Green
Chemistry

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Green,
Chemistry

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Cutting-edge rese: ener sustainable future

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/greenchem


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

GreenChemistry

ROYAL SO

SOCIETY
OF CHEMISTRY

Green Chemistry

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Efficient Catalytic hydrotreatment of Kraft Lignin to Alkylphenolics
using Supported NiW and NiMo Catalysts in Supercritical

Methanol

Anand Narani®, Ramesh Kumar Chowdari®, Catia Cannilla®, Giuseppe Bonura®, Francesco Frusteric,
Hero Jan Heeres*® and Katalin Barta*’

Efficient catalytic hydrotreatment of Kraft lignin to aromatic monomers was demonstrated in supercritical methanol using
a variety of NiW and NiMo catalyst on acidic, basic and neutral supports. It was found that NiW catalysts on neutral or
basic supports are highly suitable for depolymerization of Kraft lignin to methanol soluble organics in high yields at 320 °C
and 35 bar H, pressure. Extensive analysis of the product mixtures was carried out using GC-MS-FID, GCxGC-FID, 2D HSQC
NMR, GPC and elemental analysis, and several techniques were used for the characterization of the prepared catalysts in
order to determine acidity and basicity of the support and morphological changes after catalytic reaction. The best results
were obtained with sulphided NiW catalyst supported on activated carbon. Efficient depolymerization of Kraft lignin and a
total 28 wt% monomer yield was obtained within 8 h and 76% of the products were alkylphenolics and guaiacolics. Over
prolonged reaction times, the total monomer vyield reached 35 wt%, containing up to 26 wt% alkylphenolics. During
catalytic processing, deoxygenation was the most prevalent reaction and, importantly, no competing aromatic ring
hydrogenation or undesired repolymerization to insoluble char was observed. The catalytic system described here

represents a highly efficient and selective method for the production of alkylphenolics and guaiacolics from Kraft lignin.

1 Introduction

Kraft lignin comprises the majority of the total worldwide lignin
production, which currently accounts for over 50 million tons per
annum.”® However only a very few examples exist for the use of
Kraft lignin as raw material for the production of value added
chemicals.*> More than 90% of lignin is treated as a low value fuel
and burned to provide heat during paper processing, because there
is lack in better methods for its utilization. Therefore the
development of new catalytic technologies for more efficient
conversion of Kraft lignin to aromatics is of crucial importance, as it
would largely contribute to the sustainable use of the sizeable
amount of waste streams.®™

Kraft lignins are obtained through the sulphide pulping process,
and typically contain 1-3% sulphur in both inorganic as well as
organically bound form.*? Moreover, due to the extensive
pulping, the structure of Kraft lignins is more condensed, and
contains a higher amount of C-C bonds compared to other types of
Iignins.B'16 From this follows, that Kraft lignin is a particularly
challenging substrate for catalytic processing, especially with noble
metal catalysts which are frequently poisoned by sulphur.3’4’7’8’17

Over the past decade, significant advances have been made in
the development of new processes for the depolymerization of
lignin. Most of these methods typically targeted organosolv lignins
and ranged from thermal or hydrothermal depolymerization1 21 to
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milder oxidative or reductive methods?>** most of which have been

extensively reviewed.*%17182528 Among the developed methods,
reductive approaches have received particular attention, since they
enable the direct hydrogenolysis of the most prevalent B-O-4 lignin
Iinkage.zg'33 Alternatively, protic solvents such as methanol,34
ethanol,35'37 isopropanol,38 formic acid,39'42 or water/alcohol
mixtures™**  could serve as hydrogen donor for the various
depolymerization and deoxygenation processes. Furthermore,
water has proven as suitable reaction medium.***¢

Methods that specifically target Kraft lignin have also been
described. For instance, Miller et al. described the efficient
depolymerization of Kraft and organosolv lignin in supercritical
methanol and ethanol in the presence of KOH.* In similar work,
Shabtai described two step depolymerization of lignin in the
presence of base.* Weckhuysen and co-workers reported a two-
step process for the conversion of various lignins, including Kraft to
aromatic compounds (<12 wt% vyield) during which lignin was
depolymerized using a Pt/y-Al,0; catalyst in alkaline ethanol/water
medium and the obtained bio-oil was subsequently deoxygenated
with CoMo/Al,0; and Mo,C/CNF catalysts.”® In another process,
Kraft lignin was depolymerised using formic acid as a hydrogen
source in water/ethanol medium without any catalyst.So

A recent work by Ma et al. reported that high yields (61.3 wt%)
of aromatic compounds can be obtained from Kraft lignin in
supercritical ethanol over MoC, ,/AC catalysts.51 In this system
ethanol acted as hydrogen source, but was also found to
incorporate into the formed products by alkylation reactions. Side
reactions of the solvent alone resulting in aliphatic products also
occurred. Nonetheless this important work pointed at the suitability
of molybdenum as active metal in Kraft lignin depolymerization.
More recently, a one-pot complete catalytic conversion of Kraft
lignin into C6-C10 chemicals, was reported in ethanol, using Mo-
based (:atalysts.5

The depolymerization of Kraft lignin is a challenging task due to
the highly condensed structure of the substrate as well as its
relatively high sulphur content, which may lead to catalyst
deactivation.”** Therefore the selection of the catalyst should take
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into account the high sulphur content of the lignin source. It is well
known that NiMo and CoMo catalysts are tolerant towards sulphur
and are widely used in the hydrodeoxygenation of aromatic
compounds to simpler aromatics or hydro<:arbons.53‘54 They have
recently been reported as suitable catalysts for the
hydrodeoxygenation of lignin model compounds,55 and for lignin as
discussed above.

