated. The reaction
network will be discussed in detail in Source of Hydrogen and
Economic Analysis section. The result indicated that ruthenium
was able to remove the aliphatic –OH and aliphatic methoxy
through dehydration. When there was a carbonyl group at-
tached to the aromatic ring, the C=O bond was hydrogenated
first, then the hydrogenation of aromatic ring happened.

Zhang et al. studied the hydrotreating of eugenol by using
ruthenium catalyst [129]. The major crystal facet of ruthe-
nium was Ru(101) and the major facet of Pd is Pd(111).
Under similar condition, ruthenium showed much higher
activity than palladium, which was in accordance with the
study by Greenfield [130]. The reactivity of catalyst had no
loss after two runs with model compounds. When using
distillated fraction from bio-oil as reactant (major compo-
nents were phenolic compounds, such as phenol, 2-
methoxyphenol, 4-ethylphenol, 4-methyl-2-methoxyphenol,
and 4-ethyl-2-methoxyphenol), the catalyst lost activity rap-
idly. The BET study showed the reduction in both surface
area and pore volume, which indicated the coke or tar
formation in pore channels. The study further revealed that
Ru0 were the major role in HYD reaction.

Heeres et al. studied the hydrotreatment of fast pyrolysis
oil using Ru/C at 623 K and 20 MPa H2 pressure [72]. The
ruthenium catalyst was very effective in deoxygenation in
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the beginning. After 1 h, the O/C molar ratio decreased from
0.45 to 0.02. However, with the time going, it increased
from 0.02 to 0.07 from 1 to 6 h reaction time. Probably due
to the low O/C ratio compounds transferred from oil phase
to gas phase. The H/C ratio was 1.35 for the pyrolysis oil. At
1 h, it dropped to 1.05 at first, and then increased to 1.32
after 6 h. The initial drop was probably caused by loss of
hydrogen for dehydration.

Support Effect

The acidity is the key feature of support material. Acid sites on
HBeta are well known for catalyzing alkyl transfer reaction
[71]. In the paper by Resasco et al., the intermolecule methyl
transfer was observed.When SiO2was used as the support, the
methyl group was rapidly hydrogenated to form methane.
This result meant that the methyl group was stable on the
zeolite surface but unstable on SiO2 surface. Not only HBeta
zeolite, both γ-Al2O3 [64] and HY zeolite [131, 132] induced
the intramolecule- and intermolecule-methyl group transfer
reaction. Especially for HY zeolite catalyst, transalkylation
was the only kinetically significant reaction class. Besides
catalyzing alkyl transfer reaction, acid site affected the rate
of dehydration. Under 373 K, ZrO2 could not dehydrate the
cyclohexanol produced by guaiacol. Methyl transfer was ob-
served in this reaction [109]. HY zeolite was also used and the
presence of acid protons for dehydration was necessary for
deoxygenation of aliphatic –OH [103]. Furthermore, the se-
lectivity to bicyclics with HY and Hβ zeolite-supported cata-
lyst was higher than over HZSM-5 because of the micropores
and shape-selective effects.

Acid support material sometimes shows synergetic effect
with the metal. In the study by Ha et al. [104], Rh/Al has ten
times more active sites compared to Rh/SiAl. However,
Rh/SiAl exhibitedmuch better HDO activity. Evenmechanical
mix of metal-deposited non-acid support and noble-metal-
free SiAl could also enhance the deoxygenation ability.
When using Pt/ZrO2 as the catalyst, only negligible deoxy-
genated products were produced.

Besides using acid site on support, the mineral acid could
also reach similar effect. For example, sulfated zirconia,
Amberlyst 15, Nafion/SiO2, and Cs2.5H0.5PW12O40 could
all lead to 90 % yield of cycloalkanes with the presence of
noble metal catalyst mentioned in aqueous phase HDO
[120]. The activation energy for these five solid acids was
normally below 120 kJ/mol, which was almost equal to the
activation energy of H3PO4 in water. HZSM-5 is a special
case. With Si/Al ratio of 45, HZSM-5 produced 93 %
cycloalkanes due to the lower activation energy of dehydra-
tion (approximately 95 kJ/mol). Therefore, HZSM-5 could
dehydrate under lower temperature.

The acid site on support would further affect the interaction
between reactant and support material. Chemisorption of

guaiacol was tested on ZrO2 and γ-Al2O3 supports [96]. There
was no special response on desorption of guaiacol on γ-Al2O3

surface. ZrO2 exhibited at least three peaks in the desorption
profile. The total area for ZrO2 had larger area than γ-Al2O3.
This indicated that the bonding strength between guaiacol and
ZrO2 was weaker than the bonding strength between guaiacol
and γ-Al2O3. The acid strength of γ-Al2O3 was stronger than
ZrO2. This proved that the higher acid strength had stronger
bonding with the model compound. In another study [99],
ZrO2 showed better catalytic activities towards Carom-O
hydrogenolysis through demethoxylation and direct deoxy-
genation than TiO2 and Al2O3.

