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Mechanistic aspects of deconstruction and hydrodeoxygenation of organosolv lignin using zeolite

(HZSM-5 and HBEA) and SiO, supported Ni catalysts are reported. Lignin was deconstructed and con-

verted to substituted alicyclic and aromatic hydrocarbons with 5 to 14 carbon atoms. Full conversion with

total yield of 70 + 5 wt% hydrocarbons was achieved at 593 K and 20 bar H,. The organosolv lignin used

consists of seven to eight monolignol subunits and has an average molecular weight of ca. 1200 g mol™.

The monolignols were mainly guaiacyl, syringyl and phenylcoumaran, randomly interconnected through

p-O-4, 4-O-5, B-1, 5-5" and p—p ether bonds. In situ IR spectroscopy was used to follow the changes in
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www.rsc.org/greenchem that are further hydrogenated.

1. Introduction

Lignin is one of the major components of lignocellulosic
biomass, which constitutes also the most reduced carbon
fraction.™ Conceptually, this minimizes the use of H, to
produce linear and cyclic alkanes. The methoxylated phenyl-
propane units of lignin form a three-dimensional structure in-
corporated in the so-called lignin-carbohydrate complex (LCC).*”
Loosening the arrangement of LCC enables the separation of
lignin and carbohydrates. One approach of isolating lignin from
LCC is the so-called organosolv process, which is a chemically
mild extraction through solvolysis, e.g., in ethanol/water mixtures
at 473 K.° This method leads to a lignin free of sulfur-containing
compounds and other contaminants.” Organosolv lignin is typi-
cally less condensed than the Kraft and soda lignins.®
Conventionally, lignin is converted to liquid products in a
two-stage process. The first stage includes rapid pyrolysis
above 800 K or base-catalyzed deconstruction to yield bio-
0il.>? The second stage involves upgrading of the thermally
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lignin constituents during reaction. The reductive catalytic deconstruction of organosolv lignin starts with
the hydrogenolysis of aryl alkyl ether bonds, followed by hydrogenation of the aromatic rings to cyclic
alcohols. Oxygen is removed from the alcohols via dehydration on Brensted acid sites to cyclic alkenes

unstable bio-oils, which contain a variety of reactive oxyge-
nates, into transportation fuels via hydrodeoxygenation (HDO).
The HDO of various monomeric, bio-oil model compounds
have been studied intensively."* ' More recently, the cleavage
of aryl ethers (i.e., dimeric phenolic compounds), as a key step
in lignin depolymerization, has been a topic of increasing
interest with focus on the effects of ring substituents, solvent
and catalyst properties on the reactivities and selectivities
during conversion of model ethers and real lignins.*>” The
complex structure of lignin has raised doubts concerning
whether the direct hydrogenation of ring compounds as well
as the hydrogenolysis is possible directly on the integral lignin
polymer. To mitigate this perceived drawback, Rinaldi et al.
explored RANEY® Ni catalyzed transfer hydrogenation of
phenols, aldehydes and ketones as well as hydrogenolysis in
aqueous iso-propanol solutions at autogenous pressures.”® Iso-
propanol not only showed excellent hydrogen transfer pro-
perties, it simultaneously dissolved wood chips as the starting
material.”® This strategy enables one-stage lignin isolation
from whole cell wood to non-pyrolytic bio-oils, which are
further hydrotreated. Non-polar solvents (e.g., methyl-
cyclohexane) were found to be advantageous in terms of the
higher selectivity to saturated products, compared to protic
(e.g., alcohols) and polar aprotic (e.g., THF, dioxane) solvents,
during the reductive deconstruction of organosolv lignin.*°
Although partial catalytic deconstruction of lignin has been
achieved with these and other attempts using solid
catalysts,®*** the heterogeneity and complexity of real lignins
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renders complete deconstruction and the mechanistic under-
standing on a molecular level challenging.?® To address this,
physicochemical methods probing both the catalyst and the
reaction mixture under working conditions have been used in
the present contribution to link the previous model studies to
a one-stage liquid phase process for hydro-deconstructing
organosolv beech lignin (<600 K, 20 bar H,). In particular, atte-
nuated total reflectance infrared spectroscopy (ATR-IR) is used
to interrogate interaction between molecules and the surface
of solid catalysts at operating conditions.

2. Experimental section

2.1. Chemicals

All chemicals were purchased from commercial suppliers and
used without further purification: organosolv beech lignin
(Fraunhofer Institute, Leuna), Ni(u) nitrate hexahydrate
(Merck, 99%), n-heptane (Merck, 99%), n-hexadecane (Sigma-
Aldrich, 99%), ethyl acetate (Fluka, 99.7%), tetrahydrofuran
(Sigma-Aldrich, 99%), cyclohexane (Sigma-Aldrich, 99%),
methylcyclohexane (Sigma-Aldrich, 99%), ethylcyclohexane
(Sigma-Aldrich, 99%), n-propylcyclohexane (Sigma-Aldrich,
99%), dimethyl sulfoxide (DMSO, Fluka, 99.5%), ammonium
hydroxide (Sigma-Aldrich, 28.0-30.0% aqueous solution),
dimethyl glyoxime (Sigma-Aldrich, 99%), DMSO-ds (Sigma-
Aldrich, 99.9%), acetone (VWR, 95%), urea (Merck, 99.5%),
HZSM-5 (H-form, Si/Al 45, Clariant AG), HBEA (H-form, Si/Al
75, Clariant AG), SiO, (Aerosil 200, Evonik AG).

2.2. Preparation of Ni-based catalysts

Nickel deposition on oxide supports was performed following
the deposition precipitation (DP) procedure described in the
literature.>® In a typical synthesis, a 250 ml aqueous solution
of 0.14 M Ni(NOj3), was prepared. 2 g of zeolite were suspended
in 210 ml of that solution. The remaining 40 ml of Ni(u) solu-
tion was used to dissolve 10.2 g of urea, which was added
dropwise to the zeolite suspension at 343 K. This mixture was
heated further to 363 K to start the DP process. After 3 h, the
suspension was cooled to ambient temperature, vacuum fil-
tered, and the solid was washed three times with ultra-pure
water. The recovered solid was dried at 383 K in air overnight.
The dry solid was calcined at 673 K for 4 h in synthetic air with
a heating rate of 1 K min™" (flow rate: 100 ml min™"), and then
reduced in pure hydrogen at 733 K for four hours with a
heating rate of 1 K min~" (hydrogen flow: 100 ml min™"). The
synthesis of Ni/SiO, catalyst followed the same procedure as
described above, but with a DP time of 3.5 h.

