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Catalytic hydrotreatment of Alcell lignin fractions using a
Ru/C catalyst

Valorization of lignin, the second major biopolymer in nature,
is still in a state of infancy and most lignin is still used as a fuel
in for instance paper mills. Our results indicate that catalytic
hydrotreatment is an attractive methodology to liquefy lignin
and that fractionation of the lignin prior to the catalytic
hydrotreatment leads to an increase in the amounts of valuable
monomeric alkylphenolics in the product oils.
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We here report the catalytic hydrotreatment of three different Alcell lignin fractions using a Ru/C catalyst in
a batch reactor set-up (400 °C, 4 h, 100 bar H, intake, 5 wt% catalyst on lignin). The fractions, obtained by
a solvent fractionation scheme from Alcell lignin, differ in composition and molecular weight. The resulting
product oils were characterized by various techniques, such as GC-MS-FID, GC x GC-FID, GPC, and **C-
NMR, to gain insight into the relationship between the feed and product yield/composition on a molecular
level. The lowest molecular weight fraction (M, = 660 g mol™) gave the highest product oil yield after cat-
alytic hydrotreatment (>70 wt% on lignin fraction). The main differences in molecular composition for the
product oils were observed and are related to the chemical structure of the different feed fractions and less
on the molecular weight. The highest amounts of valuable alkylphenolics (8.4 wt% on intake) and aromatic
compounds (4.2 wt% on intake) in the product oils were obtained with the lowest molecular weight frac-
tion. This fraction also contained the highest amounts of aliphatic hydrocarbons after the hydrotreatment
reaction (14.0 wt% on intake), which were primarily linked to the presence of extractives in the Alcell lignin
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1 Introduction

Research and development activities on the conversion of lig-
nocellulosic biomass for renewable energy generation, trans-
portation fuels and biobased chemicals have intensified dur-
ing the past decade.”™ Lignocellulosic biomass consists
mainly of carbohydrates and lignin, with variable amounts of
proteins, triglycerides, minerals and other minor compo-
nents.” A large number of technologies have been developed
for cellulose and hemi-cellulose valorisation. Examples are
aerobic and anaerobic fermentation (e.g. bioethanol, lactic
acid, succinic acid) and chemo-catalytic processes (e.g. sorbi-
tol, xylitol).®

Lignin is the third most abundant bio-polymer in lignocel-
lulosic biomass. It is an amorphous polyphenolic thermoset
with different types of linkages between the aromatic nuclei
(see Fig. 1 for details). The main linkages (about 50-60%
depending on wood type) in lignin are C-O-C ether bonds (-
0-4 and a small amount of 0-O-4). The remaining linkages
are primarily C-C double bonds (5-5 and f-5). The high
amounts of aromatic fragments in lignin make it an excellent
feedstock for the production of aromatic biobased chemicals,
such as benzene, toluene, xylene (BTX) and alkylphenolics.
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feed, that accumulate in this low molecular weight fraction during solvent fractionation.

This is widely recognized now, and the topic has attracted
considerable interest from academia and industry.” ™ A
number of technologies have been proposed with different
levels of process severity, including (catalytic) solvolysis, hy-
drothermal liquefaction, catalytic hydrotreatment, pyrolysis,
and catalytic cracking (Fig. 2).

Lignin valorisation to low molecular weight aromatics and
phenolics requires depolymerisation of the lignin structure.
However, this is not sufficient as the aromatic nuclei in lig-
nin are heavily substituted, e.g. with at least a 3-carbon side
chain with multiple substituents and additional methoxy and
hydroxyl groups. For aromatics synthesis, full deoxygenation
is required, whereas methoxy group removal is essential for
alkylphenolics.

Catalytic hydrotreatment is considered a very promising
upgrading technology for lignin and combines depolymerisation
and deoxygenation in a single process. It involves contacting
the lignin source with hydrogen and a heterogeneous catalyst
under elevated conditions.’®>* Typically, harsh conditions
are employed, viz. temperatures between 170-450 °C and
pressures between 34 and 360 bar. The product oil yields
range from 13 to 100%, depending on the catalyst and reac-
tion conditions. The exact chemical composition of the oil is
often not given, and the process conditions differ consider-
ably; this hampers the identification of the best catalyst sys-
tems to obtain high aromatics and alkylphenolics yields, the
most valuable components in the mixture (800-1200 euros
per ton). In addition, various lignin sources are used which
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Reproduced with permission.

makes the development of lignin structure-lignin oil compo-
sition relations cumbersome.

We here report a systematic study on the catalytic hydro-
treatment of Alcell lignin and Alcell lignin fractions, obtained
by solvent fractionation, using Ru/C as the catalyst in the ab-
sence of an external solvent. As such, the molten lignin, later
diluted with products, acts as the solvent. This simplifies the
characterisation of products considerably as incorporation of
solvent or solvent fragments in the product portfolio (as often
observed) can be avoided. The lignin fractions and the
resulting product oils were characterized by different tech-
niques, such as GC-MS-FID, GC x GC-FID, GPC, and "*C-

7054 | Catal Sci. Technol, 2016, 6, 7053-7067

NMR, to gain insight into the relationship between the lignin
feed and the hydrotreated product oil compositions. A global
reaction network is proposed to explain the experimental
data.

2 Materials and methods
2.1 Chemicals

Ruthenium on carbon (5 wt% Ru) in the form of a powder
was obtained from Sigma Aldrich. Hydrogen (>99.99%) and
nitrogen (>99.8%) gases were obtained from Hoekloos. Tetra-
hydrofuran (THF), methanol, diethylether, and di-n-butylether

This journal is © The Royal Society of Chemistry 2016
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(DBE) were obtained from Sigma Aldrich (99.99%) and used
as such. Alcell® lignin, produced by Repap, Canada from
mixed hardwood, was kindly supplied by the Wageningen
University and Research Center (WUR), the Netherlands. The
sugar content is less than 0.3 wt% on dry basis (see
Gosselink for details).>