Not only the acid strength, the porous structure affects the
activity of the catalyst as well. The high porous diameter
increases the diffusion rate of model compounds inside the
catalyst. As mentioned above, zeolites are better support than
alumina and silica in phenol HDO since zeolites have stronger
acidity. However, small pore size causes diffusion limitation,
especially for the large compound [103]. Therefore
mesoporous zeolite is the ideal material, since it has the
advantage of zeolites and ordered mesoporous material. In
this paper, the MZ-5 possessed intracrystalline wormhole
mesopore channels. In following study, it was proved that
the reaction rate was increased due to the increase diffusion
rate. 2M2P isomerization was a model reaction to test the
acidity of the catalyst and the result showed that MZ-5 and
ZSM-5 had higher acidity than γ-Al2O3. For Pt/γ-Al2O3, high
Pt dispersion and mesoporous nature made it to have high
HYD ability but mild acidity limited the dehydration.
Pt/ZSM-5 had limited hydrogenation ability due to the small
pore size. Overall speaking, MZ-5 had high reaction rate in
hydrogenation and dehydration.

Suzuki et al. [121] compared the reactivity of Pd
deposited on MgO, γ-Al2O3, mesoporous CeO2, and
mesoporous ZrO2. Pd/MgO was very active and selec-
tive for cyclohexanone. However, MgO had very poor
mechanical strength, which inhibited it from being used
in industrial scale. γ-Al2O3was least active but most
selective. Mesoporous CeO2 and mesoporous ZrO2 were
equally active. Higher catalytic activity of mesoporous
supports compared to that of the commercial micropo-
rous supports was attributed to higher palladium surface
area, higher dispersion, and smaller crystallite size due
to the higher BET surface area on mesoporous system.
Pure CeO2 possessed weak acid and a weak base.
ZrO2was relatively strong acid and strong base, com-
pared to CeO2. When heat up between 473 and 673 K,
the surface reduction of CeO2 began and it became
CeO2-x/Ce2O3-like non-stoichiometric oxide with anion
vacancies, thus Lewis acidic and basic sites were
formed. Phenol adsorbed in non-planar fashion. The
redox property of CeO2 also facilitated the alkylation
of phenol with propanol [133]. ZrO2 was not easily
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reducible. Hydrogen was adsorbed dissociatively to form
Zr-OH, Zr-H, and ZrHZr [134] that the surface hydroxyl
group could have acidic or basic character with
Bronsted centers depending on the polarization of the
OH group. Carbon deposition during alkylation and
hydrogenation of phenol on these Bronsted center
caused the activity decay [135, 136].

The structure change of the support material during
the reaction is one of the major causes for catalyst
deactivation, especially when using water as solvent.
Both SiO2 and γ-Al2O3 are tentatively to degrade under
water and water vapor. In the study by Aprile et al.
[137], the pore structure in SiO2 support was collapsed
after the reaction in aqueous phase, which led to com-
plete deactivation of catalyst. The solubility of amor-
phous silica in water was also measured but the amount
is relatively minor [138]. The transformation of γ-
alumina was investigated by Lefevre et al. [139]. The
study revealed that γ-alumina transformed to bayerite
(β-Al(OH)3) gradually with the presence of water and
most of the acidity sites were disappeared, which result
in the low reactivity of the catalyst.

Mechanism and Kinetic Study

Phenolic-Based Compound

Phenol was the most commonly studied model compounds in
lignin-derived bio-oil upgrading [91, 103, 107, 118, 119, 121].
It was the simplest compound which consisted aromatic struc-
ture and phenolic oxygen. The study of phenol can reveal the
fundamental reaction mechanism of other related compound.

In the study by Lercher et al. [118, 119], the reaction path
was proposed as follows: (1) aromatic ring was partially
hydrogenated to cyclohexanone or fully hydrogenated to
cyclohexanol, (2) the cyclohexanone was further hydroge-
nated to cyclohexanol, (3) the –OH on cyclohexanol was
removed through dehydration, and (4) the C=C double
bond was finally hydrogenated and cyclohexane was pro-
duced. The authors believed that the phenol and
cyclohexanol could not be directly deoxygenated. These
reactions were marked in (1)–(4) in Fig. 3.

Jones et al. proposed another reaction pathway in phenol
HDO [103], (a) phenol were converted into cyclohexenol as
an intermediate product, (b) the cyclohexenol was converted

Fig. 3 Reaction network
proposed for phenol HDO and
the calculation of Gibbs energy
in each step [121]

Fig. 4 Reaction path of anisole
HDO on (a) only acid site, (b)
only metal, and (c) metal and
acid site [105]
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to cyclohexanone or further hydrogenated to cyclohexanol,
(c) cyclohexanol was dehydrated to cyclohexene, and (d)
cyclohexene was finally hydrogenated to cyclohexane. Two
extra proposed steps were (e) phenol directly HDO to form
benzene and (f) cyclohexone converted to cyclohexane in
one step through hydrogenolysis. These reactions were
marked in (a)–(f) in Fig. 3.