2.3. Catalyst characterization

Ni-loadings. The catalysts were dissolved in a mixture of
hydrofluoric acid and aqua regia. The concentration of Ni in
the resulting solution was analyzed by atomic absorption
spectroscopy (AAS) on a UNICAM 939 AA-spectrometer.

Sorption measurements. The BET specific surface areas and
pore volumes were determined from N, adsorption-desorption
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isotherms measured at 77 K on a Thermo Scientific Surfer Ana-
lyzer automatic sorptometer. Prior to the measurements, the
samples were activated in vacuum at 473 K for 2 h.

IR-spectra of adsorbed pyridine. The infrared spectra of
adsorbed pyridine (Py-IR) were recorded on a Thermo Nicolet
5700 spectrometer at a resolution of 4 cm™". The sample was
pressed to a self-supporting wafer and activated in vacuum
(p = 107® mbar) at 723 K for one hour (heating rate = 10 K
min~"). After cooling to 423 K, the sample was equilibrated
with 0.1 mbar of pyridine for half an hour, outgassed for one
hour, and the IR spectra of chemisorbed pyridine were
recorded. For quantification, the IR spectra were normalized to
the integral of the overtone lattice band between 2105 and
1740 cm™" of the activated sample, and molar extinction coeffi-
cients of 0.73 cm pmol™" and 0.96 cm pmol " were used for
the characteristic vibration bands of pyridinium ions and pyri-
dine bound to Lewis acid sites, respectively.

TEM. Transmission electron microscopy (TEM) pictures
were acquired by a JEM-2010 Jeol transmission microscope
operating at 120 kV. The catalyst sample was first sonicated in
methanol and a single drop of the suspension was placed onto
a carbon coated Cu grid. Around 300 particles were measured
to determine the average particle size of Ni.

XRD. X-ray diffraction (XRD) was applied to elucidate the
crystal structures of the catalyst powder by a Philips X’'Pert Pro
System with Cu Ka radiation operating at 45 kV and 40 mA.
The catalysts were measured with a scanning rate of 0.017° s~
in the range of 5 to 70° (26). The metal particle size was calcu-
lated from the diffraction of Ni(111) using the Scherrer
equation.

H, chemisorption. Ni dispersion was determined by H,
chemisorption measurements on a Thermo Scientific Surfer
Analyzer. Prior to sorption, 0.15 g of catalyst was activated in
H, atmosphere at 723 K for 1 h and then cooled to ambient
temperature. H, adsorption isotherms measured in the H,
pressure range of 0.01-0.4 bar include both chemisorption
and physisorption. The system was evacuated for at least one
hour to remove physisorbed hydrogen. The chemisorbed
hydrogen on the metal was determined by extrapolating the
isotherm to zero H, pressure. The dispersion was calculated
on basis of the assumption of an average Ni to H ratio of 1.

2.4. Organosolv lignin characterization

Elemental analysis. The sample was balanced on a tin plate
with an accuracy of +1 pg. Carbon, hydrogen, nitrogen and
sulfur contents (CHNS) were determined on a EURO EA
CHNSO analyzer from HEKAtech GmbH.

GPC. The organosolv lignin was dissolved in anhydrous
THF at a concentration of 1 mg ml~". Gel permeation chrom-
atography measurements were conducted on a Varian PL GPC
50 Plus with a PL-gel Mixed C column at 303 K and a flow of
1 ml min~". The external calibration was performed with the
EasiVial® polystyrene (PS)-H standard for GPC containing
narrow distributed (DP of 1.02-1.08) PS standard. The calcu-
lation of the M, and M,, was performed with the Cirrus Soft-
ware Package.

This journal is © The Royal Society of Chemistry 2015
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MALDI-TOF MS. For MALDI-TOF MS analyses, the samples
were prepared according to procedures reported in the litera-
ture.*”*® The a-cyclodextrin/a-cyano-4-hydroxycinnamic acid
(a-CD/CHCA) matrix was prepared by mixing 2.4 ml of a
10 mM aqueous a-CD solution with 75 mM CHCA in 0.4 ml
acetonitrile/H,O (7/3 v/v) containing 0.1 vol% trifluoroacetic
acid. The a-CD/CHCA complex was obtained after sonication at
323 K for one hour. The organosolv lignin was dissolved in
tetrahydrofuran at a concentration of 1 mg ml~". Both solu-
tions were deposited on a metal target and the solvents were
evaporated. High resolution mass spectra were recorded on an
Ultraflex MALDI time-of-flight mass spectrometer (Bruker Dal-
tonic) operating in the reflector positive mode using pulsed
nitrogen laser (4 337 nm, pulse rate of 10 Hz) as the ionization
pulse. The analyzer was used at an acceleration voltage of
+20 kV. For the lignin sample, MALDI-TOF MS spectra were
recorded on 9 distinct sample deposit zones to verify the repre-
sentativeness of the analyses.

ATR-IR spectroscopy. Attenuated total reflection infrared
(ATR-IR) spectra were collected on a Thermo Fischer Nicolet
6700 spectrometer at a resolution of 4 cm™" accumulating 32
scans on a home-built ATR cell with a trapezoid ZnSe crystal as
internal reflection element (see ESI{). 20 mg of organosolv
lignin were suspended in 2-propanol by ultrasonication for a
couple of minutes and drop coated on the ZnSe crystal, where
isopropanol was removed on a heating plate at 353 K. A back-
ground spectrum of ZnSe was collected prior to the sampling
of organosolv lignin.

The in situ ATR-IR study of organosolv lignin hydro-decon-
struction was performed in a lab-built ATR-IR cell, with the
idea of a double chamber cell design.***° The technical
drawing and a detailed description of the ATR-IR cell are
described in the ESI (technical drawing in Fig. S1 and photo-
graph in Fig. S21).