Here we report the highly efficient catalytic hydrotreatment of
Kraft lignin to value added low molecular weight aromatics,
specifically alkylphenolics and guaiacolics in supercritical methanol
in the presence of hydrogen. A variety of supported Mo and W,
catalyst promoted by Ni and Co, on various supports have been
tested and best composition identified. Under optimal reaction
conditions, the main products are alkylphenolics and gratifyingly no
ring hydrogenation or char formation takes place. The catalyst is
thoroughly characterized before and after reaction.

“atalyst and char

DMSO and|
Acetone
washing

Catalyst/insoluble
solids (Lignin &
Coke)

| Catalyst | Kraft Lignin | Methanol |

3200C
35 bar H,
Sh i
Step 2 -
Autoclave Flltl'm—> Catalyst/solids
DCMand
Step 1 Aceione
otep extraction
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products (oil) products
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HSQCNMR, GPC, CHNS

GC,

Scheme 1 Procedure developed for the fractionation of the
crude product mixture obtained after catalytic treatment of
Kraft lignin.

2 Experimental Section
2.1 Materials

Ni(NO3);.6H,0 (99%), Co(NOs),.6H,0 (>99%), Ce(NO;);.6H,0 (
99.5%), KOH (85%) were purchased from Acros Organics,
Mg(NO3),.6H,0 (98%), La(NO3)s.6H,0 (>99%), (NH,)sM0;054.4H,0,
(NH4)6H;W15,040.H,0 (>99%), ZrO(NOs),.xH,0, Dimethyldisulphide
(DMDS), K,COs; (>99%), were purchased from Sigma-Aldrich.
Indulin-AT (Kraft lignin) was from MWV specialty chemicals and was
kindly provided by Dr. R. Gosselink from the Wageningen University
and Research Centre, The Netherlands. Indulin-AT is a purified form
of Kraft pine lignin, which is free of hemicellulosic material. The
lignin content is 97 wt% on dry basis. Elemental analysis of this
lignin is as follows: 61.1 % of carbon, 5.6 % of hydrogen, 1.6 %
sulphur and 30.6 % of oxygen. Methanol (anhydrous) was
purchased from Macron fine chemicals, Activated Charcoal (AC) was
purchased from Merck Millipore, and Ammonium-ZSM-5 (50:1 ratio
of Si/Al) was purchased from Alfa-Aesar.

2.2 Preparation of the catalysts

2 | Green Chem., 2015, 00, 1-10

Apart from the directly purchased supports (i.e., activated charcoal
and ammonium-ZSM-5), three different mixed oxides were used as
catalyst supports and prepared by co—garecipitation methods in
accordance with literature procedures.5 The support MgO-La,0,
(ML) with an atomic ratio of Mg/La of 3 was prepared by co-
precipitation method. In a typical procedure, required amounts of
Mg(NO3),.6H,0 (0.39 mol) and La(NO;);.6H,0 (0.13 mol) were
dissolved in 0.5 L of deionized water and precipitated with mixture
of K,CO; (0.25M) and KOH (1M) in 0.52 L of deionized water at
constant pH of 10. After complete precipitation, the solid was
filtered and thoroughly washed with water to reach neutral pH. The
resultant solid was oven dried at 120 °C for 12 h and finally calcined
at 650 °C for 5 h. The Mg0O-CeO, (MC) and Mg0O-ZrO, (MZ) supports
were prepared by similar procedures and calcined at 500 °C for 5 h
(MgO-Ce0,) and 650 °C for 4 h (MgO-Zr0,).

The catalysts NiO-MoO3/AC  (NiMo/AC), CoO-MoOs/AC
(CoMo/AC) and NiO-WO3/AC (NiW/AC) with 5 wt% of NiO or CoO
and 15wt% of WO; or MoO3 were deposited on activated carbon by
impregnation of about 3-4 mL of aqueous solutions of
NI(NO3)26H20 or CO(NO3)26H20 and (NH4)6M07024.4H20 or
(NHy4)gH,W15040.H,0 followed by evaporation to dryness at 100 °C
for 12 h and calcination in N, atmosphere at 450 °C for 5 h. In a
similar method 5 wt% NiO-15 wt% MoOs;, 5 wt% CoO-15 wt% MoO;
as well as 5 wt% NiO-15 wt% WO; on different supports were
prepared.

Sulphided catalysts were generated in-situ by the addition of
dimethyldisulphide (DMDS) to the reaction mixture at the start of
the reaction.”’ (For the detailed pathways related to in-situ
preparation of the catalysts see supporting information, appendix
A) The sulphided NiW supported on AC, ZSM-5, MgO-La,0;, MgO-
Ce0,, Mg0-ZrO, catalysts are designated as S-NiW/AC, S-NiW/ZSM-
5, S-NiW/ML, S-NiW/MC, S-NiW/MZ respectively. Similarly,
sulphided Ni, W, NiMo, CoMo supported on AC catalysts are
abbreviated as S-Ni/AC, S-W/AC, S-NiMo/AC and S-CoMo/AC. For
more detailed information of catalyst characterization techniques
see Supporting Information, appendix B

