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� Two-stage approach for thermochemical conversion of lignin into biobased aromatics.
� Successful pyrolysis of various technical lignins into a phenolic bio-oil.
� Catalytic hydrodeoxygenation of bio-oils into alkylphenolics and other aromatics.
� For comparison, direct HDO of Kraft lignin for depolymerisation and deoxygenation.
� Relatively high product concentrations in bio-oil after two-stage approach.
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a b s t r a c t

Five technical lignins (three organosolv, Kraft and soda lignin) were depolymerised to produce mono-
meric biobased aromatics, particularly alkylphenols, by a new two-stage thermochemical approach con-
sisting of dedicated pyrolysis followed by catalytic hydrodeoxygenation (HDO) of the resulting pyrolysis
oils. Pyrolysis yielded a mixture of guaiacols, catechols and, optionally, syringols in addition to alkylphe-
nols. HDO with heterogeneous catalysts (Ru/C, CoMo/alumina, phosphided NiMO/C) effectively directed
the product mixture towards alkylphenols by, among others, demethoxylation. Up to 15 wt% monomeric
aromatics of which 11 wt% alkylphenols was obtained (on the lignin intake) with limited solid formation
(<3 wt% on lignin oil intake). For comparison, solid Kraft lignin was also directly hydrotreated for simul-
taneous depolymerisation and deoxygenation resulting in two times more alkylphenols. However, the
alkylphenols concentration in the product oil is higher for the two-stage approach. Future research
should compare direct hydrotreatment and the two-stage approach in more detail by techno-economic
assessments.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The pulp- and paper sector and (future) lignocellulosic biore-
fineries for bioethanol produce large lignin-containing side
streams. Examples are Kraft-, sulphite- and soda-pulping in the
paper sector and organosolv, acid-hydrolysis and steam explosion
treatments in biorefineries (Cherubini et al., 2009; Lora, 2008). To
date, most of this lignin is incinerated for the generation of process
heat and the production of higher value biobased aromatics from
lignin is still in its infancy and a major research challenge (Bozell
et al., 2007; Zakzeski et al., 2010; Rinaldi et al., 2016).

Lignin is an amorphous and highly cross-linked phenolic
polymer that is build up from three aromatic alcohol precursors
(p-hydroxyphenyl (H, from coumaryl alcohol), guaiacyl (G, from
coniferyl alcohol) and syringyl (S, from sinapyl alcohol) moieties)
which are interconnected by a variety of bonds, approximately half
of which are of the b-O-4 ether type (Fengel and Wegener, 2003).
Lignin is also associated with carbohydrates via covalent bonds
and its properties are influenced by the botanical biomass origin
and its isolation process. Organosolv lignin has a high purity, i.e.
virtually ash-free and low in residual carbohydrates, but its specific
characteristics in terms of functional groups and composition are
strongly influenced by the feedstock and process conditions used
(Huijgen et al., 2014; Constant et al., 2016).

The interest in lignin valorisation for aromatic chemicals is cur-
rently staggering (Xu et al., 2014; Rinaldi et al., 2016), although the
production of biobased monomeric aromatics from lignin is com-
plicated by, among others, the general (thermo)chemical recalci-
trance of lignin, the heterogeneity of lignin, the variable
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composition of lignins from different sources and the complex pro-
duct mixtures obtained by current conversion technologies. Vari-
ous thermochemical, chemocatalytic and biochemical lignin
depolymerization routes are under consideration (Joffres et al.,
2013; Xu et al., 2014; Zakzeski et al., 2010) and most approaches
specifically focus on cleavage of lignin’s b-O-4 ether bond. How-
ever, during isolation of technical lignins from biomass, condensa-
tion reactions occur that alter the lignin structure, i.e. less b-O-4
ether bonds and more C–C bonds when compared to protolignin
(Rinaldi et al., 2016; Constant et al., 2016).

Thermochemical approaches such as pyrolysis seem especially
suited for (partially) depolymerising such condensed lignins
towards value-added aromatics (Constant et al., 2016; Van den
Bosch et al., 2015). Pyrolysis of lignin has been reported to produce
a lignin pyrolysis liquid that consists of an organic and an aqueous
fraction (De Wild et al., 2012, 2014; Mu et al., 2013). Liquid yield
and composition are dependent on lignin’s botanical origin, isola-
tion procedure and pyrolysis process conditions. From our previous
work, fluidised bed pyrolysis of various lignins yielded typically
20% gas, 35% char, and 45% liquid (wt% on dry lignin) consisting
of approximately 45% oligomeric phenolic substances, 23% mono-
meric phenols, and 33% water (De Wild et al., 2014). Higher yields
of lignin pyrolysis liquid and monomeric phenols are certainly pos-
sible. Hoekstra et al. obtained a high liquid yield of 78 wt% (dry lig-
nin basis) by lab-scale pyrolysis of an organosolv lignin using a
novel wire-mesh reactor. The high liquid yield probably can be
attributed to the very high heating rate of 6000 �C/s in the wire-
mesh reactor (Hoekstra et al., 2012). However, such conditions
are not easily accomplished on larger scale because of several tech-
nical and economic constraints. To our knowledge, the highest
yield of monomeric phenols from a typical pyrolysis process has
been achieved in 1980 by German researchers who pyrolysed
organosolv beech wood lignin in a fluidised bed reactor into a yield
of around 14 wt% phenolic monomers (dry lignin basis) but
acknowledged several operational problems (Kaminsky et al.,
1980).

Aromatic lignin monomers obtained by pyrolysis are predomi-
nantly mono- or dimethoxy phenols and their demethoxylation
is a prerequisite to obtain drop-in biofuels or feedstock for the
petrochemical industry to produce e.g. BTX (Saidi et al., 2014). In
addition, for specific material applications such as replacement of
phenol in resins, methoxylated phenols are undesired because of
their lesser crosslinking activity when compared to alkylphenols
(Effendi et al., 2008). Therefore, catalytic hydrodeoxygenation
(HDO) is interesting to further depolymerise the oligomeric pheno-
lic species and simultaneously remove oxygen, particularly via
demethoxylation, yielding monomeric alkylphenols, phenol and
non-oxygenated aromatics. Progressive depolymerisation/deoxy
genation of the phenolic oligomers can increase the yield of (oxy-
genated) aromatic monomers.