In a typical in situ ATR-IR experiment, a mixture of organo-
solv lignin and Ni/HBEA catalyst at a weight ratio of 2:1 was
mixed with isopropanol and sonicated for 5 min. The mixture
was then drop-coated on the surface of ZnSe and the solvent
evaporated at 353 K. The drop-coated ZnSe crystal was placed
on the holder and the cell was closed, pressurized with H, to
20 bar and heated to 523 K with a heating rate of 10 K min™".
At this condition, a background spectrum of chamber 1 (cata-
lyst/lignin mixture) and chamber 2 (empty cell) was collected
at a resolution of 4 cm™" and 32 scans. After that, the reaction
was initiated by pumping n-hexadecane through the cell at a
rate of 0.05 ml min~". The single beam spectra were collected
every 30 min, with an acquisition time of 40 s. The time differ-
ence of spectra collection between chamber 1 and chamber
2 was 2 min. The baseline correction of each single beam spec-
trum was derived by using a blank ZnSe crystal as background
spectrum. The difference resulted through subtraction
between spectra collected from Chamber 1 (sample cell) and
Chamber 2 (reference cell). During each in situ ATR-IR experi-
ment, a sample of the liquid phase was taken at a contact time
of 90 min and analyzed through GC-MS as described in
section 2.5. The schematic drawing of the periphery for H, and

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

liquid phase supply, liquid phase sampling as well as the
arrangement of the ATR-IR cell is shown in the ESI (Fig. S37).

Scanning electron microscopy (SEM)-energy dispersed X-ray
analysis (EDX). SEM was performed on a JEOL JSM 7500F,
high-resolution scanning electron microscope with cold emis-
sion electron gun, operated at 1 kV. Sample preparation was
similar to the drop coating procedure on ZnSe, but with a
silicon wafer as sample carrier. EDX was performed during
SEM measurements with a JEOL JED-2300F energy dispersive
X-ray analyzer with dry silicon drift detector.

Solution state NMR spectroscopy. HSQC NMR spectra were
measured on Bruker AV500 ("H NMR 500 MHz, C NMR,
125 MHz) nuclear magnetic resonance spectrometer. The NMR
spectra of the lignin sample were recorded in DMSO-d; the
solvent peak was used as the internal reference.

2.5. Catalytic measurements

The catalytic reactions were carried out in a batch reactor (Parr
Instruments, 300 ml). In a typical experiment, the reactor was
loaded with 0.5 g Ni catalyst, 1 g organosolv lignin, 100 ml
hexadecane and 1 ml of n-heptane as internal standard, sealed
and purged with H, three times. The reactor was pressurized
with 20 bar of H, at ambient temperature and heated up to
either 523 K or 593 K while stirring at 700 rpm. The tempera-
ture was reached within 15 min, which was used as the zero
reaction time. During the reaction, aliquots of 1.5 ml
were sampled into GC vials. To end the reaction, stirring
and heating was stopped, and the reactor was cooled
down in air for the first 5 min, followed by quenching with
an ice-water mixture to room temperature which lasted
another 5 min.

2.6. Analysis of gas, solution and solid phases of reaction
mixture

The gas phase was collected into a gas bag after the reaction
and subsequently analyzed with an Agilent Technologies
7890B GC equipped with a HP-1 column (30 m x 0.4 um) and
thermal conductivity and flame ionization detectors (TCD and
FID). Based on the external calibration with methane/ethane/
propane standard mixture (1 vol% for each) diluted in Argon
from Westfalen, the integrated signals were quantified.

Subsequently, a liquid phase aliquot of the organic mixture
was collected. This sample was analyzed on an Agilent Techno-
logies 7890B GC equipped with a HP-5 column GC-FID
(quantification) (30 m x 0.25 pm) connected to Agilent Techno-
logies 5977A MSD GC-MS (identification of products). The
yield in wt% was calculated based on the internal standard
n-heptane with the following equation:

Peak area of products 0.68 g
x 100%
Peak area of n-heptane 1g
= Yield of hydrocarbons in wt% (1)

The 0.68 g is the absolute weight of the added 1 ml of
n-heptane and 1 g is the starting weight of the lignin sample.

Green Chem., 2015, 17, 5079-5090 | 5081
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The selectivity in C% was calculated based on the following
equation:

Peak area of identified products

x 100% = Selectivity in C%
Peak area of all products ’ R ¢

(2)

The fragmentation pattern in the MS has been compared
using the NIST Mass Spectral Search Program for the NIST/
EPA/NIH Mass Spectral Library Version 2.0 g, build Dec 4 2012
to match the identified products with probabilities higher
than 73%. The MS ion intensities of the typical compounds, as
well as their match and probabilities are summarized in the
ESI (Fig. S167). To further identify the liquid product fraction,
naphthenes as standard materials were mixed at defined con-
centrations (mimicking the concentrations of products in a
real experiment) in the non-polar n-hexadecane. This standard
series was used to calibrate the FID response factors of major
products, such as methyl-, ethyl-, and n-propylcyclohexane.
This quantification method produced almost identical quanti-
fication results as the one using n-heptane as the internal stan-
dard. Additionally as a cross-check, a mixture of branched
saturated alkanes (2 mg L") was identified with MS detector
in order to evaluate the NIST database. The formed aqueous
phase (mainly water containing traces of dissolved fractions,
the exact concentrations of which were not determined) was
not miscible with n-hexadecane, so it was readily separable
and determined volumetrically. The solid residue was freeze-
dried and weighed. The mass balance was 95 + 5% in this
work.

2.7. Recycle runs

Catalyst recycling runs have been performed under the same
conditions as described in section 2.5. The catalyst was recov-
ered by filtration, freeze-dried and reactivated in hydrogen flow
at 733 K. A small fraction of the recovered catalyst (0.1 g) has
been stored for further analysis (TEM, BET, Pyridine-IR), the
remaining 0.4 g of the catalyst has been mixed with 0.1 g of a
fresh fraction of Ni catalyst to perform the recycling runs.