2.2 Fractionation of the Alcell lignin

The fractionation of Alcell lighin was performed according to
a published procedure by Thring et al.,”® and a representative
scheme is shown in Fig. 3. In the first step, the Alcell lignin
was continuously extracted in a standard Soxhlet set-up for
72 h with diethylether as the solvent. The diethylether soluble
fraction was collected, and the solvent was removed under
vacuum (40 mbar, 40 °C) to give a brown solid in 20 wt%
yield. This first fraction is abbreviated as F1. The remaining
insoluble lignin fraction was dried under vacuum (40 mbar,
50 °C). It was subsequently suspended in methanol (500 ml)
and agitated in an ultrasonic bath for 20 minutes and left to
settle for 10 min. After settling, the suspension was filtered,
and the remaining solid was re-suspended in methanol, agi-
tated and allowed to settle until the methanol phase was es-
sentially colourless and transparent. The combined methanol
soluble fractions were dried under vacuum (40 mbar, 50 °C)
for 24 h giving 55 wt% of a brown solid. This second fraction
is abbreviated as F2. The remaining solids after the methanol
extraction were dried under vacuum (40 mbar, 50 °C) for 24
h and isolated as a brown solid in 25 wt% yield. This last
fraction is abbreviated as F3. All fractions were milled into a
fine powder and stored in a freezer (=17 °C).

2.3 Catalytic hydrotreatment reactions

The catalytic hydrotreatment experiments were performed in
a 100 ml batch autoclave (Buchi). The autoclave has a maxi-
mum operating temperature of 400 °C and a maximum oper-
ating pressure of 350 bar. The reactor is surrounded by a
metal block containing electrical heating elements and chan-
nels allowing the flow of cooling water. The reactor content
was stirred mechanically using a Rushton type turbine with a
gas induced impeller. Temperature and pressure were moni-
tored online and logged on a PC.

The reactor was filled with 15 g of Alcell lignin or an Alcell
lignin fraction (F1-F3) and a catalyst (0.75 g of Ru/C, 5 wt%
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Fig. 3 Fractionation scheme for Alcell lignin using solvent extraction.
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on lignin) and subsequently flushed with hydrogen and pres-
surized to 120 bar at room temperature for leak testing. Sub-
sequently, the pressure was reduced to 100 bar. Stirring was
started (1200 rpm), and the reactor content was heated to the
intended reaction temperature with a rate of about 8 °C
min~". The reaction time was set at ¢ = 0 h when the pre-
determined temperature (400 °C) was reached. The reactions
were performed in batch mode regarding both the gas phase
and the liquid phase, and as such, consumed hydrogen was
not replenished. The pressure and temperature were
recorded during the reactions. After the pre-determined reac-
tion time (4 h), the reactor was cooled to room temperature
with a rate of about 40 °C min™. The pressure at room tem-
perature was recorded for determination of the amount of
gas phase components formed during the reaction. Subse-
quently, the pressure was released to atmospheric pressure,
and the gas phase was collected in a 3 L Tedlar gas bag for
determination of the composition (GC). The liquid product
was collected with a syringe and weighed. The liquid phase
after the reaction consists of two layers, namely, an organic
layer and an aqueous layer. The layers were separated by
decanting. The water content of both phases was analysed by
Karl Fischer titration. The reactor was rinsed several times
with acetone, and the combined acetone fractions were col-
lected. After evaporation of the acetone overnight at room
temperature, the weight of the remaining liquid phase was
determined and added to the organic product phase. The H,
uptake for each experiment was calculated based on pressure
and temperature recordings and gas phase compositions be-
fore and after the reaction and is expressed as NL per kg lig-
nin. The details of the calculations are given by Ardiyanti.>”

2.4 Analytical protocols

GC-MS-FID analyses were performed using a Hewlett Packard
5890 series II plus with a Quadrupole Hewlett Packard 5972
MSD and a FID. The GC is equipped with a Restek RTX-1701
capillary column (60 x 0.25 mm i.d. and 0.25 pm film thick-
ness), and the product exiting the column is splitin a 1:1 ra-
tio and directed to the MSD and FID. The injector tempera-
ture was set at 250 °C. The oven temperature was kept at 40
°C for 4 minutes and then heated up to 250 °C at a rate of 4
°C min~". Before analyses, the organic samples were diluted
with tetrahydrofuran (THF) and 1000 ppm di-n-butyl ether
(DBE) was added as an internal standard.

GC x GC-FID analysis was performed on organic samples
using a trace GC X GC from Interscience equipped with a
cryogenic trap system and two columns: an RTX-1701 capil-
lary column (30 m x 0.25 mm i.d. and 0.25 um film thick-
ness) connected by a meltfit to an Rxi-5Sil MS column (120
cm x 0.15 mm i.d. and 0.15 pm film thickness). An FID was
used. A dual jet modulator was applied using carbon dioxide
to trap the samples. Helium was used as the carrier gas (con-
tinuous flow 0.6 ml min™). The injector temperature and FID
temperature were set at 250 °C. The oven temperature was
kept at 40 °C for 5 minutes and then heated up to 250 °C at
a rate of 3 °C min . The pressure was set at 70 kPa at 40 °C.

Catal Sci. Technol., 2016, 6, 7053-7067 | 7055
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The modulation time was 6 seconds. Before analyses, the or-
ganic samples were diluted with tetrahydrofuran (THF) and
1000 ppm di-n-butyl ether (DBE) was added as an internal
standard.

For GC x GC compound identification, a standard lignin
oil sample (Alcell lignin, 5 wt% of Ru/TiO, on lignin intake, 4
h, with 100 bar of initial H, pressure) was analyzed using a
GC x GC-HRTOFMS from JEOL equipped with a cryogenic
trap system and two columns: an RTX-1701 capillary column
(30 m x 0.25 mm i.d. and 0.25 pm film thickness) connected
by a meltfit to an Rxi-5Sil MS column (200 cm X 0.15 mm i.d.
and 0.15 pm film thickness). The products were analysed
using a TOFMS JMS-T100GCV 4G detector with a scanning
speed of 50 Hz and a mass range of 35-600 m/z. Helium was
used as the carrier gas (0.8 ml min™). The injector tempera-
ture and TOFMS temperature were set at 250 °C. The oven
temperature was kept at 40 °C for 5 minutes and then heated
up to 250 °C at a rate of 3 °C min . The pressure was set at
77.5 kPa at 40 °C. The modulation time was 6 seconds. The
MS spectra plots were analyzed using GC Image® software.