Depending on hydrotreatment severity (temperature, hydrogen
pressure, residence time, catalyst), more or less (hydro-) cracking
and deoxygenation will take place, enabling tuning the process
towards high yields of desired chemicals, in this case monomeric
alkylphenols. HDO has been extensively applied to remove oxygen
from the organic fraction of biomass fast pyrolysis liquids (Mahfud
et al., 2007; Wildschut et al., 2010; Bu et al., 2012). Also, the
organic fraction of pyrolysis liquids resulting from pyrolysis of
technical lignins (lignin pyrolysis oil or LPO) has been successfully
hydrodeoxygenated (De Wild et al., 2009). However, most studies
on HDO of lignin-derived phenols concern either model com-
pounds or phenols in lignocellulosic biomass-derived pyrolysis oils
(Bu et al., 2012; Saidi et al., 2014). In addition, the bulk of literature
on lignin pyrolysis deals with analytical (Py-GC/MS) or lab-scale
pyrolysis (Mu et al., 2013) using process concepts that cannot be
easily scaled-up e.g. because of small amounts of materials used,
non-continuous feeding of lignin, high heating rates applied, and
reduced secondary reactions because of a very short vapour resi-
dence time (Bai and Kim, 2016). HDO studies on actual crude
lignin-derived pyrolysis oils at larger scales are scarce, mainly
because of operational difficulties to produce lignin pyrolysis oil
(Nowakowski et al., 2010. In summary, this work deals with a
two-step thermochemical approach for lignin depolymerisation
into biobased monomeric aromatics, in particular alkylphenols,
consisting of lignin pyrolysis followed by HDO of the resulting
pyrolysis oil (LPO). The approach is schematically presented in
Fig. S1 in the Supporting Information (SI). Compared to single step
lignin pyrolysis, HDO of the lignin pyrolysis oil can possibly be
used to increase the yield of alkylphenols in the final product via
further depolymerisation and deoxygenation, in particular
demethoxylation, of phenolic pyrolysis products. For comparison,
also the direct hydrotreatment of solid lignin is studied.
2. Materials and methods

2.1. Lignin feedstocks

Kraft lignin Indulin AT (softwood, Meadwestvaco, US) (KL) and
soda lignin ProtobindTM 1000 (mixed wheat straw/ Sarkanda grass,
GreenValue S.A., Switzerland) were obtained commercially.

Organosolv lignins were extracted from wheat straw (OS-W),
poplar (OS-P), and spruce (OS-S) using an acid-catalysed ethanol-
based organosolv process. The organosolv procedure and lignin
isolation methods have been reported in detail elsewhere
(Wildschut et al., 2013). The specific process conditions applied
and fractionation results have been reported previously
(Constant et al., 2016). All lignins have been extensively charac-
terised with regard to their composition, structure and functional
groups in previous work (Constant et al., 2016) and a summary
of relevant characteristics is given in Table S1. The organosolv lig-
nins were found to have a high purity (low in residual sugars), be
sulphur lean and virtually ash free. All technical lignins tested con-
tained a low amount of ether linkages such as b-O-4 linkages com-
pared to protolignin due to condensation reactions (Table S1).
2.2. HDO catalysts

Three different catalysts were applied for hydrodeoxygenation
of lignin pyrolysis oils. First, Ru/C was used for HDO of sulphur-
free organosolv lignin pyrolysis oils, since Ru/C has been applied
to remove oxygen from biomass pyrolysis oil (Wildschut et al.,
2010). The ruthenium on carbon catalyst (5 wt% Ru, powder) was
obtained from Sigma Aldrich. However, supported Ru catalysts
are expected to be unsuitable for catalytic hydrotreatment of
sulphur-rich lignin oils due to excessive catalyst deactivation
(Mu et al., 2013). Kraft lignin pyrolysis oil contains large lignin
fragments and it is reasonable to assume that at least part of the
sulphur will be retained in the LPO. Therefore, HDO of Kraft lignin
pyrolysis oil was carried out first using CoMo on alumina as bench-
mark, a commercially available sulphur resistant catalyst typically
used for the catalytic hydrotreatment of various crude oil fractions
in a refinery (Saidi et al., 2014). Finally, further studies on the cat-
alytic hydrotreatment of the Kraft lignin pyrolysis oil as well as
solid Kraft lignin were carried out using a bimetallic phosphided
NiMo catalyst on activated carbon (20NiMoP/Ac), which has been
reported to be an excellent catalyst for the catalytic hydrotreat-
ment of sulphur-rich lignins and bio-oil upgrading (Saidi et al.,
2014; Kumar et al., 2015; Chowdari et al., 2016). The 20NiMoP
(mole ratio Ni:Mo:P = 1:1:2) on activated carbon catalyst was pre-
pared in-house using a published procedure (Bowker et al., 2014;
Yang et al., 2012).
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2.3. Lignin pre-treatment and characterisation

The lignins were fed to the pyrolysis reactor as 2 mm extrudates
containing �30 wt% of a clay additive (Wilberink et al., 2011). Pure
technical lignins have a high tendency tomelt at relatively low tem-
peratures (<200 �C)which causes problems in feeding the lignin into
thepyrolysis reactor due to cloggingof feed lines andpremature car-
bonisation, as has been observed in earlierwork (Nowakowski et al.,
2010;Wilberink et al., 2011). Addition of a specific natural claymin-
eral from the palygorskite family (i.e., a magnesium aluminium
phyllosilicate) was found to significantly reduce the melting ten-
dency of technical lignins (Wilberink et al., 2011). All lignin-clay
mixtures were thermochemically characterised under pyrolysis
conditions (inert atmosphere) using thermogravimetric analysis
(TGA) (Mettler-Toledo 850 thermal analyser). TGA was conducted
to determine the content of moisture, volatiles, and residual char
plus ash. In addition, TGA was used to estimate the approximate
temperature at which the lignin-clay mixture degrades fastest.
Approximately 15–25 mg of oven-dried (overnight in air at 105 �C)
lignin-clay mixture was heated up from room temperature to
100 �C at 10 �C/min and kept isothermal for 10 min to estimate
residual moisture content. Thereafter, the sample was heated at
25 �C/min up to 950 �C and kept at that temperature for 10 min to
establish the residual content of char together with ash.

