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Abstract:

Biomass conversion to alcohols using supercritical methanol depolymerization and
hydrodeoxygenation (SCM-DHO) with CuMgAl mixed metal oxide is a promising process for
biofuel production. We demonstrate how maple wood can be converted at high weight loadings
and product concentrations in a batch and a semi-continuous reactor to a mixture of C,-C,, linear
and cyclic alcohols. Maple wood was solubilized semi-continuously in supercritical methanol and
then converted to a mixture of C,-Cy alcohols and aromatics over a packed bed of CuMgAlO,
catalyst. Up to 95 wt% of maple wood can be solubilized in the methanol by using four temperature
holds at 190, 230, 300, and 330°C. Lignin was solubilized at 190 and 230°C to a mixture of
monomers, dimers, and trimers while hemicellulose and cellulose solubilized at 300 and 330°C to
a mixture of oligomeric sugars and liquefaction products. The hemicellulose, cellulose, and lignin

were converted to C,-Cy alcohol fuel precursors over a packed bed of CuMgAIO catalyst with
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70-80% carbon yield of the entire maple wood. The methanol reforming activity of the catalyst
decreased by 25% over four beds of biomass, which corresponds to 5 turnovers for the catalyst,
but was regenerable after calcination and reduction. In batch reactions, maple wood was converted
at 10 wt% in methanol with 93% carbon yield to liquid products. The product concentration can
be increased to 20 wt% by partially replacing the methanol with liquid products. The yield of
alcohols in the semi-continuous reactor was approximately 30% lower than in batch reactions
likely due to degradation of lignin and cellulose during solubilization. These results show that
solubilization of whole biomass can be separated from catalytic conversion of the intermediates
while still achieving a high yield of products. However, close contact of the catalyst and the

biomass during solubilization is critical to achieve the highest yields and concentration of products.
Introduction:

Lignocellulosic biomass (composed of cellulose, hemicellulose, and lignin biopolymers)
is a potential source of renewable carbon that could be used to reduce emissions from fossil
sources'. Research has focused on ways to convert biomass to fuels or chemicals through
biological or thermochemical methods similar to what is used in industry!'-*. Processing biomass
often involves numerous, expensive pretreatment steps to separate the biomass into the constituent
biopolymers with each step often requiring different reaction conditions and -catalysts.
Degradation reactions during this pretreatment can hinder downstream processing by producing
recalcitrant lignin and cellulose streams that are more difficult to convert than the native biomass®:
7. Recent advances in catalytic routes of biomass conversion have demonstrated high yields by
using a catalyst during the initial fractionation to stabilize reactive intermediates® 3-12. A promising
route for whole lignocellulose conversion which was first demonstrated by the Ford group is

conversion of biomass in supercritical methanol with a hydrodeoxygenation catalyst.!> This
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process achieves high yields of alcohols (up to 121 wt% from incorporation of methanol) in a small
scale batch system with a high selectivity to alcohols and a low selectivity to side products such
as light gases (CO, CO,, CHy) and char.'> An additional advantage of this approach is that the
products are primarily alcohols which can undergo further upgrading reactions to the more desired

middle distillate range!# 13,

Research into SCM-DHDO of cellulose, lignin and whole biomass has expanded since the
initial work by the Ford group with the reported research only occurring in small batch reactors!6-20,
Yin et al. studied conversion of the sugar fraction of pyrolysis oil to a mixture of single alcohols,
diols, and esters over CuMgAlO,'®. Wu et al. converted cellulose to a mixture of C4-C7 alcohols
in supercritical methanol using Cu/ZnO with varying metal oxide additives'’. Barrett et al.
produced aromatic monomers from poplar organsolv lignin using CuMgAIlO, metal oxides in a
mixed dimethyl carbonate/supercritical methanol system!'8. Huang et al. studied conversion of soda
lignin in supercritical ethanol and methanol using a similar Cu metal oxide catalyst!®. Previous
research in our group has examined the reaction pathways from cellulose and lignin to alcohols in
this system shown in Scheme 12'-23. Lignin is converted into Cg-Cjo cyclic alcohols by
depolymerization followed by hydrogenation. Cellulose undergoes depolymerization and retro
alcohol condensation to smaller oxygenates. These smaller oxygenates then undergo a series of C-
C coupling, C-C scission and C-O scission reactions to form C,-C; alcohols. Methanol is reformed
to CO and H; under the reaction conditions to provide reducing equivalents for hydrogenation.
The small batch reactors used in these previous studies are not scalable. Therefore, it is

questionable whether SCM-DHDO technology can be scaled to a continuous industrial reactor.
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Scheme 1. Conversion pathways for lignin and cellulose to single alcohols in SCM-DHDO

(adapted from McClelland et al. and Galebach et al.)