GPC analyses of the lignin oils and feeds (Alcell lignin and
fractions F1-F3) were performed using an HP1100 from
Hewlett Packard equipped with three MIXED-E columns (300
x 7.5 mm, PLgel 3 um) in series and a GBC LC 1240 RI detec-
tor. The average molecular weights were determined using
the PSS WinGPC Unity software from Polymer Standards Ser-
vice. The following operating conditions were used: THF as
an eluent at a flow rate of 1 ml min™', a pressure of 140 bar,
a column temperature of 42 °C, and an injection volume of
20 ul with sample concentrations of 10 mg ml™. Toluene was
used as a flow marker, and polystyrene samples with differ-
ent molecular weights were used as the calibration standard.

The elemental composition (C, H and N) of the lignin oils
and feeds (Alcell lignin, fractions F1-F3) was determined
using a Euro Vector 3400 CHN-S elemental analyzer. The oxy-
gen content was determined by difference. All experiments
were carried out in duplicate.

The water content of the organic samples was determined
by Karl Fischer titration using a Metrohm Titrino 758 titra-
tion 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 Composite 5K
(Riedel de Haen). All measurements were performed in
duplicate.

The C-NMR spectra were recorded on a Varian 500 at
125 MHz using a 90° pulse and an inverse-gated decoupling
sequence with a relaxation time of 4 seconds. The number of
scans was at least 10000. The samples were dissolved in
DMSO-ds and measured at 60 °C.

The gradient "H,">C-HSQC spectra were acquired using a
Varian 400 spectrometer equipped with a One NMR Probe.
100 mg of sample was dissolved in 0.6 ml of DMSO-de, and
the spectra were recorded at RT. The conditions of the HSQC
were as follows: 2048 data points were acquired over a 16
ppm (14 to -2 ppm) spectral width with an acquisition time
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of 320 ms with a 1.8 s relaxation delay for the 'H dimension.
64 time increments with a spectral width of 40 ppm (50-90
ppm) were taken for the *C dimension. The spectra were
processed using MestReNova software. The amounts of link-
ages were determined by integration of the correlation peaks
of relevant linkages (A (B-O-4), B (B-B), C (B-5), D (B-1, a-0-4))
and dividing them by the area of the total aromatic region (S,
G).28

Thermogravimetric analysis (TGA) data of the original
Alcell lignin and the fractionated Alcell lignins were deter-
mined using a Mettler-Toledo analyser (TGA/SDTAS851e).
About 5-7 mg of sample was placed into fused a-Al,O; cruci-
bles. The samples were heated under an argon atmosphere
with a heating rate of 10 °C min™" in a temperature range be-
tween 30-900 °C.

2.5 Gas phase analysis

The gas phases were collected after reaction and stored in a
gas bag (SKC Tedlar 3 litre sample bag (9.5” x 10")) with a
polypropylene septum fitting. GC-TCD analyses were
performed using a Hewlett Packard 5890 Series II GC
equipped with a Porablot Q Al,03/Na,SO, column and a mo-
lecular sieve (5A) column. The injector temperature was set at
150 °C and the detector temperature at 90 °C. The oven tem-
perature was kept at 40 °C for 2 minutes and then heated up
to 90 °C at 20 °C min~" and kept at this temperature for 2 mi-
nutes. The columns were flushed for 30 seconds with the gas
sample before starting the measurement. A reference gas was
used to quantify the results (55.19% H,, 19.70% CH,, 3.00%
CO, 18.10% CO,, 0.51% ethylene, 1.49% ethane, 0.51%
propylene and 1.50% propane).

3 Results and discussion
3.1 Characterization of the Alcell lignin fractions

The Alcell lignin feed was divided into three fractions by
using a solvent extraction protocol developed by Thring
et al.® (Fig. 3). The yield of the individual fractions (Table 1)
was close to those reported by Thring. The elemental compo-
sition and molecular weight distributions were determined
and compared to the original Alcell lignin (see Table 1 for de-
tails). The F2 and F3 fractions have a slightly lower C content

Table 1 Relevant data for the different fractions of Alcell lignin obtained
by solvent extraction

Alcell
lignin F1 F2 F3
Yield (wt%)" 20 55 25
M, (g mol™)” 1720 660 1640 3680
Elemental composition, dry base (wt%)
Carbon 65.2 67.1 64.5 64.6
Hydrogen 5.8 7.1 5.7 5.4
Oxygen 29.0 25.8 29.7 29.7
H/C ratio 1.07 1.26 1.06 1.00
O/C ratio 0.33 0.29 0.35 0.34

“ Isolated yield. ” Determined by GPC using polystyrene standards.

This journal is © The Royal Society of Chemistry 2016
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than the Alcell lignin feed. However, the F1 fraction has a
considerably higher C content, which, as will be shown later,
is not the result of a major difference in lignin structure but
due to the presence of significant amounts of extractives such
as long chain fatty acids/esters.

Thermogravimetric analyses of the original Alcell lignin
and the fractions thereof were performed under Ar to deter-
mine the thermal properties of the different fractions (Fig. 4).
As is evident from the figure, particularly the TGA of F1 dif-
fers considerably from the others. The initial mass loss for F1
occurs at a lower temperature and also the amount of residue
is by far lower than those for the other fractions. This is
likely due to the fact that F1 is of lower molecular weight and
less condensed, although the presence of residual fatty acids/
esters may also play a role (vide infra).

The molecular weight distributions were determined by
GPC, and the results are given in Table 1 and Fig. 5. The
ether soluble fraction (F1) has a considerably lower molecular
weight than the Alcell lignin feed. The methanol soluble frac-
tion (F2) has an almost similar molecular weight (1640 g
mol™) to that of the starting Alcell lignin (1720 g mol™),
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whereas the residue (F3) shows a much higher molecular
weight of 3680 g mol™. Thus, the solvent extraction proce-
dure is very suitable to obtain fractions with a range of mo-
lecular weight distributions.