The first derivative of the weight loss – time/temperature curve
was determined to calculate the temperature at which the degra-
dation of the lignin is fastest and to identify potential regions of
thermal (in)stability.

2.4. Pyrolysis

Approximately 200 g of each of the lignin-clay mixture feed-
stocks was pyrolyzed at 450 �C using a fully automated bubbling
fluidized bed reactor, equipped with 2 cyclones, a water-cooled
4 �C tar knock-out pot (KO-pot), a room-temperature electrostatic
precipitator (ESP) and a �25 �C freeze condenser (FC) to collect
char, fines and pyrolysis liquids.

In addition, a second larger batch of Kraft lignin pyrolysis oil was
prepared via pyrolysis of 450 g Kraft lignin-clay feedstock at 550 �C
for the comparison between the two-step pyrolysis – HDO route
and the direct HDO route. Fig. S2 in the SI presents the applied lig-
nin pyrolysis process concept, using silica sand as the bed material
in the reactor. More general information about the pyrolysis set-up
used can be found in earlier publications (De Wild et al., 2012,
2014). Non-condensable pyrolysis gases (merely CO, CO2 and CH4)
were monitored on-line with a micro-GC set-up, approximately
every 3 min. In addition, to observe faster changes in gas evolution,
ABB NDIR spectrometers (Advance Optima, CALDOS – MAGNOS)
were used for on-line monitoring of the non-condensable gases
during the pyrolysis experiments, approximately 6 times a minute.
The condensable products were collected in three fractions per lig-
nin: KO-pot, ESP and FC. The KO-pot fraction was a two-phase pro-
duct consisting of water and a substantial amount of organics. The
FC fraction was an aqueous liquid with a very pungent smell. The
ESP fraction was a homogeneous and rather viscous liquid with a
smoky smell. Because of its relative homogeneity and low water
content, the ESP fraction was chosen as representative sample for
further analysis and HDO processing. This fraction is further
referred to as lignin pyrolysis oil (LPO). See also Section 3.2 for
the rationale behind this choice. The overall standard deviation in
the mass balance results is estimated to be approximately ±10%.

2.5. Characterisation lignin pyrolysis oils

The relatively dry pyrolysis oil fraction from the ESP was anal-
ysed by bomb calorimetry for higher heating value (HHV), by
Karl-Fischer titration for moisture content, by size exclusion chro-
matography (SEC) for molar mass distribution and by GC–MS/FID
for chemical composition.

Molar mass distribution of lignin and lignin pyrolysis oils was
determined using alkaline SEC according to Constant et al.
(2016). For separation, either a home-packed column (7.8 mm
ID � 300 mm packed with 30 lm porous polymer beads (Toy-
opearl HW-55 F)) or a commercial PSS MCX column was used.
Separation was carried out at 40 �C with a flow rate of 1 mL/min
0.5 M NaOH. Sodium polystyrene sulfonate standards and phenol
were used for calibration.

Liquid products from the pyrolysis experiments were analysed
with gas chromatography, mass spectrometric and flame ionisa-
tion detection (GC/MS – GC/FID), using an internal standard in
combination with calibration standards. The internal standard con-
sists of deuterated ethylbenzene, resorcinol and phenol. The GC/
MS – GC/FID method is developed for the analysis of isopropanol
(IPA) dissolved polar compounds from the thermal conversion of
biomass. The method uses split injection (split ratio 1:25, injector
temperature 275 �C) on a gas chromatographic separation column
(40 �C? 245 �C, ramp 10 �C/min, He carrier gas flow 1 ml/min).
The equipment consists of a TRACE GC ULTRA/DSQII gas chro-
matograph with Xcalibur data processing software. The WAX col-
umn is a Zebron ZB-WAX plus or a ZB-WAX (length of 30 m,
internal diameter 0.25 mm) with a Hydroguard precolumn (inter-
nal diameter 0.53 mm). The film thickness of the stationary phase
is 0.25 lm. Further details can be found in (De Wild, 2011).

2.6. Hydrodeoxygenation experiments

Selected lignin pyrolysis oils obtained from three lignins (OS-W,
OS-P and Kraft) were hydrodeoxygenated in a 100 mL batch auto-
clave reactor (Parr) using 100 bar H2 at room temperature (15 g of
lignin pyrolysis oil feed, 1200 rpm). In addition, solid Kraft lignin
was directly hydrodeoxygenated for comparison. An overview of
the hydrodeoxygenation experiments performed is given in
Table 4. In a first series of experiments, sulphur free lignin pyroly-
sis oils obtained from OS-W and OS-P were hydrotreated at 400 �C
using Ru/C as catalyst. Ru/C has been applied for the direct HDO of
technical lignins before (Kloekhorst and Heeres, 2015). In a second
series, the sulphur-containing lignin pyrolysis oil from Kraft lignin
was treated at 400 �C using a commercial CoMo/Al2O3 catalyst. In a
third series, solid Kraft lignin and its pyrolysis oil were
hydrodeoxygenated using 20NiMoP/AC as catalyst at both 350
and 400 �C. After the reaction, the gas phase was analysed with
GC-TCD and the water phase for total organic carbon (TOC). The
product oil was dissolved in DCM and filtrated to remove any
insoluble solids, including catalyst. The resulting DCM soluble oil
was extensively characterised (Section 2.7).

The removed insoluble solids were washed with acetone to sep-
arate char and catalyst from acetone-soluble oil, which was also
characterised.