3. Results and discussion

3.1. Physicochemical properties of Ni catalysts

Physicochemical characteristics of the Ni catalysts used in this
work are summarized in Table 1. The textural properties of the
catalysts and supports are compiled in Table S2.7 The Ni load-
ings are comparable at 21, 20, and 21 wt% for HZSM-5, HBEA
and SiO, supported catalysts, respectively. Catalysts with lower
Ni loadings (10%, 15%) were less efficient for catalytic decon-
struction of lignin, on a total Ni basis (i.e., normalized to the
mass of Ni per gram of catalyst).

The concentrations of Brensted (BAS) and Lewis acid sites
(LAS) of the Ni catalysts as well as the parent support materials
(Table S11) were determined from the IR spectra of adsorbed
pyridine after outgassing at 423 K. The acid site concentrations
of the catalysts differed substantially from those in the sup-
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Table 1 Characterization of Ni catalysts: chemical composition, acid
properties, and Ni particle size

Acidity”
(pmol g™) Ni particle size
Ni? Ni dispersion?
Catalyst (Wt%) BAS LAS dni (nm) (%)
Ni/HZSM-5 21 36 91 4.8+1.2 13
Ni/HBEA 20 19 71 51+1.1 13
Ni/SiO, 21 — 39 4.5+1.0 13

“ Determined by AAS. ? Determined by IR spectra of adsorbed pyridine,
BAS: Brensted acid site, LAS: Lewis acid site. “Determined by TEM.
4 Determined by H, chemisorption.

ports before deposition of Ni. The BAS concentrations in Ni/
HZSM-5 (36 pmol g~') and Ni/HBEA (19 pmol g™') were
reduced to 10% of the concentrations in the parent zeolites
(360 and 190 pmol g™ ", respectively), caused by ion-exchange
of Brensted acid sites with Ni**.** In contrast, the LAS concen-
trations (91 and 45 pmol g™' for Ni/HZSM-5 and Ni/HBEA,
respectively) were slightly higher than in the parent zeolites
(71 and 40 pmol g%, respectively). The Ni/SiO, catalyst showed
39 umol g~' LAS without detectable BAS.

The Ni particle sizes have been determined through trans-
mission electron microscopy (TEM pictures shown in Fig. S57).
According to the statistical analyses, the three catalysts contain
Ni particles with 5-10 nm average diameter and very similar
size distributions. The Ni dispersion measured by H, chemi-
sorption was 13% for all three catalysts, in good agreement
with TEM measurements.

3.2. Analysis of organosolv lignin

Fig. 1 compiles the main results obtained from different
analytical approaches used to elucidate the structure of the
starting organosolv lignin. The ATR-IR spectrum of the organo-
solv lignin (Fig. 1a) shows a series of bands characteristic of
aromatic structures, i.e., ring C=C stretching vibrations (1593
for symmetric and 1504 cm™" for asymmetric mode), aryl ring
breathing combined with Cgromaic—O vibration (1326 ¢cm™)
and C=O stretching vibration (1270 cm™") and aromatic skel-
etal vibrations combined with C-H in plane bending (1422,
1156 cm™ ). Likewise, the oxy-functionalization is documented
by bands of aromatic and aliphatic hydroxyl groups
(3500 cm™"), alkyl aldehyde and/or ketone groups (1722 cm™),
aryl conjugated C=0 (the shoulder peak at 1680 cm™"), as well
as methoxy groups (evidenced by a bending mode at
1369 cm'). The linkages between the aromatic structures of
the lignin have bands characteristic of aliphatic C-O-H and
ether C-O-C groups.”*™**

The starting lignin material was further analyzed by liquid
phase HSQC NMR in DMSO-d, (Fig. 1b). The main mono-
lignols are guaiacyl (G), syringyl (S) and carbonyl functiona-
lized syringyl (S'), as indicated by the resonances in the
aromatic region (100-130 ppm), characteristic of substituted
benzene rings. Specifically, the signals correspond to the

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Elucidating the structure of beech extracted organosolv lignin.
(@) ATR-IR spectrum; (b) 2D HSQC NMR (DMSO-dg); (c) representation
of monolignolic units (S, S" and G) and its lignol linkages (-5, p-O-4,
B—p); (d) schematic lignin fragment showing the seven monolignols
identified.
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—-CH=CH- of guaiacyl (G5/6; G2), the syringyl and keto type
syringyl -CH=CH- linkages of the unsaturated ring.

In the aliphatic carbon region (60-90 ppm), peaks were
detected for methoxy, CH- and HO-CH,- groups associated
with the $-O-4 (B-aryl ether) (A), p-p (resinol) (C) and -5
(phenylcoumaran) linkages. Signals corresponding to the
tetrahydrofuran ring were also observed: -CH-O- (1 and 2a),
OH-CH- (Aa), -CH-O- (Ap syringyl and guaiacyl), and -CH,—
OH (Ay, 1y) and -CH,-O- (2y). The '*C signals detected at
53 ppm correspond to -CH-CH-O- (1§, 2p) carbons in the
saturated furan ring. The —-CH; carbons of the methoxy group
appeared at 55 ppm. The assignment was based on published
attributions in the literature.*>™*” From the 2D HSQC NMR
analysis, we conclude that this organosolv lignin contains
mainly guaiacyl and (C=0O conjugated) syringyl units (Fig. 1c),
which are randomly connected through p-5, p-O-4 and p-f
ether linkages.

According to the MALDI-TOF MS spectrum shown in
Fig. S7,T the average molecular weight of the Beech extracted
organosolv lignin was ca. 1200. Therefore, we conclude that
this organosolv lignin is an oligomer comprised of approxi-
mately seven interconnected monolignols. GPC analysis
(Fig. S8t) showed a number-averaged molecular weight of
1107 g mol™* and a weight-averaged molecular weight of
2281 g mol ™", corresponding to a dispersity of 2.1. MALDI-TOF
MS is comparable to the GPC result (1200 vs. 1107 g mol™%),
where the molecular weight was slightly underestimated
because of the difference of hydrodynamic volume of the exter-
nal linear unbranched polystyrene and the branched or irregu-
larly connected lignin sample. From the above analysis, we
propose the structure shown in the Fig. 1d as a model, includ-
ing all structural characteristics of the starting organosolv
lignin. This structure has a chemical formula of CgsH740,;3
and a molecular weight of 1258 g mol™", which is consistent
with the elemental analysis (C;oHgo0,4), GPC (1108 g mol™")
and MALDI-TOF MS measurements (1239 g mol™'). Note,
however, that this proposed structure does not specifically take
into account the abundance of each type of linkage, and is not
meant to represent the only possible sequence, as lignin struc-
tures are intrinsically irregular.