The molecular compositions of the Alcell lignin and the
fractions derived thereof were investigated by '*C-NMR
(DMSO-dg, 60 °C), and the results are shown in Fig. 6 and
Table 2. Clear differences are observed for fraction F1 and
the two other fractions. F1 contains significant amounts of
aliphatic carbons between 6 = 10-35 ppm, whereas the peak
intensity in this region is considerably lower for F2 and F3.
In addition, peaks are present in the ¢ = 170-210 ppm region
arising from the presence of carboxylic acid and ester groups.
Again, these are essentially absent in fractions F2 and F3. It
is highly likely that the Alcell lignin used in this study con-
tains significant amounts of extractives in the form of long
chain fatty acids and esters, likely due to incomplete separa-
tion in the isolation procedure of the Alcell lignin from the
lignocellulosic biomass, which is in line with the observa-
tions reported by Thring.>® These extractives accumulate in
the diethylether fraction F1 and apparently have a reasonable
solubility in diethylether.

An attempt was made to determine the amount of extrac-
tives (as stearic acid equivalents) by comparing the integrals
of the characteristic methyl end groups of long chain fatty
acids at around ¢ = 14 ppm with that of the resonance of the
methoxy peak of lignin at about J = 56 ppm. The integration
ratio was found to be 1 to 6.5, revealing that the amount of
extractives in the Alcell F1 fraction is about 15 mol%. As-
suming an average molecular weight of 166 g mol™ for an
Alcell lignin monomer (e.g. 4-propylguaiacol) and a molecu-
lar weight of 284.5 g mol™ for a representative fatty acid
(stearic acid), F1 contains about 21 wt% of extractives as
stearic acid equivalents. Given the fact that the F1 yield is
about 20 wt% on lignin intake, the Alcell lignin feed con-
tains about 4 wt% of extractives as stearic acid equivalents.
The presence of the extractives in both F1 and the Alcell lig-
nin has a significant effect on the subsequent catalytic
hydrotreatment reactions and particularly the composition
of the product oils, as will be shown later on. In addition,
they also have an effect on the molecular weight distribu-
tions, particularly those for F1, and suggest that the molecu-
lar weight of the lignin fraction is actually higher than those
reported in Table 1.

The composition of the lignins in terms of characteristic
chemical groups was semi-quantified by dividing the **C-
NMR into distinct regions and by subsequent peak integra-
tion of the various regions using methods developed by Hu
et al.,”® Ingram et al.,*® Xia et al.*' and Robert.>” The normal-
ized integration results for Alcell lignin and the lignin frac-
tions are given in Table 2. F1 contains by far the largest pro-
portion of aliphatic groups, which are at least partly
associated with the presence of the extractives. It is of inter-
est to compare the chemical compositions of fractions F2
and F3, for which negligible amounts of extractives are pres-
ent. The amount of OMe groups is higher for fraction F3

Catal Sci. Technol., 2016, 6, 7053-7067 | 7057
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Fig. 6 3C-NMR spectra of the original Alcell lignin and the three fractions derived thereof (F1-F3).

Table 2 Integration data for the *C-NMR spectra of Alcell lignin and the fractions derived thereof

Chemical shift

Carbon content (% of all carbon)

region (ppm) Type of carbon Alcell F1 F2 F3

0-36 Aliphatic groups 171 32.8 12.5 7.6
52-58 Methoxy groups 16.6 12.1 17.6 19.3
58-100 Ether bonds (a, B and v) 6.3 2.5 7.7 5.0
100-160 Total aromatics 59.5 50.2 61.3 67.5
100-123 Non-branched aromatics 25.1 20.3 23.5 26.3
123-160 Branched aromatics 344 29.9 37.8 41.2
160-210 Carbonyl groups 0.5 2.3 0.7 0.6

Aliphatic/aromatic ratio” 0.29 0.65 0.20 0.11

“ Ratio of the area of aliphatic carbons (6 = 36-0 ppm) and aromatic carbons (6 = 160-100 ppm).

(19.3%) than that for F1 (12.1%). Both the trend and the ab-
solute value of the OMe groups are in line with the data
reported by Thring using the TAPPI method (the amount of
OMe groups in the Alcell lignin sample by using our method
is 16.6% versus 16.5% by Thring).*® This suggests that *C-
NMR is a suitable technique to quantify the functional
groups in the lignin samples. In addition, the higher amount
of OMe groups for F3 reveals that this fraction contains more
syringol groups and, as such, shows that the hardwood char-
acter of the Alcell lignin is best preserved in this high molec-
ular weight fraction.

The amount of aliphatic carbons for F2 is slightly higher
than that for F3, indicating that F2 is slightly more aliphatic
and less aromatic in nature than F3. This statement is also
supported by the elemental composition data (Table 1) and
the gradient HSQC measurements (Fig. 7 and 8).

A more detailed analysis of the lignin structures was
performed by using gradient HSQC. The spectra for the origi-
nal Alcell lignin and the fractionated lignins are given in
Fig. 7 and 8. Identification of the different linkages is based
on the work of Tran et al.,>® Willker et al.,** Wen et al.,***°
del Rio et al.,*® Yuan et al.,’” and Ralph et al.*® The spectra
for the different fractions show large differences regarding

7058 | Catal Sci. Technol, 2016, 6, 7053-7067

the amounts of linkages (particularly -O-4 and f-5) and the
amount of fatty acid (derivatives).

A clear increase in the amount of p-O-4 linkages is ob-
served when going from fraction F1 to F3. Thus, it appears
that F3 is relatively enriched in these linkages. A clear trend
for the B-5 linkages is not present; it is highest for F2 and
lowest for F1. Surprisingly, the amount of -f linkages is not
affected by the fractionation of the Alcell lignin and is present
in similar amounts in all the fractions. The higher amount of
B-O-4 linkages in F2 and F3 indicates that these fractions are
likely easier to depolymerise. The syringol to guaiacol
ratio (S/G ratio) was also determined, and the ratio is a strong
function of the fraction considered, with a higher ratio for F3
(Fig. 8). These findings are in agreement with the results of
alkaline nitrobenzene oxidations reported by Thring et al.>®
and the "*C-NMR measurements as provided in Table 2.

The HSQC measurements also confirm the presence of
substantial amounts of fatty acid (derivatives) in the F1
fraction.