2.7. Characterisation HDO oils and gases

GC–MS-FID analyses were performed on organic samples using
a Quadruple Hewlett Packard 6890 MSD attached to a Hewlett
Packard 5890 GC equipped with a 60 m � 0.25 mm i.d. and
0.25 lm RTX-1701 capillary column. The injector temperature
was set at 250 �C. The oven temperature was kept at 40 �C for
5 min then heated up to 250 �C at a rate of 3 �C min�1 and then
held at 250 �C for 10 min. GC � GC-FID analysis were performed
on organic samples with a trace GC � GC from Interscience
equipped with a cryogenic trap system and two columns: a
30 m � 0.25 mm i.d. and 0.25 lm film of RTX-1701 capillary col-
umn connected by a meltfit to a 120 cm � 0.15 mm i.d. and
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0.15 lmfilm Rxi-5Sil MS column. A dual jet modulator was applied
using carbon dioxide to trap the samples. Helium was used as the
carrier gas (continuous flow 0.6 ml min�1). The injector tempera-
ture and FID temperature were set at 250 �C. The oven temperature
was kept at 40 �C for 5 min then heated up to 250 �C at a rate of
3 �C min�1. The pressure was set at 70 kPa at 40 �C. The modulation
time was 6 s. Before GC � GC-FID and GC–MS-FID analyses, the
organic samples were diluted with tetrahydrofuran (THF) and
1000 ppm di-n-butylether (DBE) was added as internal standard.
GPC analyses were performed on organic samples using a
HP1100 from Hewlett Packard equipped with three 300x7.5 mm
PLgel 3 lm MIXED-E columns in series using a GBC LC 1240 RI
detector.

Average molar mass calculations were performed with the PSS
WinGPC Unity software from Polymer Standards Service. The fol-
lowing conditions were used: THF as eluent at a flow rate of
1 ml min�1; 140 bar, a column temperature of 42 �C, 20 ll injec-
tion volume and a 10 mg ml�1 sample concentration. Toluene
was used as a flow marker. Elemental analyses (C, H and N) were
performed using a Euro Vector 3400 CHN-S analyser. The oxygen
content was determined by difference. All experiments were car-
ried out at least in duplicate and the average value is provided.

The water content in the organic and aqueous samples was
determined by Karl Fischer titration using a Metrohm Titrino 758
titration device. A small amount of sample (ca. 0.03–0.05 g) was
added into an isolated glass chamber containing Hydranal� (Karl
Fischer Solvent, Riedel de Haen). The titrations were carried out
using the Karl Fischer titrant Composit 5 K (Riedel de Haen). All
measurements were performed in duplicate and the average value
is reported. The gas phases were collected after reaction and stored
in a gasbag (SKC Tedlar 3 L Sample Bag (9.500 X 1000)) with a
polypropylene septum fitting. GC-TCD analyses were performed
on a Hewlett Packard 5890 Series II GC equipped with a PoraPLOT
Q Al2O3/Na2SO4 column and a molecular sieve (5Å) column. The
injector and detector temperature were set at 150 and 90 �C,
respectively. The oven temperature was kept at 40 �C for 2 min,
heated up to 90 �C at 20 �C min�1 and kept at this temperature
for 2 min. The columns were flushed for 30 s with gas sample
before starting the measurement. A reference gas was used for
quantification. The reference gas contains a known composition
of gasses (55.19% H2, 19.70% CH4, 3.00% CO, 18.10% CO2, 0.51%
ethene, 1.49% ethane, 0.51% propene and 1.50% propane).
3. Results and discussion

3.1. Lignin TGA

The TGA weight loss versus temperature curves and the first
derivatives (DTG) for the lignin-clay pyrolysis feedstocks are pre-
sented in Fig. S3 in the SI. The presented curves relate to lignin con-
tent (70 wt%) of the lignin-clay mixtures. The original curves have
been adjusted by subtracting the amount of clay (30 wt%) from the
measured weight during the TGA runs. From the curves, moisture
content, volatiles, and residual char/ash as well as the temperature
at which maximum thermal degradation of lignin occurs were
deduced. The results in Table 1 show that the lignin-clay feed-
stocks contain only limited moisture (2–5 wt%) and produce 63–
67 wt% of volatiles upon heating to 950 �C. Afterwards, 33–37 wt
% of solid char/ash residue remains. All numbers are based on
the dry weight of the pure lignin. Given the negligible amount of
ash in the organosolv lignins (Table 1), the solid residue of these
lignins can be considered as char. The fastest thermal degradation
of the lignins occurs around 400 �C. At 300 �C the shoulder in the
DTG curves for OS-W and soda lignin indicates a region of different
thermal stability compared to the bulk of these lignins, which
might be attributed to the presence of fatty acids and other non-
lignin components.

3.2. Lignin pyrolysis

In general, pyrolysis of the lignins yielded 34–48 wt% of pyrol-
ysis liquids (sum of the KO, ESP and FC fractions), 6–12 wt% of
non-condensable gases and around 37–47 wt% of char and ash
(all on dry lignin intake weight) (Table 2). Pyrolysis of Kraft lignin
at 550 �C yielded substantially more liquid than pyrolysis at 450 �C
(48 vs 34 wt%). Total mass balances are 90–99% with the missing
part caused by slip-through of (sub-micron) matter and by inaccu-
racies related to the estimation of the amount of residual char and
ash from the TGA results. The single-phase LPO (the ESP fraction)
amounted to 16–19 wt% (based on the dry lignin intake) and was
further processed via HDO. Characterisation of LPO samples is pre-
sented in Table 3, underlying detailed chemical analysis results are
given in the SI (Tables S2 and S3). The LPO samples appeared to be
relatively dry with a water content 3–6 wt%. From GC–MS analysis
of the LPO samples, the content of identified monomeric phenols
ranges from 9 to 13 wt% with the highest value for the Kraft lignin.
In general, catechols, alkylphenols and guaiacols are the major
monomeric phenols. Fig. 1 presents a graphical representation of
these results. Syringols are predominantly present in the LPO from
the organosolv wheat straw lignin and the organosolv poplar lig-
nin, as expected from the composition of the original lignin
(Table S1). The LPOs from the Kraft and the spruce lignins do not
contain syringols. All LPO samples show a significant higher heat-
ing value (HHV) of around 30 MJ/kg. SEC results show a significant
depolymerisation and a relatively narrow weight distribution as
illustrated in Fig. S4 in the SI that presents the normalised alkaline
SEC curves of KO liquid fractions resulting from lignin pyrolysis at
450 �C. The two-phase fraction that was collected in the tar knock-
out (KO) pot was observed to contain approximately 6–12 wt% (dry
lignin basis) of condensed organic matter. This organic matter was
not characterised for its composition. However, earlier GC–MS
chemical composition analysis indicated that the composition of
the organic fraction in the KO-pot typically resembles the compo-
sition of the ESP fraction (Fig. S6 in the SI). Fig. S5 in the SI confirms
the similarity in molar mass distribution between the organic
phase from the KO-pot and the ESP fraction, indicating that the
condensable organic gas fraction from the KO-pot is roughly iden-
tical to the composition of the organic aerosols from the ESP. The
chemical composition and molar mass distribution of the aqueous
phase from the KO-pot are shown in Table S3. Because of practical
difficulties to separate and remove the organic fraction from the
KO-pot, the fraction was not considered for further processing
via HDO. However, it should be noted that on a larger scale with
product recovery in a single step (e.g. in a cooled ESP) this fraction
probably contributes to the overall yield of lignin pyrolysis oil. In
general, pyrolysis of lignin produces a substantial amount of water
that – when simultaneously condensed with organics – may lead
to a liquid product that instantaneously phase separates into an
aqueous phase and an organic phase. In the experiments per-
formed this would have led to a total lignin oil yield of 22–31 wt%.