The Gibbs energy in each step for phenol HDO was
calculated by Keane et al. under 498 K [136]. The values
were listed below the arrow in Fig. 3 and the unit was
kJ/mol. Except the partial HYD of benzene to cyclohexene,
the standard free energies of all other HYD/hydrogenolysis re-
actions were negative. Therefore all hydrogenolysis steps
and the benzene hydrogenation steps were considered to be

irreversible. Cyclohexanone was produced by hydrogenation
of cyclohexenol followed by a tautomerism, but the Gibbs
energy was not able to be calculated due to the missing of
thermochemical data for this reaction.

How the phenol adsorbed on the catalyst surface was also
calculated [91]. After phenol was adsorbed on themetal surface,
the C-C bond was slightly stretched, which make it more to sp3

hybrid than sp2 hybrid. The C-O bondwas slightly shifted away
from the horizontal benzene and the bonding length was also
increased. These changes increased the reactivity of C=C and
C-O bond and made the hydrogenation and HDO reaction
became possible. Suzuki et al. [121] studied the formation of
cyclohexanone and cyclohexanol from benzene. The result
suggested that the selectivity to cyclohexanone or cyclohexanol

Fig. 5 Reaction path of
catechol HDO [118]

Fig. 6 Part of the reaction
network for guaiacol HDO by
Pt/γ-Al2O3 at 534 K and
140 kPa H2 proposed by Gates
et al. [64]. Experimentally
calculated rate constant had unit
in L(gcatalyst)−1h−1
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depended on the configuration of phenol adsorption on metal
surface. Cyclohexanone was produced if phenol was adsorbed
non-planar to the surface. If the phenol was adsorbed co-planar
to the surface, cyclohexanol was the product. The modes of
adsorption of phenol were governed by the nature of the sup-
port, mainly the acid–base properties [123, 135].

Anisole-Based Compounds

Compared with phenol, anisole has one more methyl
group attached to the oxygen. The methyl transfer from
the methoxyl to aromatic ring makes it different from
phenol in HDO experiment. Resasco et al. observed that
the acidic function catalyzed the transalkylation reaction,
yielding phenol, cresols, and xylenols as major products
[105]. The reaction was done in gas phase under 673 K
and atmospheric hydrogen pressure. The noble metal
catalyst was able to cleave the PhO-CH3 bond and form
phenol and methane. The phenol part was further
hydrodeoxygenated and form benzene or cyclohexane.
The presence of noble metal and acid support also had
synergistic effect that the methyl group was transferred
to the aromatic ring first, then the HDO reaction occur,
which reduced the carbon loss as methane. The reaction
path was shown in Fig. 4.

With the existence of water, the reaction path was slightly
different. Methanol was produced instead of methane above
through acid hydrolysis [118]. Weckhuysen et al. did the
HDO on anisole under 573 K and 5.0 MPa hydrogen pres-
sure [97]. The selectivity from anisole towards phenol and
phenol with methyl substituted on aromatic ring were >35 %
and 10–35 %, respectively.

Catechol-Based Compounds

Two major reaction paths for catechol were (a) hydro-
genation first, then go through HDO and (b) removal of
one hydroxyl group first, then go through reaction as
phenol [97, 118]. The reaction path was drawn in
Fig. 5. Under 473 K and 5.0 MPa hydrogen pressure, the
selectivity of catechol towards 2-hydroxycyclohexanone were
80 % in water phase [118]. The following dehydration of 2-
hydroxycyclohexanone was very fast under acid condition
and cyclohexanone was formed rapidly via two parallel re-
actions. The major path was ketone hydrogenation and alco-
hol dehydration.

Guaiacol-Based Compound

Guaiacol is the most representative model compound for
lignin-derived bio-oil. Compared to phenol, there is one
more methoxy group attached to the aromatic ring. This
small change makes the reaction network of guaiacol
much more complex than the phenol. During the reac-
tion, HDO, hydrogenolysis, transalkylation, bimolecular
transalkylation, and hydrogenation are all observed [64].
The complete reaction network is shown in Fig. 6 and
the reaction rate constants are marked next to the arrow.
Only part of the reaction was listed.

We can draw following conclusion from the information
above.

1. The methyl group in the guaiacol is very unstable. The
acid support can transfer the methyl intermolecularly or
intramolecularly. The transferred methyl group attaches
to the aromatic ring and phenolic oxygen.

2. The methoxy or hydroxyl group on the guaiacol is
cleaved in one step. Both products can be further
HDO to form benzene.