2.3 Catalytic hydrotreatment of Kraft lignin and product analysis

The catalytic hydrotreatment of Kraft lignin was carried out in 100
ml high pressure Parr autoclave with an overhead stirrer. Typically,
the autoclave was charged with 0.25 g respective catalyst, 1 g of
Kraft lignin, 0.1 g of dimethyl-disulphide and 30 ml of methanol. The
reactor was sealed and purged with nitrogen for several times and
then pressurised with 35 bar H, at room temperature. The reactor
was heated to 320 °C for a predetermined amount of time, and
stirred at 800 rpm. After reaction, the reactor was cooled to room
temperature and the gas was collected in a Tedlar gas-bag. The
reactor was washed with several portions of methanol to allow
guantitative transfer of the reactor content, which was subjected to
a general workup procedure (Scheme 1). In the first step, the solid
residues were filtered and the solvent was removed by rotary
evaporation. The resultant oily product (named methanol soluble
oil) was further characterized. The remaining solids were washed
with dichloromethane (DCM). The solids extracted in this way (DCM
soluble products) were obtained after evaporation of the solvent.
The remaining solid residue contained the catalyst, small amounts
of unconverted lignin and char. These solids were further washed
with dimethylsulfoxide (DMSO) to remove the unconverted lignin.

Methanol soluble oils were analysed by GC-MS-FID analyses
using a Quadruple Hewlett Packard 6890 MSD attached to a
Hewlett Packard 5890 GC equipped with a 60 m x 0.25 mm i.d. and
a 0.25 um sol-gel capillary column. The injector temperature was
set at 250 °C. The oven temperature was kept at 40 °C for 5 minutes
then heated up to 250 °C at a rate of 3 °C min™ and then held at 250
°C for 10 minutes.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Composition of the products obtained by catalytic hydrotreatment of Kraft lignin using various hydrodeoxygenation catalysts.

Entry Catalyst Methanol soluble oil DCM soluble DMSO soluble Char Mass balance (wt%)
(wt%) solids (wt%) solids (wt%) (wt%)
1 Blank 15 8 20 30 73
2 S-NiMo/AC? 22 10 8 30 70
3 S-NiMo/AC 57 10 8 trace 75
4 S-CoMo/AC 41 6 10 9 66
5 NiWO,/AC 62 14 8 8 92
6 S-W/AC 45 2 30 5 82
7 S-Ni/AC 70 5 7 0 82
8 S-NiW/AC 82 10 trace 0 92
9 S-NiW/ZSM-5 40 3 13 30 86
10 S-NiW/ML 80 9 trace 0 89
11 S-Niw/mMC 75 11 9 0 95
12 S-Niw/MzZ 68 6 12 4 90
13 S-NiW/AC’ 60 20 15 0 95
14 S-Niw/mL° 60 22 16 0 98

Reaction conditions: catalyst (0.25 g), Kraft lignin (1 g), methanol (30 ml), H, (35 bar), temperature (320 °C), 8 h.

® without hydrogen added, ® with 2 g of Kraft lignin

GCxGC-FID analysis was performed on organic samples with a
trace GCxGC from Interscience equipped with a cryogenic trap
system and two columns: a 30 m x 0.25 mm i.d. and a 0.25 pum film
of RTX-1701 capillary column connected by a meltfit to a 120 cm x
0.15 mm i.d. and a 0.15 pum film Rxi-5Sil MS column. An FID detector
was used. 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'l). The injector temperature and FID temperature
were set at 250 °C. The oven temperature was kept at 40 °C for 5
minutes then heated up to 250 °C at a rate of 3 °C min™. The
pressure was set at 70 kPa at 40 °C. The modulation time was 6 s.

For GCxGC-FID and GC-MS-FID analyses, the samples were

diluted with tetrahydrofuran (THF) and 500 ppm di-n-butyl ether
(DBE) was added as an internal standard. For more detailed
information see Supporting Information, appendix C.
Gel Permeation Chromatography (GPC) analyses of the samples
were performed using a HP1100 equipped with three 300 x 7.5 mm
PL gel 3 um MIXED-E columns in series using a GBC LC 1240 Rl
detector. Average molecular weight calculations were performed
using the PSS WinGPC Unity software from Polymer Standards
Service. The following conditions were used: THF as the eluent at a
flow rate of 1 ml min; 140 bar, a column temperature of 40 °C, 20
ul injection volume and a 10 mg mi* sample concentration. Toluene
was used as a flow marker.

The gas phases were collected after reaction and stored in
a gas bag (SKC Tedlar 3 L sample bag [9.5"x10"]) with a
polypropylene septum fitting. GC-TCD analyses were
performed using a Hewlett Packard 5890 Series Il GC equipped
with a Porablot Q Al,05/Na,SO, column and a molecular sieve
(5 A) column. The injector temperature was set at 150 °C and
the detector temperature at 90 °C. The oven temperature was
kept at 40 °C for 2 minutes then heated up to 90 °C at 20 °C
min™ and kept at this temperature for 2 minutes. A reference
gas was used to identify the peaks by retention time and to
quantify the products (Gas product mixture: 55.19% H,,

This journal is © The Royal Society of Chemistry 20xx

19.70% CH,4, 3.00% CO, 18.10% CO,, 0.51% ethylene, 1.49%
ethane, 0.51% propylene and 1.5% propane).

NMR spectra were acquired at 25 °C using an Agilent 400 MHz
spectrometer. Approximately 50 mg of methanol soluble oil was
dissolved in 0.7 ml dimethylsulfoxide-d6 (DMSO). For analysis of the
Kraft lignin, approximately 100 mg was dissolved in 0.7 ml
dimethylsulfoxide-d6 (DMSO). 'H-c Hsac spectra were acquired
using a standard pulse sequence HSQC programme with spectral
width of 160 ppm, 16 scans, 128 increments (256 increments for
Kraft lignin), on F1 dimension and data were processed using the
MestReNova software.