Earlier work has indeed shown that the total yield of the result-
ing organic phenolic product can be up to about 30 wt% (dry lignin
basis) (De Wild et al., 2014).

3.3. Hydrodeoxygenation of organosolv lignin pyrolysis oils using a Ru/
C catalyst

Initial tests on the HDO treatment of the lignin pyrolysis oils
from organosolv wheat straw and poplar lignin were carried out
using Ru/C as catalyst at 400 �C for 4 h (Tables 4 and 5, entry 1
and 2). Solids formation was limited (less than 2.3 wt%). Typically,



Table 1
TGA results of lignin – clay mixtures.

Lignin type Moisture (wt%a) Volatiles (wt%b) Solid residue (wt%b) Tmax (�C)c

Kraft 3 63 37 395
Soda 5 67 33 394
OS-W 4 65 35 398
OS-P 4 64 36 404
OS-S 2 64 36 420

a wt% of the lignin part of the lignin-clay mixture on as received basis.
b wt% of the lignin part of the lignin-clay mixture on dry basis.
c Temperature at which decomposition occurs at maximum rate.

Table 2
Mass balances of lignin pyrolysis tests.

(wt% based on dry lignin intake) Solid yielda Liquid yieldb

(for each fraction organics + water)
Gas yield Mass balance

Lignin feed, pyrolysis T (�C) ESP KO FC Total

Kraft, 450 47 16 9 9 34 9 90
Kraft, 550 37 17 23 8 48 12 97
Soda, 450 43 17 21 4 42 11 96
OS-W, 450 45 16 17 7 40 6 91
OS-P, 450 45 17 19 5 41 12 99
OS-S, 450 46 19 18 5 42 8 96

a For practical reasons (e.g. separation of char from sand, removing of small amounts of char from various parts in the reactor, losses, etc.), it was not possible to obtain
reliable char data from post-experiment weighing. Instead, from the TGA weight loss curves that were corrected for the amount of clay, the average of the solid char/ash
residue at pyrolysis temperature (450 and 550 �C, respectively) and the solid residue at the end temperature of TGA (950 �C) was taken as an estimation of the pyrolytic char
yield.

b The hot pyrolysis vapours were consecutively collected in a water-cooled tar knock-out (KO) pot that trapped gaseous organic condensables and most of the (reaction)
water, a room temperature electrostatic precipitator (ESP) that collected aerosols and a �30 �C freeze condenser (FC) that served to trap low-boiling components and residual
trace amounts of water.

Table 3
Physicochemical characterisation lignin pyrolysis oils.

Lignin feed Kraft LPO-I (450 �C) Kraft LPO-II (550 �C) Soda OS-W OS-P OS-S

Componentsa (wt% a.r.)
Acids 0.4 0.4 0.3 0.9 0.5 0.3
Methanol 0.2 0.2 0.2 0.2 0.5 0.2
Furans 0.0 0.1 0.0 0.0 0.3 0.3
Guaiacols 5.5 8.5 0.9 3.2 2.2 2.0
Syringols 0.0 0.1 0.5 1.4 2.0 0.0
Alkylphenols 2.8 3.0 4.4 3.0 3.6 2.6
Catechols 4.3 5.1 3.1 3.1 2.6 4.6
Other monophenols 0.4 0.2 0.1 0.3 0.1 0.1
Other aromatics 0.0 0.0 0.0 0.0 0.0 0.0
Low boilers & Levoglucosan 0.2 0.2 0.2 0.3 0.0 0.5
Water 5.5 n.d. 2.7 3.7 5.8 3.6
Unaccounted forb 81 82 88 84 82 86

HHV (MJ/kg) 29.4 n.d. 31.0 30.5 28.9 30.6
Mw (kDa)c 1.1 n.d. 1.2 1.1 1.1 1.1
Mn (kDa)c 0.8 n.d. 0.8 0.7 0.8 0.7
PDIc 1.5 n.d. 1.6 1.5 1.5 1.6

a Acids = acetic acid + formic acid + levulinic acid, furans = furan + furfural + 5-methyl furfural + furfuryl alcohol + hydroxymethylfurfural + 2(5H)furanon, guaiacols = 2-
methoxyphenol + 4-methylguaiacol + 4-ethylguaiacol + 4-propylguaiacol + eugenol + iso-eugenol + 4-vinylguaiacol + vanillin + acetovanillone, syringols = 2,6-
dimethoxyphenol + 4-methylsyringol + 4(2-propenyl) syringone + syringaldehyde + acetosyringone, alkylphenols = phenol + o,m,p-phenol + 4-ethylphenol + 4-propylphe-
nol, catechols = pyrocatechol + 3-methoxy-pyrocatechol + hydroquinone + 2-methoxyhydroquinone + resorcinol, other monophenols = 4-hydroxybenzaldehyde + 4-
hydroxybenzylalcohol + 4-hydroxy-acetophenone + coniferyl alcohol + 2,6-dihydroxy-4-methoxyacetophenone, other aromatics= toluene + o-xylene + naphthalene
+ phenanthrene + pyrene, low boilers = acetaldehyde + methylformate + propanal + isobutyraldehyde + acetone + methylacetate + acetol + hydroxyacetaldehyde + 1-
hydroxy-2-butanone + angelicalactone.