3.3. Ni catalyzed lignin deconstruction and upgrading in the
presence of H, and hexadecane

The deconstruction and upgrading of organosolv lignin to
cyclic saturated hydrocarbons were performed using Ni based
catalysts. In preliminary tests, reaction conditions were opti-
mized by varying reaction temperatures (473-543 K), pressure
(10-50 bar H,) and the catalyst-to-lignin weight ratio of
0.2-0.5 (Table S37). Results obtained at an optimized (among
these preliminary tests) set of conditions of 523 K, 20 bar H,,
and a catalyst/lignin weight ratio of 0.5 are summarized in
Table 2. The products are divided into gas phase (methane,
propane and methanol), liquid phase (Cs-C;; naphthenes,
H,0) and remaining solids (carefully excluding unconverted
lignin). The unconverted organosolv lignin was separated from
the solid mixture (including the catalyst) by dissolving it in
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Table 2 Products formed with Ni catalyzed organosolv lignin hydro-
conversion in hexadecane®?

Hydrocarbons Water  Solid residue?  Unconverted
Catalyst [wt%] [wt%]  [wt%] lignin® [wt%]
Ni/SiO, 27 £ 2 10 31+£5 25
Ni/HZSM-5 34+2 16 26 +5 18
Ni/HBEA 42 +4 18 22+5 12

“Reaction conditions: 1 g lignin, 0.5 g Ni catalyst, 100 mL (77 g)
hexadecane as solvent, 20 bar H, initially charged into reactor at RT,
6 h, 523 K, 700 RPM stirring. ”+: Standard deviations for multiple
reaction tests. ‘Determined by volumetric analysis. ¢ THF-insoluble
solids. “ THF-soluble solids.

tetrahydrofuran (THF), evaporating the THF fraction, and
drying.

Converting organosolv lignin on Ni/SiO, (1 g lignin, 0.5 g
catalyst, 100 mL hexadecane, 20 bar H,, 523 K for 6 h) led to a
total yield of 27 wt% for both gas and liquid phase products,
mainly as hydrocarbons, while most of the oxygen was
removed as water (10 wt%). On this catalyst, solid byproducts
accounted for 31 (+5) wt% yields. After 6 h, 25 wt% of the
lignin remained unreacted. Higher yields of gas and liquid
phase hydrocarbons were achieved at the same conditions
with Ni/HZSM-5 and Ni/HBEA (34 and 42 wt%, respectively)
pointing to the importance of acids and the available space in
the pores. The higher yields of hydrocarbons are consistent
with the larger concentrations of water and the smaller con-
centrations of solid residues with the two zeolite-supported Ni
catalysts than with Ni/SiO,.

As all three catalysts had similar concentrations of accessi-
ble Ni, the higher yields of hydrocarbons on Ni/HBEA and Ni/
HZSM-5 are attributed to the presence of Brensted acid sites,
catalyzing the dehydration of the intermediately formed alco-
hols. The slightly higher yields in hydrocarbons are tentatively
attributed to more stable Ni particles on the two zeolite
supports.

A breakdown of the yields of gas and liquid phase products,
as well as the selectivity within liquid phase products, is
shown in Table 3. The distributions of liquid phase products
on the three Ni catalysts are depicted schematically in Fig. 2.
For Ni/SiO, catalyzed reaction, 4 wt% of the lignin was con-
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verted to methane, propane and methanol. Naphthenes were
produced at a yield of 23 wt%, the majority being cycloalkanes,
primarily cyclohexane with methyl, ethyl and propyl side
chains (80 C% selectivity). Cyclic saturated alcohols, namely,
cyclohexanol and its methyl-, ethyl-, propyl derivatives, were
also present (20 C%). A typical GC trace of the liquid reaction
mixture catalyzed by Ni/SiO, is shown in the ESI, see Fig. S4a.}
Variations of the reaction time between 1 and 24 h (Fig. S107)
showed the selectivity to cyclic saturated alcohols to be the
highest after 2 h reaction time. Based on our studies of model
compounds, we conclude that the cyclic alcohols are formed
via hydrogenolysis and subsequent hydrogenation of the lignol
on Ni.>® The deoxygenation of cyclic saturated alcohols on Ni/
Si0, suggests that surface reactions of Ni** with SiO, or small
concentrations of NiO have generated Lewis acid sites, able to
catalyze dehydration of alcohols. At this point we would not
fully exclude, however, that some direct hydrogenolysis of
cyclic alcohols occurs on Ni/SiO,.

With Ni/HZSM-5, gas phase products were formed at a com-
bined yield of 5.5 wt%. The product distribution in the liquid
phase with Ni/HZSM-5 (Fig. S4bt) shows saturated cyclic
hydrocarbons in the range of Cs-Co only, ie., ranging from
cyclopentanes (formed via acid catalyzed isomerization of
cyclohexyl rings) to decalin. Performing the reaction for longer
durations up to 24 h on Ni/HZSM-5 (Fig. S11%) resulted in
naphthenes yields of 28 wt% after 6 h and 36 wt% after 24 h
with mainly (>90%) monocyclic (isomerized) Cs to Cy and
bicyclic Co to Cy; hydrocarbons (ca. 10%).

In comparison, Ni/HBEA yielded 7 wt% gas phase products
and 35 wt% of liquid hydrocarbons, with carbon numbers
ranging from Cs to C;, (Fig. S4ct). The higher selectivities
towards bicyclic products (18%) contributed to the overall

— NIHBEA.
Ni], "CygH.
Sy [ “Creltas R+ O—R + O/@'}O
523K, 2MPa H, g
OH ;
NilHZSM-5

Fig. 2 Schematic product distributions in the organosolv lignin decon-
struction over Ni/SiO,, Ni/HZSM-5 and Ni/HBEA catalysts.