Elemental analyses (C, H, N and S) were performed using a Euro
Vector 3400 CHN-S analyzer. The oxygen content was determined
by difference.

3 Results and discussion
Inspired by previous r'er)ort536‘37’49'52 as well as our own experiences
regardinbg8 60the catalytic conversion of various lignocellulose
sources,” ~ we anticipated that supercritical methanol (at 300-320
°C) in the presence of a hydrotreatment catalysts and hydrogen,
would be a suitable reaction medium for the depolymerisation of
Kraft lignin to aromatic monomers. These aromatic fragments
would undergo further deoxygenation towards simpler aromatics,
such as alkylphenolics, over the various hydrotreatment
catalysts.s’a‘55 Thus, a systematic study was conducted using various
hydrodeoxygenation catalysts (Ni, Co promoted with Mo or W) on
various supports.

3.1 Catalyst screening and fractionation of products
A series of supported NiMo, CoMo and NiW catalysts on acidic
(ZSM-5), neutral (activated carbon) or basic (various

MgO/lanthanide oxide combinations) supports were prepared. The
nature of the acidic and basic sites was confirmed by TPD

Green Chem., 2015, 00, 1-10 | 3
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measurements (discussed below). The corresponding BET areas as
well as pore size parameters are shown in Table S1, Fig. S1 and Fig.
S2.

These catalysts were tested in the depolymerization of Kraft
lignin at 320 °C, 35 bar H, for 8 h in supercritical methanol and
dimethyldisulphide was used as a sulphur source. The reaction
products were fractionated by the developed procedure (see
Scheme 1 in the Experimental section). This consisted of a separate
treatment of reaction solids followed by quantification of the
amount of methanol soluble material, a crucial parameter and
indication for the activity of the respective catalysts (for calculation
of the main parameters determined, see Appendix D in Supporting
Information). Gel Permeation Chromatography measurements
confirmed that the methanol soluble oil mainly consists of aromatic
monomers and oligomers of lower molecular weight ranges (see
Supporting Information, Table S2, Fig. S3-a). The DCM soluble solids
were identified as higher molecular weight materials (see
Supporting Information, Table S2, Fig. S3-b). The brown DMSO
soluble fraction was believed to be unreacted lignin, however due
to its low solubility in THF, its molecular weight could not be
determined accurately. The rest of the solids were visually assessed
to be a mixture of char and catalyst.

The catalyst screening was conducted at 320 °C and 35 bar of H,
using the prepared catalysts in order to determine the most
suitable composition and support for maximizing the vyield of
methanol soluble products. First, simply heating Kraft lignin without
a catalyst and hydrogen resulted in only 15 wt% of methanol
soluble oil and 30 wt% of insoluble char (Table 1, entry 1). When S-
NiMo on activated carbon without external hydrogen was tested,
the results were comparable to a blank experiment with only 22
wt% of methanol soluble oil yields and more substantial (30 wt%)
amount of char obtained (Table 1, entry 2). The same catalyst (S-
NiMo/AC) with external hydrogen delivered a promising 57 wt% of
methanol soluble oil yield and only traces of char (Table 1, entry 3).
These findings indicate that the presence of external hydrogen is
important, as it likely reduces the extent of recondensation
reactions and/or enhances the rate of lignin depolymerisation
reactions. In addition, unlike during our previous studies with
CuPMO (Cu doped Mg-Al porous metal oxide) in supercritical
methanol, where methanol reforming was the only source of
hydrogen,60 the NiMo catalysts required external hydrogen that
played a key role in affecting lignin depolymerization, as no
significant methanol reforming was observed in the present case, as
expected. For a related catalyst, comprising of Co instead of Ni, (S-
CoMo/AC) only 41 wt% of methanol soluble oil yield and 9 wt% of
char was obtained (Table 1, entry 4). This is likely due to increase in
acidity of the catalyst when Ni was replaced with Co (Table 2, entry
2). This indicates that Ni promoted Mo is more active than Co
promoted Mo for lignin depolymerization. Subsequently, when Mo
was replaced with W (i.e., S-NiW/AC), the acidity of the catalyst
further decreased (Table 2, entry 1), which effects on the methanol
soluble oil yield increased to 82 wt% without any char formation
(Table 1, entry 8), representing the best product yield among the
screened catalysts. As a comparison, the methanol soluble oil yields
dropped to 62 wt% and 8 wt% of char (Table 1, entry 5) obtained
with the non sulphided NiW/AC catalyst. Thus, the sulphided
catalyst was clearly more active. Further studies confirmed that the
sulphided Ni promoted W catalysts are more active than the
corresponding non-sulphided NiW/AC and S-NiMo/AC catalysts or
Ni/AC and S-W/AC catalysts alone (Table 1, entries 5, 1, 6, 7).