b Refers to the sum of unknown monomeric phenols, oligomeric phenols and other unidentified components. Due to poor volatility, only a small part of components in
lignin pyrolysis oil can be detected by 1-D GC–MS (De Wild et al., 2012; Mu et al., 2013).

c Determined using alkaline SEC over a home-packed column (Section 2.5). PDI = Poly Dispersity Index.
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an oil phase together with a water phase was obtained after HDO
treatment. The oil phase (70–80 wt% on intake) was analysed in
detail using various analytical techniques (GC � GC, GPC). A typical
GC � GC spectrum after HDO treatment of lignin pyrolysis oil from
wheat straw is given in Fig. S7 in the SI. Alkylphenols constitute the
main fraction, from 17 wt% for the poplar LPO derived HDO oil to
28 wt% in the HDO oil from the wheat straw LPO (Table 5). How-
ever, a substantial amount of alkanes (cyclic, linear and branched)
were found in the products. This indicates the undesired occur-
rence of overhydrogenation of alkylphenols and/or other aromat-
ics, as has been reported before for HDO of both guaiacol and
softwood organosolv lignin-derived pyrolysis oil (Mu et al.,
2014). These findings for Ru/C are in line with catalytic hydrotreat-
ment experiments of solid lignins using Ru/C (Kloekhorst and



Table 4
Hydrodeoxygenation experiments performed, major product yields and mass balances.

Experiment Feeda Catalyst Reaction temp.
(�C)

Reaction time
(h)

Oil
(wt%b)

Water
(wt%b)

Gaseous product
(wt%b)

Solid residue
(wt%b)

Mass balance
(wt%b)

1 OS-W LPO Ru/C 400 4 80.7 11.1 n.d. 2.3 94.1
2 OS-P LPO Ru/C 400 4 69.8 15.4 9.0 0.6 94.8
3 Kraft LPO-I CoMo/Al2O3 400 4 80.6 7.8 n.d. 2.7 91.1
4 Kraft LPO-II 20NiMoP/AC 350 2 78.4 10.7 3.0 – 92.1
5 Kraft LPO-II 20NiMoP/AC 400 2 81.2 14.4 4.2 – 99.7
6 Kraft lignin 20NiMoP/AC 350 4 61.7c (0.8)d 11.8 5.4 4.5 84.3
7 Kraft lignin 20NiMoP/AC 400 2 67.2 19.7 8.6 4.0 99.5
8 Kraft lignin 20NiMoP/AC 400 4 64.3 19.8 10.1 5.1 99.2

a 100 bar H2 initial pressure, with 5 wt% catalyst.
b All wt% are based on corresponding feed intake.
c DCM soluble products.
d Acetone soluble products.
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Fig. 1. Distribution of major monomeric phenols in the lignin pyrolysis oils.

Table 5
Monomeric product yields of HDO experiments quantified by GC � GC-FID

Exp 1 2 3 Feed exp 4 & 5 4 5 6 7 8
Feedstock OS-W LPO OS-P

LPO
Kraft
LPO-I

Kraft
LPO-II

Kraft
LPO-II

Kraft
LPO-II

Kraft lignin Kraft lignin Kraft lignin

Catalyst Ru/C Ru/C CoMo/Al2O3 NA 20NiMoP/AC 20NiMoP/AC 20NiMoP/AC 20NiMoP/AC 20NiMoP/AC

Alkylphenols 27.9 16.9 21.2 15.1 30.7 44.3 11.4 22.5 22.5
Aromatics 3.6 9.6 4.7 2.7 8.1 16.2 2.7 6.6 7.6
Guaiacols 0 0 0.4 14.7 0.7 1.4 0 0.1 0.1
Cyclic alkanes 8.2 10.0 0.8 0.2 7.5 13.3 1.7 5.1 5.2
Linear branched alkanes 7.8 3.3 1.6 0.2 4.8 4.8 4.2 2.7 2.8
Catechols 0.8 1.2 0.1 10.2 2.6 1.5 0.2 1.3 1.4
Ketones 0.3 0.3 0.1 1.1 0.5 0.4 0.3 0.2 0.3
Total monomers 48.6a 41.4a 28.8a 44.2b 54.9a 81.9a 20.5c 38.5c 39.9c

a Yields based on LPO intake (wt%).
b Composition of LPO intake (wt%). The content of 44.2 wt% monomers for the Kraft LPO-II is approximately 2.5 times higher than the total amount of identified and

quantified species as measured by 1-D GC–MS/FID (Table 3). This difference seems at least partly caused by the fact that the 1-D GC–MS/FID analysis addresses only a limited
set of about 60 GC-detectables that can be identified and quantified. In general, the gas chromatogram contains a substantial amount of unidentified compounds in the same
retention time region as the detected and quantified phenols.

c Yields based on lignin intake (wt%).
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Heeres, 2015). The total amount of GC detectables is between 41
and 49 wt% on LPO intake. The remaining compounds have a
higher molar mass, as illustrated for by the GPC results in
Fig. S8a in the SI, and are probably of oligomeric nature and
thereby not detectable by GC techniques.
3.4. Hydrodeoxygenation of Kraft lignin pyrolysis oil using a
commercial CoMo/alumina catalyst

Kraft lignin pyrolysis oil was first hydrodeoxygenated using a
commercial CoMo/alumina catalyst, because of its resistance to
sulphur. Lignin pyrolysis oil resulting from pyrolysis of Kraft lignin
at 450 �C (Kraft LPO-I) was used and HDO was carried out at 400 �C
for 4 h (Table 4, entry 3). An oil phase with 81% yield on intake was
obtained, together with a water phase and small amounts of gas
and solids (Table 4).