3.2 Catalytic hydrotreatment experiments

The catalytic hydrotreatment experiments with the three dif-
ferent lignin fractions and the original Alcell lignin were

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Gradient (folded) HSQC spectra (6c = 50-90, dy = 0-8 ppm) of the Alcell lignin and the fractionated lignins. The contours are coloured
according to the type of linkage. The light grey contours are unknown regions. The red circles indicate contour peaks which are not present in all

fractions (e.g. peaks from fatty acids, which are only present in F1).

performed in a batch set-up at 400 °C, 100 bar H, initial pres-
sure, and 4 h reaction time using 5 wt% Ru/C on lignin as
the catalyst. These harsh conditions were selected on the ba-
sis of earlier studies by our group for a catalyst screening

This journal is © The Royal Society of Chemistry 2016

study on the hydrotreatment of Alcell lignin with supported
noble metal catalysts.>

The results for the experiments are summarised in
Table 3. After reaction, two main product phases were

Catal Sci. Technol,, 2016, 6, 7053-7067 | 7059
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identified, a liquid phase (about 71-73 wt% on lignin intake)
and a gas phase (about 10 wt% on lignin intake, excluding
hydrogen gas). Solid formation by e.g. repolymerisation of re-
active lignin fragments was very low and quantification
proved very difficult. The liquid phase consisted of two im-
miscible layers, a dark/light brown organic phase (lignin oil,
61-71% on lignin intake) and a clear aqueous layer (3-12
wt% on lignin intake). For the original Alcell lignin, F2, and
F3, the organic phase was below the aqueous phase. For the
F1 fraction, the organic phase resided on top of the aqueous
phase, indicating that the reaction product of this fraction
has a lower density than those of F2 and F3 and is in line
with the presence of apolar aliphatic structures arising from
the extractives in F1 (vide infra). The original Alcell lignin, F1,
and F2 gave a product oil with a relatively low viscosity, while
the product oil for fraction F3 was more viscous. The lignin
oils contain large amounts of carbon (>82.6 wt% on dry ba-
sis) and a limited amount of water (1.4-8.5 wt%) indicating
the presence of large amounts of relative apolar organics,

View Article Online
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which was confirmed by GC x GC-FID analysis and other
techniques (vide infra). The formation of an aqueous phase
indicates the formation of substantial amounts of water by
hydrodeoxygenation reactions.

Mass balance closures were reasonable and all above 82
wt% on lignin intake. The losses are likely due to i) an under-
estimation of the amount of gas phase components formed
as the procedure to quantify the amount of gas phase compo-
nent is elaborate and prone to experimental errors and ii) dif-
ficulties in quantitative removal of the liquid reaction prod-
ucts from the reactor due to accumulation in linings and
valves. The carbon balance closure was above 90%. Hydrogen
uptake was shown to be in the range of 250-350 N1 kg™ lig-
nin, indicating the substantial hydro(deoxy)genation activity
of the catalyst, which is in line with the elemental composi-
tion of the lignin oil products and the formation of substan-
tial amounts of water.

4 Composition of the gas and liquid
phases
4.1 Gas phase composition

The gas phase composition for all product gases was deter-
mined, and the results are given in Table 3. Besides the
remaining hydrogen, indicating that the reactions were not
carried out under hydrogen starvation conditions, the main
gas phase products were CH,; (23-33 mol%), CO, (7-21
mol%) and CO < 8 mol%). The gas phase composition de-
pends on the hydrotreatment feed. The amount of CO, in-
creases in the order F1 < F2 < F3, whereas the opposite
trend is observed for CO. The CO, and CO are likely formed
by gasification reactions of various reactive lignin fragments.
For instance, it is well known that Ru catalysts are active for
the gasification of Alcell lignin in supercritical water at
400 °C (3.3 wt% Alcell in water).>® Although in our case the
water content is much lower, such gasification reactions may

Table 3 Overview of catalytic hydrotreatment experiments of Alcell lignin and fractions thereof with Ru/C”

Alcell
Lignin type lignin F1 F2 F3
Organic phase (wt% on lignin intake) 64.7 71.1 62.0 61.2
Aqueous phase (Wt% on lignin intake) 9.5 2.9 8.7 11.9
Gas phase (wt% on lignin intake)* 11.5 9.3 10.9 12.5
Carbon dioxide (mol%) 14.5 7.1 13.8 20.9
Carbon monoxide (mol%) 2.2 8.3 3.0 2.6
Ethane (mol%) 2.1 2.4 1.9 2.9
Propane (mol%) 0.9 1.9 0.7 1.3
Methane (mol%) 23.1 23.3 22.4 32.9
Total balance (wt% on lignin intake) 86 83 82 86
Total carbon balance (wt%) 90 97” 90” 897
Hydrogen uptake (N1 kg™* lignin) 345 340 320 250
Elemental composition of the lignin oil (Wt% dry basis)
Carbon 82.5 82.6 84.0 84.7
Hydrogen 9.5 10.9 9.5 7.7
Oxygen 7.7 6.5 6.3 7.3

@ 400 °C, 4 h, 100 bar H, of initial pressure. ” Excluding the carbon content of the aqueous phase. ¢ Ethylene and propylene were not detected;

the remainder is hydrogen.

7060 | Catal Sci. Technol., 2016, 6, 7053-7067
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also occur to a significant extent. In addition, the CO/CO, ra-
tio, particularly for fraction F1, may also be affected by the
presence of extractives (partly in the form of long chain fatty
acid/esters) which are known to be prone to hydro-
deoxygenation reactions (see eqn (1) for details).*® GC-MS-
FID measurements on the liquid phase (vide infra) indeed re-
veal the large formation of heptadecane, a strong indication
that deoxygenation of the extractives by CO/CO, formation
occurs to a significant extent. So far, we do not have a sound
explanation for the CO/CO, ratio as a function of the feed
used for the experiments, although this ratio may also be af-
fected by the water gas shift reaction.

|.  Decarboxylation: R-COOH

Il.  Decarbonylation: R-COOH

. R-COOH + H, (q)

IV. Hydrogenation R-COOH + 3H, (g)

R = saturated alkyl group

Methane formation was observed for all feeds, with fraction
F3 showing the largest amounts. A possible pathway for meth-
ane formation is the hydrogenolysis of OMe groups (eqn (2)),
which has been shown to be a facile pathway for model com-
ponent studies.”’ Fraction F3 contains the largest amounts of
OMe groups in the structure (19.3%), which may (partly) ex-
plain the highest methane level in the product gas for F3.