Once established that a bimetallic Ni/W catalysts is the best
regarding product vyield, we have subsequently investigated
whether the support also plays a significant role. To this end, NiW
catalysts supported on basic MgO-La,0; (ML), MgO-CeO, (MC),
MgO-ZrO, (MZ) and acidic ZSM-5 catalysts (For acid and base
properties, see Table 2, entries 2, 3, 4, 5) were screened and indeed
the variations in product yields were significant. Using the NiW
catalyst on acidic ZSM-5 support, 30 wt% of insoluble residue and

4 | Green Chem., 2015, 00, 1-10

only 40 wt% of methanol soluble oil yields were observed (Table 1,
entry 9), showing more pronounced recondensation processes
likely due to acid catalysed side reactions leading to reactive
unsaturated intermediates, such as dehydration products. The
results using basic supports MgO-La,0; were not significantly
different from those obtained with catalyst on neutral support.
(Table 1, entries 10). When MgO-CeO, used, the methanol soluble
oil yields dropped to 75 wt% and 9 wt% DMSO soluble solids
obtained (Table 1, entry 10). In the case of MgO-Zr0O,, the methanol
soluble oil yields further dropped to 68 wt%, increase in DMSO
soluble solids (12 wt%) and 4 wt% of char was observed (Table 1,
entry 11). This phenomenon is likely due to decrease in basicity or
increase in acidity of the catalysts when La,0; replaced in MgO-
La,0; with CeO, and ZrO, (Table 2, entries 4, 5). Lastly, with
increased lignin loading to 2 g, both S-NiW/AC and S-NiWw/ML
catalysts gave 60 wt% of methanol soluble oil yields, whereby more
DCM and DMSO soluble solids were obtained with both catalysts.
Char formation was not observed with both catalysts even at
increased substrate loading.

3.2 Surface properties of the catalysts

Surface concentrations of acidic and basic sites of NiMo, CoMo and
NiW catalysts were determined by temperature programmed
desorption of ammonia (NH5-TPD) and carbon dioxide (CO,-TPD),
respectively (Table 2).

It was found that NiW supported on ZSM-5 presents the highest
number of acidic sites (507.6 pumol/g.,), while the highest basic
capacity was recorded on NiW supported on MgO-La,0; (291
umolcoy/8eat). Moreover, when La,0; was exchanged with CeO,
(Table 2, entry 4) or ZrO, (Table 2, entry 5), the basicity significantly
decreased, resulting in CO, uptake values of 188.3 and 104.7
umolco,/gear for NiW/MgO-CeO, and NiW/MgO-ZrO,, respectively.
Still, when NiW was supported on activated carbon (Table 2, entry
1), not only the NH; adsorption capacity appeared quite low (18.4
umol/g.:), but also the basicity was practically negligible (0.6
umMolcoy/8eat), giving the sample an almost neutral character. A net
increase of acidity was observed on the same support when W was
exchanged with Mo (44.5 umolyys/gcc for NiMo/AC), likely due to
an increased presence of clusters, which are able to delocalize
protons among neighboring MoO, species more than in presence of
isolated groups. Lastly, the substitution of NiO with CoO on
activated carbon (Table 2, entry 7) also promoted a further increase
of acidity (77.0 pumolyys/g.c for CoMo/AC), while the basicity
remained almost unchanged. In conclusion, it is clear that the
supports play a key role in determining the acid-base behaviour,
while the metal loading mainly affects the temperature of peak
desorption, depending on a weak or strong metal-support
interaction (see also Fig. S4 and Fig. S5 and related comments in
Supporting Information). So, from these results the following scale
of acidity and basicity can be drawn:

NiW/ZSM-5>CoMo/AC>NiMo/AC>NiW/AC>NiW/MgO-ZrO,
4——  acidity increasing

> NiW/MgO-Ce0,>NiW/MgO-La,0;
——— > basicity increasing

Table 2 NH; and CO, TPD measurements of NiMo, CoMo and
NiW catalysts.

NH; uptake CO, uptake

Entry Catalyst (rmol/gc.) (rmol/gc.)

1 NiW/AC 18.4 0.6

2 NiW/ZSM-5 507.6 -

3 NiW/MgO-La,05 - 291.0

4 NiW/MgO-CeO, - 188.3

5 NiWw/MgO-ZrO, - 104.7

6 NiMo/AC 44.5 0.6

7 CoMo/AC 77.0 0.7
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In the attempt of confirming the sulphidation process, the spent
catalyst NiW/AC, recovered after the reaction, was characterized by
X-ray diffraction and in Fig. 1 the patterns of the fresh (a) and used
(b) catalysts are compared. Before the reaction, typical crystalline
peaks referred to the <100>, <-111> and <002> planes of
monoclinic phase of NiWO, (JCPDS 150755) were evident, along
with Ni metallic (JCPDS 040850) diffraction peaks at 44.55°, 51.91°,
76.34° and 92.89°, corresponding to <111>, <200>, <220> and
<311>planes, respectively. The spent catalyst, indeed, shows the
characteristic signals of tungsten sulphide (WS,) at 14°, 32.7°, 33.4°,
39.4°, 43.8°, 49.8° and 58.7° which are referred to <002>, <100>,
<101>, <006>, <105> and <110> planes (JCPDS 080237) and the
peaks of trigonal nickel sulphide NisS, phase, observed at 21.65°
30.9° 37.6°, 44.4°, 20.1°, 54.9°, 55.2°, corresponding to <101>,
<012>, <003>, <021>, <202>, <211>, <104>, <122>planes (JCPDS
020772).

The formation of sulphided NiW/AC was further confirmed by

§§ * Ni metallic
SNIWO,
°NigS,
EWS,

Signal (a.u.)

i L
10 20 30 40 50 60 70 80 20 100

Fig. 1 XRD patterns of NiW/AC catalyst: (a) sulphided (after
reaction), (b) fresh (before reaction).