The organic phase contains considerable amounts of alkylphe-
nols and other aromatics (21.2 and 4.7 wt% on lignin, respectively,
see Table 5). In contrast to Ru/C, overhydrogenation and the forma-
tion of alkanes were very limited. However, the total amount of GC
detectables (28.8 wt%)is lower than for the oils from wheat straw
and poplar using Ru/C (41.4–48.6 wt%). It is of interest to compare



Fig. 2. Van Krevelen plot based on elemental analysis. KPO = Kraft LPO.
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the composition of the product oil with that of the Kraft LPO feed
(Table 5). The feed contains considerable amounts of guaiacols
and catechols, which are absent in the hydrotreated product oil.
The latter contains by far more alkylphenols than the feed. As such,
these findings imply that the catechols and guaiacols are, among
others, converted to alkylphenols during the catalytic hydrotreat-
ment reaction, implying considerable hydrodeoxygenation activity
of the catalyst. Surprisingly, the feed contains a higher total
amount of GC-detectables than the product. Thus, it appears that
the catalytic hydrotreatment does not lead to a net reduction in
the molecular weight, which implies that part of the monomeric
species are converted to either gas phase components or solid resi-
due by repolymerisation. The average molar mass of the products
oil is higher for CoMo on alumina catalyst than for Ru/C (Fig. S8a
in the SI). In other words, CoMo on alumina seems a less reactive
catalyst for depolymerisation/hydrodeoxygenation than Ru/C
(more alkylphenols/aromatics and less aliphatics, and a higher
molecular weight of the oil).

3.5. Hydrodeoxygenation experiments of Kraft LPO and Kraft lignin
using a 20NiMoP/AC catalyst

Further detailed studies on the catalytic hydrotreatment of the
lignin oils from Kraft lignin were carried out using a bimetallic
phosphided NiMo catalyst on an activated carbon support
(20NiMoP/Ac) (Table 4, exp 4–5), which was shown to be an excel-
lent catalyst for the catalytic hydrotreatment of sulphur-rich lig-
nins (Chowdari et al., 2016).

The catalytic hydrotreatment of solid Kraft lignin was studied
for comparison (Table 4, exp 6–8). Table 4 shows the lignin oil
yields obtained for Kraft lignin, both by the pyrolysis-HDO route
as well as by direct hydrotreatment. The oil yields for Kraft lignin
pyrolysis oil as the feed (Kraft LPO) at 350 �C and 400 �C are 78.4
and 81.2%, respectively. Formation of char is negligible in both
cases.

In addition, water and some gaseous products are formed. The
mass balance closures are good and all >92%. For comparison, the
direct HDO of solid Kraft lignin at 350 �C was performed and was
shown to give a considerably lower oil yield (61.7 wt%, Table 4,
entry 9)). Oil yields for solid Kraft lignin as the feed were some-
what improved by performing the reaction at higher temperatures
and prolonged reaction times (400 �C for 2 and 4 h) and product
oils were obtained in 67.2 and 64.3% yield, respectively (Table 4,
entry 7 and 8). Irrespective of the reaction temperature, the
amount of char was low (about 5%) for the direct HDO of Kraft lig-
nin, though considerably higher than when starting with the Kraft
lignin pyrolysis oil as the feed.

GPC chromatograms for Kraft LPO and hydrotreated Kraft LPO
are shown in Fig. S8b in the SI. The average molar mass of the Kraft
LPO feed is about 380 g/mol. Two sharp intense peaks are present
in the low molar mass region due to presence of monomeric prod-
ucts. A broad peak which is extended to higher molar mass region
implies the presence of residual oligomers. The GPC patterns of the
product oils after the catalytic hydrotreatment reaction show an
increase in the amounts of low molar mass products, indicative
for considerable hydrocracking during reaction. The average molar
masses of the lignin oils obtained from the direct HDO of Kraft lig-
nin at 350 and 400 �C are 860 and 308 g/mol, respectively. These
values are much lower than for the Kraft lignin feed and imply con-
siderable breakdown of the lignin structure during the catalytic
hydrotreatment.

The composition and particularly that of the monomeric frac-
tion in the Kraft LPO feed and the hydrotreated Kraft oils was qual-
itatively determined by GC–MS-FID (Fig. S9 in the SI). In the Kraft
LPO feed, major identified monomers are alkylphenols, guaiacols
(product 17, 23), and catechols (product 40, 42). For the hydro-
treated Kraft LPOs (350 and 400 �C), most of the products are
alkylphenols, aromatics and over-hydrogenated products. The
peaks corresponding to guaiacols and catechols (products 17, 23,
40, 42) were absent in the hydrotreated Kraft LPOs (350 and
400 �C).

This indicates that guaiacols and catechols are converted during
the catalytic hydrotreatment with the NiMO catalysts, in line with
the results for the commercial CoMo catalyst on alumina.

The amounts of monomers in the Kraft LPO feed and in the
hydrotreated Kraft LPO products were quantified by GC � GC anal-
ysis (Table 5). In the Kraft LPO feed, the total amount of GC detect-
able monomers is 44.2% which includes 15.1% alkylphenols, 14.7%
guaiacols, 10.2% catechols, and 2.7% aromatics. The composition of
the oil as well as the amounts of GC detectables change dramati-
cally upon catalytic hydrotreatment.

For the hydrotreated Kraft LPO at 350 �C, a small though signif-
icant increase in the monomer yield is observed (from 44.2 for the
feed to 54.9% for the product oil). GPC results are in good agree-
ment with these findings (Fig. S8b in the SI). The product oil con-
sists of 30.7% alkylphenols, 12.3% over-hydrogenated products,
8.1% aromatics and 2.6% catechols (Table 5, entry 4). This indicates
that the guaiacols and catechols in the Kraft LPO feed are converted
to alkylphenols and aromatics during HDO. Even higher amounts of
GC-detectables are observed when the reaction is carried out at
400 �C (82%). The alkylphenols, aromatics and over-hydrogenated
product yields increased substantially and are 44.3%, 16.2%, and
18.1%, respectively. These results indicate that higher reaction
temperatures lead to a further reduction in the molar mass and a
concomitant higher amount of monomeric products. However,
the amount of undesirable overhydrogenated products also
increases substantially at higher temperature.