Table 3 Yield and selectivity of liquid and gas phase hydrocarbons for beech lignin conversion catalyzed by Ni catalysts in n-hexadecane®”

Selectivity within liquid mix [wt%]

Gas phase Liquid phase Monocyclic Monocyclic Bicyclic
Catalysts products® [wt%| products [wt%] alcohols alkanes? alkanes®
Ni/SiO, 4.1 232 20 80 0
Ni/HZSM-5 5.5 28+2 0 90 10
Ni/HBEA 6.8 35+4 0 83 17

“Reaction conditions: 1 g lignin, 0.5 g Ni catalyst, 100 mL (77 g) hexadecane as solvent, 20 bar H, initially charged into reactor at RT, 6 h, 523 K,
700 RPM stirring. ” +: Standard deviations for multiple reaction tests. “Methane, propane and methanol are the main components in the gas
phase. “ Monocyclic products and its isomers ranging from C5 to C9. ¢ Bicyclic products greater than C9.
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higher yield. Based on extensive studies about the alkylation
during hydrodeoxygenation of phenol,*® we conclude that the
medium pore of HZSM-5 hinders the alkylation of aromatic
monomers by alcohols or olefins formed during hydrogenation
or hydrodeoxygenation, leading to the low selectivity to bicyclic
products with Ni/HZSM5. Note that some bicyclic products
may originate from C-C bonds present in the starting lignin.

To show that the catalysts could be recycled, experiments
were performed, in which the Ni catalyst was recovered and
reused for total of three cycles. The yield of liquid phase
naphthenes (Fig. S111) decreased by approximately 5% with
each reuse. Analysis of the TEM images of catalysts before and
after reactions (Fig. S5f) showed that the average sizes of Ni
particles were bigger in recovered catalysts. Therefore, the
decline in activity with reuse is attributed to particle sintering.

Recent reports on lignin depolymerization on carbon-sup-
ported Ru,*® Ni*'*? and Pd/Zn catalysts***° in aqueous and/or
alcoholic liquid phases have reported yields of aromatic mono-
lignols ranging from 12 to 54 wt%, with little subsequent
hydrogenation/deoxygenation even under high pressures of
H,. In the present work, the catalytic lignin conversion at
523 K, in the presence of H, and hexadecane solvent, produced
saturated hydrocarbons with comparable liquid phase yields
(23-35 wt%) on Ni based catalysts. This is in agreement with
Rinaldi and Wang suggesting that Lewis basic solvents (H,O,
methanol, THF, 1,4-dioxane) reduce the rate of catalytic hydro-
genation on Ni catalysts, while the hydrogenolysis activity was
not affected to the same extent during conversion of diphenyl
ether or organosolv lignin.** In the aprotic non-Lewis basic
solvent, methylcyclohexane as an example, the main products
derived upon organosolv lignin conversion on RANEY® Ni
were saturated cyclic alcohols and hydrocarbons.

While the effects of reaction conditions, such as tempera-
ture, gas environment and its pressure, solvent and catalyst
systems, have been widely explored for converting lignin, these
studies®?*?%323%51 have been addressing mechanistic aspects
of the C-O bond cleavage of model compounds or on the com-
parison of ex situ analysis of lignins before and after catalyzed
reactions. The kinetics of lignin deconstruction on a molecular
level and the potential for a complete lignin conversion has
not been explored.>*?*> To follow these conversions, we use
attenuated total reflection infrared (ATR-IR) spectroscopy for
monitoring changes in the structure of lignin under the same
reaction conditions used throughout this study.

3.4. ATR-IR spectroscopy during reductive deconstruction of
lignin on Ni/HBEA

We decided to use the most active catalysts Ni/HBEA for follow-
ing the changes of the lignin structure during its conversion
under hydrogenation conditions using ATR-IR spectroscopy
in situ during conversion (Fig. 1a). For this purpose a physical
mixture of Ni/HBEA and organosolv lignin was deposited onto
the ZnSe crystal (Fig. S1-S3t). n-Hexadecane saturated with
2 MPa H, was pumped through the cell at 523 K to initiate the
deconstruction of lignin; no spectroscopic changes occurred in
the absence of this solvent. The surface of the ZnSe crystal was

This journal is © The Royal Society of Chemistry 2015
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also probed with HR-SEM (Fig. 3) showing that the deposited
(porous) catalyst/lignin layer (10-20 pm) was approximately an
order of magnitude thicker than the penetration depth of the
evanescent wave (1-2 pm).

EDX element mapping in that film showed the distribution
of Ni particles to be uniform across the coated film (Fig. S137),
thus, ensuring that the ATR-IR technique probes a region of
the sample in which both lignin and Ni-catalyst are in contact.
Fig. 4 shows a series of stacked background-corrected ATR-IR
difference spectra of organosolv lignin reacting on Ni/HBEA
catalyst as a function of contact time.

The time-resolved ATR-IR spectra clearly indicate a systema-
tic change of the lignin structure with bands characteristic of
individual functionalities in the lignin and intermediate pro-
ducts evolving at different reaction times. We have identified

— 1pm
1.00kV LEI SEM

Lig_cCat3

X 7,000 WD 9.5mm

Fig. 3 HR-SEM cross section of the lignin-catalyst physical mixture
being deposited as a layer on the silicon crystal through drop coating.
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Fig. 4 Time-resolved in situ ATR-IR difference spectra of organosolv
lignin reacting over Ni/HBEA catalysts in n-hexadecane at 523 K and 20
bar H,.
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three characteristic regions, which are discussed in the
sequence of decreasing wavenumbers, ie., (i) O-H and C-H
stretching, 3800-2500 cm ™", (ii) aryl C=C, C=0 and C-OMe
stretching, 1800-1400 cm ™, and (ii) lignol C-O-C linkages
1400-950 cm ™.

In the region of the O-H stretching vibration between 3640
and 3150 cm™" (Fig. 5a), the broad band with a maximum at
3500 cm™' is attributed to hydrogen bonded OH groups
attached to alkyl or aryl groups. The bands between 2990 and
2816 cm ™" are assigned to the asymmetric and symmetric CH;
and CH, stretching vibrations, which overlap with the signals
of asymmetric and symmetric C-H stretching vibrations in
CH,-O groups (Table $47).** The presence of n-hexadecane as
solvent, however, makes the assignment and further deconvolu-
tion of the C-H stretching vibrations unfeasible at present.
With increasing reaction time (Fig. 5b), the integrated peak
areas of the O-H stretching vibration decrease quite rapidly
(black trace), indicating gradual removal of the hydroxy groups.