OH

@)
Tt :

+ H CH,

Another pathway for methane formation involves gas phase
reactions of CO/CO, with H, (eqn (3)), which are known to be

42-44

catalysed by supported Ru catalysts.

CO + H,0 — CO, + H, CO, +4H, — CH, + 2H,0 (3)
Formation of higher alkanes (ethane, propane) is possible by
the gasification of part of the lignin structure using supported
Ru catalysts, a known route for higher alkane formation.*® In
addition, the already formed methane may subsequently be
converted to higher alkanes using Ru catalysts.*’

4.2 Compositions of the organic and aqueous phases

The elemental compositions of the feeds and lignin oils were
determined, and the results are shown in Fig. 9 in the form
of a van Krevelen plot.

Large differences in the H/C ratio of the product oils of
the three fractions are observed (1.09-1.58), although the O/C
ratios (0.06-0.07) are essentially similar. Apparently, the
product oil from F1 is more aliphatic in nature than those of
F2 and F3, indicating a high level of hydro(deoxy)genation for
F1. However, direct comparison is cumbersome as also the
feed composition (F1-F3) differs considerably. As such, it is

This journal is © The Royal Society of Chemistry 2016
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better to compare the relative change in H/C ratio, as shown
by the dotted lines from the feed to the product in Fig. 9.
The slope of these lines is a measure of the hydrogenation/
hydrodeoxygenation level of the feeds. Clearly, hydro-
treatment of F1 is more facile, while it is more sluggish for
F3. This is also in line with the experimentally determined
hydrogen uptakes (Table 3), which was highest for F1 (340 NI
kg ') and lowest for F3 (255 N1 kg ).

All organic product oils were analysed using GC x GC-FID
and GC-MS-FID to determine the product composition. A rep-
resentative example of a GC-MS-FID chromatogram is given
in Fig. 10 (F1 and F3 lignin oils), showing a large number of

— > RH + CO,(g)
— R-H + CO(g) + HO(g)

—— RH + CO(g + H0(g) 1
— =  RCHz+ 2H,0(g)

R' = unsaturated alkyl group

volatile components (>300). The main products are (alkyl
substituted) phenolics, aromatics and alkanes (cyclic and lin-
ear). Remarkable differences in composition are evident for
both fractions and particularly at longer retention times. F1
contains significant amounts of long chain hydrocarbons,
which are most likely arising from the hydro(deoxy)genation
of the extractives (fatty acid derivatives). In line with this
statement is the absence of such compounds in the product
of fraction F3.

The product samples were also analysed by GC x GC-FID
to gain more insight into the various organic product classes
(e.g. aromatics, alkylphenolics, aliphatics) present. GC x GC
has been shown to be very suitable for the rapid assessment
of major organic compound classes in an organic bio-
liquid.*®*” Representative chromatograms of the products
are given in Fig. 11, including the selected product classes.

0.44  'C'rejection
@ | 'H' addition
15 2
Q@ F3
g Y {Alcell lignin
0.348 [
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Q
o
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Fig. 9 Van Krevelen plot for the feeds and products of the catalytic
hydrotreatment reaction (400 °C, 100 bar H, initial pressure, 4 h, 5
wt% of Ru/C).
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Fig. 10 GC-MS-FID chromatogram for the product oils of F1 and F3 after catalytic hydrotreatment (IS: internal standard, BHT: stabiliser in THF).

Fig. 11 GC x GC-FID chromatograms of the organic phase from A) F1, B) F2, C) F3, and D) unfractionated Alcell. 1 = mainly cyclic alkanes, 2 =
mainly linear/branched alkanes, 3 + 4 = aromatics, 4a = naphthalenes, 4b = polycyclic aromatic hydrocarbons, 5 = ketones/alcohols, 6 = acids, 7 =
guaiacols, 8 = alkylphenolics, 9 = catechols. In addition, a = internal standard and b = BHT (stabilizer in THF).

Clearly, a good separation between the various organic prod-
uct classes is possible and discrete regions are visible.

Quantification of the various product -classes was
performed, and the results are given in Table 4. The highest
amount of total GC detectable components was found in the
F1 fraction (27.6 wt% on lignin intake) and the lowest for F3
(13.4 wt% on lignin). A clear correlation is present between
the total GC x GC-FID detectable components and the molec-
ular weight of the product oils (vide infra), with lower molecu-
lar weight products leading to a higher level of GC detectable
components. The main GC x GC-FID detectable product clas-
ses in the different samples are alkylphenolics, aromatics,
linear/branched/cyclic alkanes, and some ketones/alcohols.
An overview of the main individual components in the vari-
ous product classes for the F1 oil is given in Table 5.

The main component classes for the F1 fraction oil are
the linear/branched and cyclic alkanes which are formed to

7062 | Catal Sci. Technol., 2016, 6, 7053-7067

about 14 wt% on lignin. In contrast, the F3 fraction oil con-
tains by far less alkanes (1.9 wt% on lignin). Similar trends

Table 4 GC x GC-FID results of Alcell lignin and the lignin fractions after
catalytic hydrotreatment®

Lignin oils (wt% on lignin intake)

Compound classes Alcell? F1 F2 F3

Alkylphenolics 9.0 8.4 5.3 6.8
Guaiacols 0.1 0.1 0.1 0.0
Catechols 1.1 0.4 0.3 1.6
Aromatics 3.2 4.2 3.4 1.8
Linear/branched alkanes 3.2 8.6 3.3 0.8
Cyclic alkanes 3.7 5.4 3.3 1.1
Ketones/alcohols 1.4 0.5 1.5 1.3
Total GC x GC 21.4 27.6 17.2 13.4

@400 °C, 100 bar H, initial intake, 4 h, with 5 wt% Ru/C. © Average
of two experiments.

This journal is © The Royal Society of Chemistry 2016
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Table 5 Main components identified by GC x GC-FID in the product oil
from fraction F1¢

Structure

OH OH OH OH
sl®
a. b. /\/ c. d.

dd oo

Cyclic/linear/branched alkanes

i. Methylcyclohexane

j- Ethylcyclohexane m
i j. k.

PSS

k. Heptadecane
“ 400 °C, 100 bar H, initial intake, 4 h, with 5 wt% Ru/C.