3. Guaiacol cannot be hydrogenated in one step under this
condition. Normally it is converted to anisole or phenol
first, and then the aromatic ring is hydrogenated.

4. The cyclohexane is produced in two major routes. First
is from the hydrogenation of phenol, which is the prod-
uct of HDO of guaiacol. Second is the hydrogenolysis
of cyclohexanol and cyclohexanone.

In the study by Park et al. [104], the reaction path was
proposed as Fig. 7. The major difference compared with the
reaction network above was that guaiacol was directly hy-
drogenated to form 2-methoxy-cyclohexanol under 331–
381 K. Then the methoxy was removed by acid site on
support. In the last step, the cyclohexane was produced by
dehydration of cyclohexanol and cyclohexanone. The acid
catalyst and temperature above 523 K were two necessary
conditions for demethoxy and dehydration reaction.

Conclusion

Owing to the complicated components, chemical analysis of
pyrolysis oil has been a challenging but crucial undertaking.
GC-MS analysis has always been used to analyze individual
components in pyrolysis oil, however, only a small portion

Fig. 7 Reaction path proposed
by Park et al. [104]

Bioenerg. Res. (2013) 6:1183–1204 1199



could be detected by GC due to the poor volatility. The
spectroscopic technique such as FT-IR could give insights
into the whole portions of pyrolysis oil. Unfortunately, the
ability of such method to deal with complex mixture like
pyrolysis oil is very limited. As a new way introduced into
characterization of pyrolysis oil—NMR has some advan-
tages compare to the traditional methods. NMR has the
ability to analyze the whole portion of pyrolysis oil. In
addition, it could characterize more than 30 different func-
tional groups present in the lignin pyrolysis oil and give
quantitative results; nevertheless NMR could not provide
exact structure of the components, which still make it diffi-
cult (or impossible) to complete chemical characterization of
pyrolysis oil.

The upgrading of the lignin-derived pyrolysis oil is
reviewed in terms of the common catalyst and reaction mech-
anism of key model compounds. It is shown that both sulfided
catalysts and noble metal catalysts have advantages and dis-
advantages. Sulfided catalyst is intensively studied and the
cost is relatively cheap. The reaction is done under atmospher-
ic pressure with excellent HDO capacity under gas phase.
However, the severe coke formation, intolerant to water and
environment contamination for sulfur leaching cause big
problem. On the other hand, noble metal catalyst shows higher
reactivity for hydrogenation under either gas phase or water
phase. The reusability of noble metal catalyst is better than
sulfided catalyst. The reaction needs lower temperature. But
the noble metal catalyst can be easily poisoned by sulfur and
the high cost also hinders it from real application.

The choosing of support greatly changes the reaction
path. On one hand, the small opening of zeolite might cause
some diffusion problem and lower the reactivity. On the
other hand, it also increases the selectivity. Zeolite modifi-
cation into mesoporous structure significantly increased the
reactivity. The dehydration and transalkylation reaction
mainly occur on the acid site. Too strong acidity or bonding
with reactant reduces the desorption rate and lower the
reaction rate. The stability of catalyst support materials re-
quires special attention because it would affect the reactivity
and durability of catalyst. Acidity and surface area are two
key parameters for support material characterization.

The performance of catalysts varies with different feeding
stocks. Overall speak, according to the publications involved
in this paper, the order of metal sites activity is Rh≈Ru>Pt>
Pd. Again, it is not strictly follow this order for all starting
material. Rhodium and ruthenium showed obvious higher
reactivity in HYD than platinum and palladium in most case.
Rhodium also has showed high deoxygenation ability. Ruthe-
niumwas not as good as platinum for deoxygenation in model
compound study. But when the feedstock changed to the
pyrolysis oil, it removed oxygen intensively. Plus the acid
support would greatly enhance the deoxygenation ability
through acid dehydration under even lower temperature than

the temperature required for deoxygenation through
hydrogenolysis. Zeolite material could be a promising candi-
date due to the tunable acidity and pore size. The thermal/
water vapor stability is the major concern in this specific
application.

The reaction condition greatly impacts the result. Both
types of catalysts showed similar ability in HDO and HYD.
The main difference is selectivity. Generally speaking, higher
reaction temperature favors HDO and lower temperature fa-
vors HYD. It is because of the amount of hydrogen adsorbed
on catalyst is lower under high temperature that HYD reaction
requires large amounts of hydrogen. The solvent effect and
other parameters varied. Hydrolysis is an important reaction to
consider when the reaction is done under water phase.

The four model compounds for mechanism study in this
paper are phenol, anisole, catechol, and guaiacol. These four
compounds are chosen based on the component study in
Source of Hydrogen and Economic Analysis section. The
main reactions involved are HYD and HDO. Transalkylation
and ring-coupling reaction are also observed.
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