Fig. 2 shows the H/C vs O/C atomic ratios of the Kraft lignin feed,
the Kraft lignin pyrolysis oil (Kraft LPO), hydrotreated Kraft LPO,
and direct hydrotreated Kraft lignin. Kraft lignin has a high oxygen
content (30.6%) and an O/C ratio of 0.38 and an H/C ratio of 1.10.
Upon pyrolysis of Kraft lignin, the O/C ratio decreases to 0.29
whereas the H/C ratio increases to 1.26. As such the pyrolysis of
Kraft lignin does not remove bound oxygen to a great extent. This
is in line with the composition of the monomers present in the
Kraft LPO (guaiacols, alkylphenols and catechols, Table 5). How-
ever, when the Kraft LPO oil is hydrotreated, the O/C ratio
decreases to 0.11 (350 �C) and 0.10 (400 �C). Also, a significant
increase in H/C ratio (>1.3) was observed for the hydrotreated Kraft
LPOs. These findings are in line with GC data and imply consider-
able hydrodeoxygenation activity of the catalysts. In case of direct



Table 6
Product concentration and yield comparison of phenolics and other aromatics between single-step pyrolysis, two-step pyrolysis-HDO and direct HDO using the phosphided NiMo
catalyst on a carbon support.

Concentration
(wt% in final oil
product)

No HDO HDO at 350 �C HDO at 400 �C

Direct pyrolysisa

at 550 �C
Pyrolysis-HDO(HDO of lignin
pyrolysis oil; exp. 4)

Direct HDO (HDO of solid
lignin; exp. 6)

Pyrolysis-HDO (HDO of lignin
pyrolysis oil; exp. 5)

Direct HDO (HDO of solid
lignin; exp. 7)

Alkylphenols 15.1 30.7 18.2 44.3 33.5
Guaiacols 14.7 0.7 0 1.4 0.1
Catechols 10.2 2.6 0.3 1.5 1.9
Other aromatics 2.7 8.1 4.3 16.2 9.8
Total 42.7 42.1 22.8 63.4 45.3

Yield
(wt% on dry
lignin intake)

Alkylphenols 4.5 7.2 11.4 10.8 22.5
Guaiacols 4.4 0.16 0 0.34 0.1
Catechols 3.1 0.61 0.2 0.37 1.3
Other aromatics 0.8 1.9 2.7 3.9 6.6
Total 12.8 9.9 14.3 15.4 30.5

a It has been assumed that the yield of (organic) lignin pyrolysis oil is 30 wt% (see Section 3.2). All product concentrations based on 2-D GC–MS analysis.
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HDO of solid Kraft lignin, the O/C ratio decreased to 0.08 (400 �C,
2 h) and to 0.07 upon prolongation of the reaction time to 4 h,
whereas the H/C ratio slightly increased.

These values are in between those for typical alkylphenols and
aromatics and indicate that most of the monomers present in the
hydrotreated Kraft lignin are a mixture of aromatics and alkylphe-
nols, which is in agreement with the GC � GC results.
3.6. Comparison of the two stage approach with direct pyrolysis and
direct HDO of Kraft lignin

Table 6 compares the final product concentrations and yields of
biobased aromatics obtained by single-step pyrolysis of Kraft lignin
at 550 �C, Kraft lignin pyrolysis followed by HDO of the lignin
pyrolysis oil at 350 �C and 400 �C and direct HDO of Kraft lignin
at 350 �C and 400 �C. HDO was performed with the NiMoP/Ac cat-
alyst. Final product concentration is defined as the mass fraction
(in wt%) of the specific aromatics in the final oil product (either lig-
nin pyrolysis oil or HDO oil). Yield is defined as the wt% of the
specific aromatics based on the (dry) intake of the original solid lig-
nin. Table 6 shows that the yield of alkylphenols from Kraft lignin
increases from 4.5% for the direct pyrolysis at 550 �C via 10.8% for
the pyrolysis – HDO at 400 �C to 22.5% for direct HDO at 400 �C.
The HDO results at 350 �C are in between these values. The same
increasing trend is visible for the category ‘‘other aromatics”, while
the guaiacol and catechol yields show a decreasing trend. In other
words, if methoxylated phenols such as catechols and guaiacols are
desired, single-step pyrolysis suffices. When aiming for non-
methoxylated aromatics, as in this study, HDO treatment of the lig-
nin pyrolysis oil is an elegant and effective way to convert the com-
plex primary lignin pyrolysis oil into a more homogeneous
product, enriched in alkylphenols. However, direct hydrotreatment
of solid Kraft lignin at 400 �C gave the highest yield of alkylphenols.
A full detailed comparison of the two-stage lignin pyrolysis-HDO
approach presented in this study with direct hydrotreatment of
solid lignins is outside the scope of this study. However, it is clear
that in addition to product yields many other factors should be
assessed.

Such factors include H2 consumption, energy consumption for
downstream product separation, potentially milder optimum
HDO conditions after lignin pyrolysis, and the feasibility and costs
of large-scale continuous (atmospheric) pyrolysis vs (pressurized)
HDO of solid lignin.
One additional factor to be taken into account that comes for-
ward from this study is that the two step pyrolysis-HDO approach
gives a final liquid product with a higher concentration of
alkylphenols (44.3 wt%) compared to the direct HDO route
(33.5 wt%). So, when aiming for a product oil which is relatively
enriched in monomeric alkylphenolics and aromatics, for instance
to simplify isolation of the various product classes, the two-step
route may be preferred. Whether the higher concentration of
alkylphenols justifies an additional processing step (i.e., pyrolysis)
when compared to single-step HDO, remains to be seen. An effec-
tive post-treatment of the direct HDO-oil to separate the alkylphe-
nols might be another possibility to produce alkylphenols in high
yields and concentrations. Future research should compare the
technical feasibility and the cost-effectiveness of direct lignin
hydrotreatment and two-stage lignin pyrolysis-HDO in more detail
by a techno-economic assessment.

4. Conclusions

Five lignins were successfully pyrolyzed into an oil consisting of
guaiacols, catechols and, optionally, syringols in addition to
alkylphenols. Subsequent catalytic HDO of the oils with a phos-
phided NiMo catalyst on carbon, effectively directed the product
mixture towards alkylphenols. Up to 15 wt% monomeric aromatics
of which 11 wt% alkylphenols was obtained (on the original lignin
intake) with limited solid formation during HDO. However, direct
hydrotreatment of solid Kraft lignin with the same catalyst
resulted in two times higher overall yield of alkylphenols. Future
research should compare direct hydrotreatment and the two-
stage thermochemical approach by detailed techno-economic
assessment.
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