Compounds

Alkylphenolics

a. Phenol

b. m/p-Cresol

c. 4-Ethylphenol
d. 4-Propylphenol

Aromatics
e. Toluene
f. Ethylbenzene
g. Naphthalene
h. Indene

1. Nonadecane

can also be made for the aromatics, with the highest
amounts for F1 and by far less for F3, with an intermediate
value for F2. Thus, not only the amount of the GC x GC-FID
detectable components but also the composition of the oils
is a strong function of the Alcell lignin fraction used in the
hydrotreatment reaction.

As mentioned earlier, the maximum total amount of GC x
GC-FID detectable components is only 27.6 wt% (for fraction
F1), indicating the presence of large amounts of non-GC de-
tectable compounds, which are presumed to be of a higher
molecular weight. Therefore, GPC analysis was performed on
the product oils (see Fig. 12 for details).

1,04 —F1oll
---- F2oil
-------- F3 oil
0,8 Alcell oil
2
7
c
L 0,6
S
a
4
< 04+
14

0,2+

0,0

T T
100 1000
g/mol

Fig. 12 Molecular weight distribution of the product oils (400 °C, 4 h,
100 bar initial Hy, 5 wt% Ru/C).
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Clearly, the molecular weights of the lignin oils are signifi-
cantly lower than those of the corresponding lignin feeds
(Fig. 5), indicating that all four lignin feeds are significantly
depolymerised during the catalytic hydrotreatment process.
The F1 product oil shows the lowest value for the molecular
weight after catalytic hydrotreatment, whereas those for F2
and F3 fractions are substantially higher. A clear correlation
is present between the molecular weights of the product oils
and the total GC detectable components, where the lowest
molecular weight fraction also shows the highest amount of
GC detectable components.

Of interest is a comparison of the relative molecular
weight reduction during the catalytic hydrotreatment for
the four lignin sources (Alcell and fractions F1-F3). The re-
sults are given in Table 6 and show that the relative molec-
ular weight reduction is by far the highest for F3 and low-
est for F1. Apparently, a reaction time of 4 h is sufficient
to break the largest proportion of the easily cleavable ether
linkages for all fractions, supported by *C-NMR studies
(vide infra). However, the C-C linkages are apparently more
difficult to cleave as the product oils still contain consider-
ably amounts of higher molecular weight lignin fragments
(GPC).

The molecular composition of the lignin oils was also de-
termined by "*C-NMR, the advantage of the above GC tech-
niques being that the composition of the complete sample is
measured and not solely the GC detectable fraction. The mo-
lecular composition was semi-quantified using the same
method used for the determination of the lignin feed sam-
ples. The normalized integration results for both the starting
materials and the resulting lignin oils are given in Table 7. In
addition, the *C-NMR spectra of Alcell lignin and all hydro-
treated product oils are shown in Fig. 13.

Clearly, major differences are present between the Alcell
lignin and the product oils. The most prominent features are
the absence of remaining OMe groups (0 = 52-58 ppm) in the
NMR spectra of the 4 product oils after catalytic hydro-
treatment and a considerable increase in the aliphatic (6 = 0-
36 ppm) and aromatic resonances (Table 7), in line with the
observations by GC x GC-FID. Furthermore, characteristic res-
onances of the ether bonds (6§ = 58-100 ppm) in the lignin
structure, clearly visible in the Alcell lignin feed (6.3%), are
nearly absent (<0.6%) in the product oils, indicating that
these are easily cleaved during the catalytic hydrotreatment
process. The aliphatic carbon content is the highest for the
oil from the F1 fraction, which correlates with the GC x GC-
FID and elemental analysis data.

Table 6 Molecular weights before and after the catalytic hydrotreatment
of Alcell lignin and fractions

Feed M,, (g mol™) 0il M,, (g mol ™) Reduction (%)

Alcell 1720 316 82
F1 660 269 60
F2 1640 324 80
F3 3680 410 89

Catal Sci. Technol., 2016, 6, 7053-7067 | 7063
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Table 7 *C-NMR data of the product oils and Alcell lignin oil
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Chemical shift

Carbon content (% of all carbon)

region (ppm) Type of carbon Alcell oil F1 oil F2 oil F3 oil
0-36 Aliphatic groups 47.0 54.5 45.1 37.4
52-58 Methoxy groups 0.7 0.9 0.5 0.4
58-100 Ether bonds (o, § and y) 0.0 0.1 0.6 0.5
100-160 Total aromatics 51.9 44.5 53.4 61.0
100-123 Non-branched aromatics 17.9 18.4 15.0 21.3
123-160 Branched aromatics 34.0 26.1 38.4 39.7
160-210 Carbonyl groups 0.3 0.2 0.4 0.8
Aliphatic/aromatic” 0.91 1.22 0.84 0.61

“ Ratio of the area of aliphatic carbons (6 = 36-0 ppm) and aromatic carbons (6 = 160-100 ppm).

Total aromatics T ¥
5 ©
_ . Non branched 8 2 inhati i
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Fig. 13 *C-NMR of the Alcell lignin, the lignin oil from the catalytic hydrotreatment of the Alcell lignin oil, the hydrotreated ether fraction (F1 oil),
the hydrotreated methanol fraction (F2 oil) and the hydrotreated residue fraction (F3 oil).

5 Discussion

On the basis of the chemical composition (GC, NMR), the
molecular weight data, gas phase composition, and elemental
composition of the hydrotreated lignin oils, a reaction net-
work is proposed for the hydrotreatment reaction of Alcell lig-
nin and fractions thereof using Ru/C (Fig. 14).