While qualitative changes have been very reproducible, we
caution against the quantitative interpretation of these
observed changes, as during continuous reaction in the ATR
cell the catalyst/lignin layer may change composition at the
interface with the ZnSe element, i.e., more or less material
may be present in the zone probed by ATR spectroscopy. Con-
sidering the sum of all C-H stretching bands on a semi-quanti-
tative basis, it is concluded that the increase of the total band
area within the first 60 min is associated with the partial
hydrogenation of the aromatic rings (in products in the layer),
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Fig. 5 (a) ATR-IR spectra in the spectral region of 3800-2500 cm™
(O—H and C—H stretching vibrations) for organosolv lignin reacting over
Ni/HBEA in n-hexadecane at 523 K and 20 bar H,. (b) The evolution of
integrated peak area at 3430 cm™, representing the O-H stretching
vibration, as a function of reaction time.

5086 | Green Chem., 2015, 17, 5079-5090

View Article Online

Green Chemistry

while the decreasing intensity points to a depletion of organic
matter close to the probed ZnSe surface.

The bands in the region between 1800 and 1400 cm™
(Fig. 6) are attributed to C=O stretching vibrations (1738 cm™
and 1674 cm™ "), aryl ring stretching vibrations (1591 em™,
symmetric and 1503 cm™' asymmetric), O-C-H (methoxy)
bending vibrations (1457 cm™'), aromatic skeletal vibrations
combined with C-H in-plane bending (1423 cm™"), and aryl
ring breathing with C=0 stretch (1324 cm™").*>**%* These
bands were deconvoluted to determine the changes of indivi-
dual vibrational bands, which are plotted in Fig. 6b as a func-
tion of reaction time.

By monitoring the temporal evolution of two vibrational
modes, the symmetric aryl ring stretching at 1591 cm™" and
aromatic skeletal vibration 1423 cm™", we follow systematically
the loss of aromaticity as lignin is being deconstructed and the
fragments are being hydrogenated. The band intensity of the
carbonyl group associated with the syringyl-” (S’) unit at
1740 cm ™" (ref. 43 and 44) also dropped significantly, pointing
again to the reduction of the C=O groups and/or the decon-
struction of lignin. Note that the bending mode of C-H attached
to oxygen is linked to the peak at 1457 cm™", whose integrated
area declines as a function of time.*>** This suggests that lignin
was demethoxylated also via hydrogenolysis.

Fig. 7a displays the third spectroscopic region, comprising
vibrational modes in 1400-1000 cm™'. The abundant ether
linkages connecting the monolignols lead to a group of pro-
nounced bands. Due to the variety of ether linkages in lignin,
it is impossible to resolve individual vibrational modes. To
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Fig. 6 (a) ATR-IR spectra in the spectral region of 1800-1300 cm™ for
organosolv lignin reacting over Ni/HBEA in n-hexadecane at 523 K and
20 bar H,. (b) Qualitative trend for peak areas at 1730 cm™ for C=0
stretching vibration, 1591 cm™ for symmetric aryl ring stretch,
1457 cm™ for CHz-O bend and 1423 cm™ for aromatic skeletal
vibration, 34452
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Fig. 7 (a) ATR-IR spectra in the spectral region of 1400-1000 cm™ for

organosolv lignin reacting over Ni/HBEA in n-hexadecane at 523 K and

20 bar H,. (b) Deconvoluted and integrated peak areas at 1219 cm™,

1122 cm™* and 1080 cm™ representing the aromatic C—C—O stretching
vibration, the aliphatic secondary and primary C-C-O stretching
vibrations, respectively.

facilitate further analyses, we deconvoluted the broad IR peaks
into components (denoted with vertical lines), assigning the
IR bands at 1219 cm™" to phenolic C-C-O asymmetric stretch-
ing and both of the bands at 1122 cm™" and 1080 cm™" to ali-
phatic C-C-O asymmetric stretching vibration.*****> The
time-resolved evolution of these peaks is presented in Fig. 7b.
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The monotonous decrease in intensity and the observation
of primarily mononuclear products allow us to conclude that
the changes observed are associated with C-O-C ether bond
cleavage, i.e., that the cleavage of aryl alkyl ether bonds like in
f-O-4 and a-O-4 linkages result in the parallel disappearance
of IR bands at 1219 cm™, 1122 ecm™" and 1080 cm™. If we
assume that the phenolic and aliphatic C-C-O stretching
vibrations have comparable molar extinction coefficients, the
higher initial disappearance rate of the 1080 cm™" together
with the 1122 em™" peaks compared to the 1219 cm™"' mode
suggests that the ether bonds connecting lignols are preferably
cleaved at the Cgjiphatic-O site, in line with observations for
diphenyl ethers in aqueous and non-polar liquid phase.>**’

3.5. A proposed mechanism for Ni-catalyzed reductive
deconstruction of lignin

The analyses presented above and the product analyses by
GC-MS (Fig. S147) allow us to propose a sequential mechanis-
tic pathway for lignin deconstruction, reduction and hydro-
deoxygenation. Taking as an example the p-O-4 linkage, the
predominant ether bond linkage, we have drawn three possible
reaction pathways in Scheme 1, including (a) Caromatic—O bond
scission (b) Caliphatic-O bond scission and (c) aryl ring
hydrogenation.