SEM-EDAX measurement, which showed the presence of about 2
wt% of sulphur in the used catalyst (see EDAX values reported in
Table S3). Fig. 2 exhibits the micrographs of fresh and used NiW/AC
catalyst, showing that the spent catalyst maintains the original
structure characterized by particles in the range comprised
between 10 and 100 um. The insert reported in Fig. 2-b is the
mapping of S-NiW/AC catalyst, which shows the almost
homogeneous distribution of sulphur in correspondence of Ni and

Fig. 2 SEM m|crographs of N|W/AC catalyst (a) fresh and (b)
used. In the insert, the mapping measurement is shown.

3.3 In depth analysis of the methanol soluble products by GC-MS-
FID measurements

This journal is © The Royal Society of Chemistry 20xx
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The composition of the methanol soluble products obtained in
catalytic tests described in Table 1 was investigated by GC-MS-FID
chromatography. A representative chromatogram of the product
mixture obtained using the S-NiW/AC catalyst is shown in Fig. 3.
Though the GC-MS-FID trace is complex, only around 30 main
components were found in significant quantities. All of these major
products were identified as shown in Fig. 3. The main groups of
compounds were: a) mono oxygenated phenolics, such as phenol
(1), anisole (4), o-p-m-cresols (3,56), dimethyl phenols
(10,13,14,19), ethyl-phenols (13,15,16), propyl phenols (25), ethyl-
methyl phenols (21,22), methylated propyl phenols (27,28), tri- and
tetra-methyl  phenols  (12,17,23,24) and b) guaiacolics
(2,7,8,18,20,26). Some extractives, not directly derived from lignin
depolymerization were also seen (29,30)°%. Interestingly, tri-
oxgenated compounds, mainly expected from syringyl lignin
subunits were not found. Next, this products mixture was compared
to that obtained with the same catalyst (NiMo/AC) under hydrogen
free conditions. The major products in this case were tri- and tetra-
methylated phenols as well as 2-isopropyl-1-methoxy-4-
methylbenzene (Fig. S6), a product mixture markedly different from
that shown in Fig. 3, where phenolics and guaiacolics were major
products. Clearly, in the absence of hydrogen, the
hydrodeoxygenation processes are limited and reactions involving
the solvent are predominant. Similarly, in the case of non-sulphided
NiW/AC catalyst, substituted guaiacolics were prevalent over
phenolics (Fig. S7) showing that sulphided form of NiW/AC catalyst
enhances the deoxygenation activity of the catalyst, and further
processing of the lignin derived monomers towards phenolics. All
other sulphided NiMo/AC, CoMo/AC, W/AC and NiW supported on
acidic ZSM-5 and basic Mg0O-La,03 (ML), MgO-CeO, (MC), MgO-ZrO,
(M2Z) catalysts gave similar product distributions.

OH  OH OH oH oH ;)ll oH OH
Apon AL A K A Lo, _ ,
QoG OG- e €

1 2 356 4 78 10,13,1419 11

9.15.16 12,17

21 2522
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) if It ﬂ’rﬁe\“ //
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30 32 34 36 38 40 42 aa 46 4s S0 S2 54 S6 S8 60
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Fig. 3 GC-MS-FID chromatogram of methanol soluble oil
obtained at 320 °C, for 8 h with 35 bar H, using S-NiW/AC
catalyst.

3.4 Quantification of methanol soluble products by 2D-GCxGC
measurements

In addition to identification of the components by GC-MS-FID
measurements shown above, the product mixtures obtained in the
catalytic runs shown in Table 1 were quantified using GCxGC-FID
technique. Quantification was based on calibration of the various
types of compounds present in these product mixtures and the use
of di n-butylether (DBE) as an external standard (Fig. 4). A
representative GCxGC-FID chromatogram is given in Fig. 6b and the
various areas corresponding to the different types of products in
the mixture are displayed (for calibration details of GCxGC-FID, see
Appendix C in Supporting Information). Quantification based on

Green Chem., 2015, 00, 1-10 | 5
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such GCxGC-FID measurements, for all product mixtures obtained
with each catalyst after 8 h reaction time, are displayed in Fig. 4.
The two most important groups of products (alkylphenolics and
guaiacolics) were quantified and are displayed for each run in Fig. 4.
The total number of monomers is also given, which include, besides
the alkylphenolics and guaiacolics, other compounds such as
naphthalenes, catechols, other aromatics and linear and branched
alkanes (see Supporting Information, Table S4). Similarly to the
results obtained by gravimetric quantification of the various
fractions (Table 1), there is a clear difference between the
individual runs in terms of vyields of total alkylphenolics and

30 4

[ Alkyl phenolics 28.5
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25 (25555 Monomers
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Fig. 4 Effect of catalysts on alkylphenolics, guaiacolics and
monomer yields.

Reaction conditions: catalyst (0.25 g), Kraft lignin (1 g),
methanol (30 ml), H, (35 bar), temperature (320 °C), 8 h

guiacolics, which depend on the activity of the respective catalyst
towards depolymerization. Also, the hydrodeoxygenation activity of
the catalyst is correlated with the amount of alkylphenolics versus
guaiacolics present.

Without hydrogen only 6.5 wt% of monomers were obtained
with S-NiMo/AC and this amount increased to 14.5 wt% in the
presence of hydrogen. Better results were obtained when Mo was
replaced by W. With S-NiW/AC, a significantly higher (28.5 wt %
monomer yield) was obtained; including 16 wt% of alkylphenolics
and 5.5 wt% of guaiacolics (see also Table S4, entry 7).