Within the window of experimental conditions (high H,
pressures, 400 °C, reaction times up to 4 h), lignin is
converted by a number of parallel and consecutive pathways.
In the initial stage of the reaction, the lignin depolymerise
thermally and/or catalytically to lower molecular weight lig-
nin oligomers at temperatures as low as 230-260 °C.*® This
depolymerisation reaction is relatively slow on the timescale
of the reaction time (4 h) and full depolymerisation to solely
monomeric compounds was not obtained for all fractions af-
ter reaction, although the molecular weights of all product
oils are in a narrow range (Table 6). The use of a catalyst is

7064 | Catal Sci. Technol, 2016, 6, 7053-7067

very important, which is confirmed by the observations that a
reaction without a catalyst only leads to solid products.?
Thermal degradation of Alcell lignin at 400 °C to a (partly)
liquid product is possible as was shown by de Wild et al
However, liquid yields are low and the reactions were
performed in a pyrolysis setup under conditions differing
substantially from this study (450-500 °C with very fast
heating times (1 s) and very short reaction times).*’

The lignin oligomers react further to lower molecular
weight oxygenated aromatics with the concomitant formation
of water and methane. The ether linkages are most probably
cleaved in this stage of the reaction, which is supported by
model compound studies.””® In addition, these bonds have
the lowest bond dissociation energy, as shown by thermody-
namic calculations. Methoxy group hydrogenolysis also oc-
curs to a significant extent, as is evident from the disappear-
ance of the characteristic ">*C-NMR resonances of the methyl
group in the lignin oils (Table 7) and the formation of

This journal is © The Royal Society of Chemistry 2016
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Fig. 14 Proposed pathway for the catalytic hydrotreatment of Alcell lignin with Ru/C.

substantial amounts of methane. As such, methoxy removal
in oligomeric lignin units, besides that in monomeric com-
pounds, cannot be excluded a priori.

The oxygenated low molecular weight aromatics likely re-
act in two parallel pathways to alkanes, viz. i) hydrogenation
of the aromatic C-C double bonds to form saturated cyclic
ketones and alcohols followed by subsequent hydrogena-
tions and ii) the hydrodeoxygenation of the oxygenated aro-
matics to aromatics, followed by overhydrogenation to al-
kanes. The desired alkylphenolics and aromatic compounds
are intermediates in this sequence and can only be formed
in substantial amounts when the rate of (over)hydrogena-
tion of aromatic C-C double bonds is retarded, e.g. by opti-
misation of process conditions and by the identification of

Feed
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catalysts that are less prone to this reaction. In this respect,
the performance of the Ru/C catalyst used in this study is
far from optimal and substantial amounts of aliphatic hy-
drocarbons are formed. The largest proportion of the long
chain linear alkanes present in the product oils is likely
formed from the hydrotreatment of the extractives and par-
ticularly from the fatty acids and esters present in the Alcell
lignin feed. These extractives are present in an estimated
amount of 4 wt% on the Alcell lignin feed and tend to accu-
mulate in the low molecular weight fraction of the solvent
extraction process.

An overview of the relevant changes in composition and
molecular properties upon the hydrotreatment of the various
fractions is given in Fig. 15.

Product
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/
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Fig. 15 Overview of the differences between the feed and the products of the fractionated lignin.
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The most reactive fraction is the low molecular weight
fraction F1. This fraction shows the highest hydrogen uptake,
as well as the highest increase in H/C ratio although this is
overestimated due to the presence of extractives which also
react with hydrogen in the process. The observation that frac-
tion F2 is by far more reactive than F3 in the catalytic hydro-
treatment reaction may be related to differences in molecular
structure and/or molecular weight. Thring et al. reported dis-
tinct differences in the level of condensation of Alcell lignin
fractions by performing oxidations with alkaline nitroben-
zene.”® F3 was shown to comprise the highest amount of con-
densed structures, rendering it the least amenable to oxida-
tive degradation. This was rationalised by the incorporation
of some non-lignin materials during the process such as car-
bohydrate derived products® as well as from the reaction of
furfural with lignin to form new carbon-carbon linkages.**

However, the molecular weight also plays a role. The mo-
lecular weight of the original feed fractions increases in the
order F1 to F3 and this is also the case for the hydrotreated
product oil fractions. However, the relative decrease is the
highest for the F3 fraction. The F3 feed fraction contains the
highest amounts of ether linkages and these are known to be
cleaved more facilely than C-C linkages.

The product compositions of the lignin oils differ consid-
erably (Table 4). When aiming for the highest amounts of
alkylphenolics and aromatics, the use of the F1 fraction
seems to be preferred: 8.4 wt% alkylphenolics and 4.2 wt%
aromatic compounds on lignin intake. These amounts are
slightly underestimated as F1 also contains significant
amounts of extractives which do not contribute to the forma-
tion of these compound classes.

6 Conclusions

The catalytic hydrotreatment of three Alcell lignin fractions,
obtained by a solvent extraction procedure, using Ru/C as the
catalyst and in the absence of a solvent was investigated, and
the results were compared with the parent Alcell lignin. Dis-
tinct differences in the molecular composition and molecular
weight distributions of the product oils were observed. These
are likely due to differences in molecular weights and molec-
ular structures of the fractions.

Full breakdown of the oligomeric structure of all lignin
feeds to monomers proved to be impossible under the pre-
vailing reaction conditions as was evident from the molecular
weight distributions of the product oils. This is attributed to
a relatively slow rate of cleavage of C-C bond linkages in the
lignin structure. The rate of the hydro(deoxy)genation reac-
tions is a function of the lignin fraction used and was highest
for the low molecular weight fraction F1 and lowest for the
highest molecular weight fraction F3, as was evident from
the hydrogen uptake during the experiments, the elemental
composition of the product oil and the molecular composi-
tion of the product oil.

Highest yields of valuable alkylphenolics (8.4 wt% on in-
take) and aromatic compounds (4.2 wt% on intake) were

7066 | Catal Sci. Technol., 2016, 6, 7053-7067
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obtained with the lowest molecular weight fraction F1. This
fraction also contained the highest amounts of aliphatic hy-
drocarbons (14.0 wt% on intake). However, the bulk of these
hydrocarbons is formed by hydrodeoxygenation reactions of
extractives such as fatty acids/esters present in the Alcell lig-
nin feed (around 4 wt%) that accumulated in fraction F1 dur-
ing solvent fractionation.

These findings indicate that improvements in the yields of
low molecular weight aromatics and alkylphenolics from lignin
are possible by proper selection of the lignin feed and particu-
larly by using feeds that have a low molecular weight as well as a
low content of condensed structures. As such, a two-step lignin
valorisation approach involving an efficient depolymerisation
step (for example a base catalyzed depolymerisation, a hydrother-
mal liquefaction or fast pyrolysis) followed by a catalytic hydro-
treatment step may be very advantageous. These studies are in
progress and will reported in due course.
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