The direct C-O bond hydrogenolysis at the aromatic carbon
through pathway a is a minor route, as evidenced by the less
marked decrease in the phenolic C-O stretching band at
1219 c¢cm™' than the aliphatic C-O bands at 1122 and
1080 cm™'. This is consistent with the higher bond dis-
sociation energies of Cayromatic—O bonds than those of the
Caliphatic-O bonds in aryl ethers, e.g., 322 vs. 289 k] mol ™ for
phenethyl phenyl ether.”® Hydrogenolysis of Cqjiphatic-O bonds
(route b) and arene hydrogenation (route ¢) are major path-
ways. Dimer model compound studies on Ni catalysts in
aqueous phase showed that the hydrogenolysis rate is one

to the liquid phase

——
"
HDO

—————» to the liquid phase

aandlorb

N X
ef\oa,’:o\":b\/cr

residue

Scheme 1 Proposed reaction pathways for Ni catalyzed C—O bond cleavage in a representative 3-O-4 bond interconnecting monolignols.
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order of magnitude faster than arene ring hydrogenation.”**’
Our ATR IR results indicate that Cyjiphatic—O bond hydrogenoly-
sis is faster than ring hydrogenation also in hexadecane. Once
one of the ether bonded aryl rings is hydrogenated (route c),
the rate of C-O bond cleavage becomes very slow.>® Thus,
hydrogenation of the aromatic rings would lead to large
ethers. Table 4 shows that increasing reaction temperatures
selectively enhances dehydration, hydrogenolysis and hydro-
genation, retarding on the other hand retrograde reactions. By
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this, it is possible to nearly quantitatively deconstruct lignin to
substituted cycloalkanes and some light products. While
increasing the temperature from 523 to 543 K led to marginal
increases in hydrocarbon yield and lignin conversion, tempera-
tures at 573 K and above helped overcome the bottlenecks for
full lignin conversion.

Combining these findings, the mechanism for catalytic
reductive deconstruction of organosolv lignin on Ni catalysts is
proposed (Scheme 2). Lignin is schematically represented by a

Table 4 Analysis of products formed by Ni catalyzed organosolv lignin conversion in n-hexadecane at different temperatures™”

Temperature (K) Hydrocarbons [wt%] Selectivity [C%] Water” [wt%| Solid residue? [wt%] Unconv. Lignin® [wt%]
493 29+2 40 10 31+5 26

523 42 +4 57 18 22+5 12

543 44 +4 60 18 23+5 11

573 60+5 82 19 11+5 4

593 70£5 96 21 4+5 0.1

“Reaction conditions: 1 g lignin, 0.5 g Ni/HBEA catalyst, 100 mL (77 g) hexadecane as solvent, 20 bar H, 1n1t1ally charged into reactor at RT, 6 h,

temperature range from 493 to 593 K, 700 RPM stlrrmg
4 THF-soluble solids. ° THF-insoluble solids.

+: Standard deviations for multiple reaction tests.

¢ Determined by volumetric analysis.

Lignin pentameric
fragment

A [Ni]/ Hy
CH40H Hydrogenolysis

+ 2

k; on HO
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OH
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Retrograde
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Hydrogenolysis

OHO/©)<
b
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Scheme 2 Proposed pathways for organosolv lignin deconstruction and hydrodeoxygenation on Ni based catalysts.
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pentameric lignol fragment, containing methoxylated phenyl-
propanoid moieties connected through p-O-4, a-O-4 and -
ether bonds as prevailing in lignin**® and in the proposed
structure (Fig. 1d). The first step is the hydrogenolysis of the
ether bonds (pathway A). Under conditions used in this work,
all types of ether linkages (p-O-4, a-O-4 and 4-O-5), while being
intrinsically different in reactivities, were cleaved on Ni sur-
faces. In this step, phenolic intermediates are formed, which
subsequently follow the hydrodeoxygenation pathways B, C
and D on the Ni and zeolite catalyst components as described
previously.'®'%?13% Ag cyclic alcohols were also deoxygenated
on Ni/SiO, it is concluded that acid sites are formed with frac-
tions of oxidized Ni (Ni-phyllosilicates),> while we do not rigo-
rously exclude Ni-catalyzed hydrogenolysis of C-O bonds
under the experimental conditions. Especially at lower temp-
eratures, the phenolic molecules recombine (pathway F) to
form undesired higher molecular weight oligomers.>*° We
propose that retrograde reactions occur in competition with
pathway B, especially at lower temperatures (T < 543 K), where
the phenolic molecules recombine (pathway F) to form refrac-
tory compounds>>?° probably of high molecular weight since
the solid material after reaction (Table 4) is insoluble in THF
or acetone. The increased conversion of lignin at higher temp-
eratures (>573 K, Table 4) is a consequence of the rates of
hydrogenation of phenolics (pathway B) increasing more with
temperature than the retrograde reactions (pathway F). Thus,
an almost complete conversion of lignin was achieved (96% at
593 K, Table 4). The modest effects of temperature on both
hydrocarbon yields and lignin conversion, however, suggest
that the mobility of lignin on the Ni surface, rather than
chemical reactions such as hydrogenolysis of bonds (with bar-
riers typically >100 k] mol ™), limits the conversion of the solid
lignin material. It should be noted in passing that in the pres-
ence of water hydrolysis may occur, the extent of which is dic-
tated by the free energy barrier for this pathway and the
availability of water at the surface active sites.>

4. Conclusions

We have shown that a one stage process for complete reductive
deconstruction of organosolv lignin is possible using Ni cata-
lysts supported on zeolites under relatively mild conditions
(500-600 K, 20 bar H,) in a non-polar liquid phase such as
n-hexadecane. The organosolv lignin used for the successful
demonstration in the current study was a lignol oligomer with
an average molecular weight of ca. 1200 Da and with
7-8 monolignols interconnected through a variety of aryl alkyl
ether bonds. Full selective (to saturated hydrocarbons) conver-
sion was achieved with Ni/H-BEA catalysts nearly avoiding
retrograde reactions to high molecular weight compounds by
increasing the temperature to 593 K. The HBEA zeolite cata-
lyzed, however, some alkylation, leading to bicyclic products
with up to 14 carbon atoms.

The kinetics of the reduction and transformation of the aro-
matic structures and individual oxy-functional groups to

This journal is © The Royal Society of Chemistry 2015
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reduced species were explored using ATR IR spectroscopy. It is
shown that the reductive deconstruction of lignin proceeds via
stepwise hydrogenolysis of the ether bonds followed by hydro-
genation of the aromatic rings, and alkylation between par-
tially reduced lignin monomers and substituted phenols. The
results show that small lignin oligomers can be reductively
deconstructed, opening a pathway to a full utilization of a
wider range of lignin polymers.
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