Good results were obtained with the other type of catalysts as
well: S-NiMo/AC (14.5 wt%), S-CoMo/AC (9 wt%) and non-sulphided
NiWO,/AC (16.5 wt%). Without Ni promoter or with S-Ni/AC
without W, the monomer yields decreased to 20.5 wt% and 19 wt%
respectively. The acidic ZSM-5 support generally gave lower
monomer yields (18%) than the basic supports. Especially MgO-
La,0; (ML) gave monomer yields comparable to the activated
carbon support (26.5 wt%). Thus the monomer yields depend on
reaction conditions, type of metal, promoter and type of support as
expected. Sulphidation and combination of Ni with W on neutral
support was ideal for obtaining higher monomer yields.

3.5 Further improvement of monomer yields and study of reaction
parameters

6 | Green Chem., 2015, 00, 1-10

Next, the effect of temperature on the product yield for the
catalytic hydrotreatment of Kraft lignin in methanol using the S-
NiW/AC catalyst (35 bar H,, 8 h) was investigated. Table 3 shows
yields of methanol soluble oil as well as monomers (see also Table
S5) as a function of the temperature (entries 1-3). The runs differed
in the extent of lignin conversion as well as the amount of DCM
soluble product, however good product vyields could even be
achieved at the lowest temperature tested (280 °C). The liquid
phases were also analysed by GPC, which showed the occurrence of
depolymerization of the lignin at all reaction temperatures with
slight variation in the average molecular weight (Fig. S8 and Table
s2).

Table 3 Effect of temperature on methanol soluble oil and
monomer yields over S-NiW/AC catalyst.

Methanol DCM DMSO Mono
Entry Temp. soluble oil  soluble soluble mer
(°c) (Wt %) product solids yields
s (wt %) (wt %) (wt %)
1 280 60 1 35 20
2 300 65 4 28 23
3 320 82 10 trace 28.5

Reaction conditions: catalyst (0.25 g),
methanol (30 ml), H, (35 bar), 8 h

Kraft lignin (1 g),

Next, we have carried out experiments at standard reaction
conditions (320 °C, 35 bar H, with S-NiW/AC catalyst) with different
reaction times to enhance the yield of aromatic monomers and to
determine the extent of possible competing ring hydrogenation
reactions that may lead to alkanes. The results summarized in Table
4 indicate that 4 h of reaction time was not sufficient for full lignin
conversion. In this case, the yield of the methanol soluble product
fraction was 40 wt% (14.5 wt% of monomer vyield), which is
substantially lower than at standard reaction times (8 h, 82 wt%
methanol soluble oil and 28.5 wt% of monomers). An increase in
overall monomer vyield to 32.5 wt% took place at 16 hours, as
depolymerization of oligomeric components in the methanol
soluble fraction progressed. No significant change was further
observed after prolonged reaction time (24 h) and no char was
formed. The slight increase in monomer yields (35 wt%) was likely
due to further methylation of the formed fragments as confirmed
by various techniques (GC-MS-FID, GCxGC-FID, HSQC NMR).

Table 4 Effect of time on methanol soluble oil and monomer
yields over S-NiW/AC catalyst.

Methanol DCM DMSO  Monomer
Entry Time soluble oil soluble soluble yields
(h) (wt%) products solids (wt%)
(wt%) (wt%)

1 4 40 1 30 14.5

2 8 82 10 trace 28.5
3 16 77 4 trace 325
4 24 79 7 trace 35.0

Reaction conditions: catalyst (0.25 g), Kraft lignin (1 g),
methanol (30 ml), H, (35 bar), temperature (320 °C)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 GC-MS-FID chromatograms of methanol soluble fractions
obtained at different reaction times over S-NiW/AC catalyst at
320 °C for 8 h with 35 bar H-.

The GC-MS-FID and GCxGC-FID chromatograms (Fig. 5 and Fig. 6) of
the methanol soluble oils versus time show a clear change in product
distribution. Guaiacol (1) and substituted guaiacols (2, 3, 4) were the
major products and small amounts of alkylphenolics including phenol
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were observed after 4 h. At prolonged reaction times, the
amounts of guaicolics are reduced and more alkylphenolics are
formed. After 24 h of reaction time almost guaiacolics were
absent and only alkylphenolics were observed. In addition,
methylation was more extensive after 24 h, as is evident by the
formation tetra alkylated phenolics (14, 15, 16). Notably, further
hydrodeoxygenation or competing ring-hydrogenation did not
occur even after 24 h of reaction time. Thus it can be concluded,
that the catalyst (S-NiW/AC) is highly suitable, active and selective
towards the formation of mono-oxygenated alkylphenolics from
Kraft lignin.

In addition, the composition of the obtained product mixtures
at various time points was quantified by GCxGC-FID analysis, and
the results are summarized in Fig. 7. The amount of the major
components (alkylphenolics and guaiacolics) vs time is displayed in
Fig. 8. After 4 h of reaction time, 10 wt% of guaiacolics and only
2.5 wt% of alkylphenolics were present in the reaction mixture. At
prolonged reaction times the amount of guaiacolics decreased to
about 1.5 wt%, whereas the amount of alkylphenolics increased to
a maximum of 26 wt% after 24 h. The graphs convincingly show
that no substantial aromatic ring hydrogenation activity was
observed, even after prolonged reaction times.

Linear/branched alkanes ~

>Ext. std (DBE)

Napthalenes ;

Gua’\aco\‘Cs
\

Al phendics

Linear/branced alkanes

_Ext. std (DBE)

Napthalenes «

| L
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A
Alkyl phenolics”

Fig. 6 GCxGC-FID chromatograms of methanol soluble fractions obtained after catalytic hydrotreatment of Kraft lignin over S-
NiW/AC catalyst at 320 °C with 35 bar H, (a) 4 h, (b) 8 h, (c) 16 h, and (d) 24 h

This journal is © The Royal Society of Chemistry 20xx
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HSQC NMR measurements confirmed the structural changes
during the catalytic hydrotreatment. This NMR method was used
before for the elucidation of the Kraft lignin structure.”®® The HSQC
NMR spectrum of the starting lignin in DMSO is shown on Fig. 9-a.
The main inter-unit linkages: B—O—4, B—B, B—5, o—O—4 are clearly
seen in the 83-5.5 ppm (1H) and 850-90 ppm (BC) region. Signals
corresponding to aromatic region of the respective subunits are
observed between 66-8ppm (1H), 5100-140ppm (13C). The chemical
shift regions corresponding to the various methoxy-groups
belonging to guaiacyl or syringyl subunits are detected in the range
of 83.2-4.2 ppm (lH), 856-58 ppm (13C), consistent with literature.
The 2D-HSQC NMR spectrum of the methanol soluble oil obtained
after depolymerization of Kraft lignin after 8 h of reaction time with
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Fig. 8 Yields of alkylphenolics and guaiacolics vs batch time, in
the product mixture obtained using S-NiW/AC catalyst at
320°C with 35 bar H,

8 | Green Chem., 2015, 00, 1-10

S-NiW/AC catalyst at 320 °C is shown in Fig. 9-b. After
depolymerisation, the signals belonging to the interunit lignin
linkages are lacking and new peaks arise, that are related to the
main types of aromatic products confirmed by GC-MS-FID or
GCxGC-FID measurements. There is also a decrease of methoxy
signals belonging to lignin in region as well as a marked increase of
signals in the aliphatic region, belonging to the formed alkyl-
phenolics and guaiacolics. In addition, signals in Area 1 of the
aromatic region correspond to aromatic protons of both guaiacolics
and phenolics, these being practically indistinguishable due to
extensive overlap. Area 2 of the aromatic region however,
corresponds to only phenolics and alkylphenolics. These results
confirm that under catalytic hydrotreatment conditions, the
interunit linkages of lignin have been cleaved to produce
guaiacolics, which are further demethoxylated to alkylphenolics.

3.6 Catalyst characterization after reaction

In Fig. 10, TEM images of the NiW/AC catalyst, recovered after
reaction, and fresh catalyst are shown. In both these catalysts, the
particles were in spherical shape; this confirmed that there is no
change in the morphology of the particles after the reaction, as
further confirmed by N, adsorption-desorption measurements (see
Table S1, Fig. S1 and Fig. S2): the fresh catalyst exhibited a surface
area of 857 mz/g which decreased to 161 mz/g after reaction, along
with a corresponding increase in the average pore diameter from
21 A to 39 A. Nonetheless, despite of particles agglomeration, the
catalyst remained active even after 24 h of reaction time.

This journal is © The Royal Society of Chemistry 20xx
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Methoxy, Linkages " ratios determined by elemental analysis in the product oils obtained
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b Kraft lignin used in this study contains 61.1 % of carbon, 5.6 % of
L § hydrogen, 1.6 % sulphur and 30.6 % of oxygen. The observed
L continuous decrease in the O/C value from 0.375 (Kraft lignin) to
Aromatic ¥ 0.112 and a marked increase in the H/C value of 1.102 (Kraft lignin)
to 1.298 reflects the nature of transformations expected during
” catalytic hydrotreatment of Kraft lignin in supercritical methanol.
- The decrease in O/C atomic ratio value is due to the deoxygenation
- reactions, and the slight increase in H/C atomic ratio is primarily
- due to methylation reactions and not because of ring
’ " e o hydrogenation, as confirmed by GC analysis.
Fig. 9 "H-">C HSQC NMR spectra of Kraft lignin and methanol 4 Conclusions

soluble fractions obtained after catalytic treatment using S-
NiW/AC catalyst at 320 °C with 35 bar H, (a) Kraft lignin (b)

8 h This study presents a very efficient method for the catalytic
product mixture obtained after 8 h

conversion of Kraft lignin to aromatic monomers, in supercritical

methanol. A variety of bimetallic Ni, Mo, Co and W catalysts on

various supports were prepared, characterized and evaluated lead

to several conclusions regarding catalyst structure-activity

» relationships. It was found that the activity towards lignin

N depolymerisation and further processing of the obtained aromatic

fragments, depended on several factors: (i) Sulphided catalysts

were more active than oxide catalysts. (ii) W was a more suitable

metal than Mo. (iii) Ni was a more ideal promoter than Co. (iiii) The

role of the support was found to be significant and activated carbon

or basic MgO-La,0;3 gave highest product yields, whereas acidic

\ SN\'s supports promoted char formation.

P ey Excellent, 35 wt% monomer yields was achieved with a

sulphided S-NiW/AC catalyst and the product mixture contained up

to 26 wt% alkylphenolics, moreover, competing ring hydrogenation

or severe repolymerisation to insoluble char was not observed. This

stands among the best result in the conversion of Kraft lignin and

will lead to the development of efficient methods for the
valorisation of lignin waste streams in the future.
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