At commercial scales biomass could be introduced continuously by either pumping a
biomass slurry or by extrusion of biomass?* 2°. However, these systems require wide flow paths
and fast superficial velocity to prevent bridging and plugging of biomass making them more
amenable to larger scales. Several researchers have reported on the use of continuous flow reactors
at laboratory scale to study biomass solubilization. Anderson et al. produced stable lignin
monomers in 18 wt% yield in a two bed flowthrough system that combined solubilization of lignin
from poplar with hydrogenolysis using Ni/C'? 26, This system allows decoupling of the
solubilization and catalytic steps as well as providing a means to feed real biomass feedstocks over
a catalyst in a semi-continuous system that better approximates industrial operation.
Depolymerization of lignin is thought to occur through solvolysis of the B-O-4 ether bond via
nucleophilic substitution of the hydroxyl group on the C, of a lignin monomer with a methoxyl
group which allows facile Cg-O cleavage.?”- 28 The unsaturated intermediates are then stabilized

through hydrogenation. Solubilization of aspen in supercritical methanol has also been
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investigated in flow systems by Poirer et al. who were able to solubilize 94% of the wood at 350°C
and 172 bar.?® Cellulose and lignocellulosic biomass solubilization has been investigated with a
number of supercritical alcohols and solvents3%-3¢, In supercritical methanol cellulose is
depolymerized through solvolysis into methylated monomeric and oligomeric sugars.?? In sub-
critical and supercritical water sugars degrade to 5-hydroxymethyl-furfural (HMF) through
dehydration or to C,-C; aldehydes and ketones through retro-aldol condensation’”- 38, Sugars from

solvolysis also undergo degradation reactions but at lower rates than during hydrolysis.3% 40

Building on this previous research and our research on continuous conversion of glycerol
via SCM-DHDO*! we combined an initial solubilization step of maple wood with a packed bed
reactor of CuMgAIOy catalyst to convert whole biomass in a single reaction step shown in Figure
1. This system can provide insight into the challenges in continuous operation of SCM-DHDO and
how this process might be scaled to industrially relevant sizes. In this study NMR and mass
spectroscopy were used to characterize the solubilized species from maple wood. The products
from the cellulose, hemicellulose and lignin were then characterized after conversion over
CuMgAIOx catalyst. The impact of whole biomass on catalyst stability was studied by

characterizing the catalyst after converting multiple beds of maple wood.
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Figure 1. Combined solubilization and catalysis of maple wood to alcohols in a semi-continuous

flowthrough reactor.

Experimental Setup and Methods

Feedstock

Maple wood was used as the biomass feedstock. The ash, hemicellulose, cellulose, and
lignin content were measured using the procedure to determine structural carbohydrate and lignin
composition established by the National Renewable Energy Laboratory (NREL).*> The maple
wood was ground and sieved between 45 and 80 mesh size before use. Yields were based on the
carbon in the hemicellulose, cellulose, and lignin fractions of the maple wood. The maple wood

was not washed or dried before use and contained approximately 8 wt% moisture.

Semi-continuous solubilization system

The maple wood was solubilized in the setup shown in the supplemental section in Figure

S1. Methanol was passed through a 4™ or 3/8” stainless steel tube packed with maple wood using
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an HPLC pump (Eldex - SLA1). The tube was heated to 330°C using an aluminum heating block
wrapped in heating tape. Sample was collected in a vessel that was kept at room temperature and
2000 psi. The pressure in the collection vessel was maintained with N, from a cylinder. As the
collection vessel was filled, a small amount of gas was bled from the system via a needle valve to
maintain a constant pressure during the run. When samples were taken, additional N, was added
to the collection vessel to maintain a constant pressure. Samples were collected every 15 to 30
minutes. During startup the maple wood bed was first heated to 120°C then rapidly heated to the
desired solubilization temperature at 10°C min'!. Methanol was introduced into the bed at the start
of the 10°C min"! temperature ramp. The start of each run was counted as the time the solubilization
bed reached the desired temperature. The mass of solubilized biomass was calculated by unloading
the bed after each run and measuring the mass lost. The composition of the maple wood after

solubilization was measured using Thermogravimetric analysis (TGA).
Combined semi-continuous solubilization and packed bed reactor system

In our previous research we constructed a continuous reactor with a bed of CuMgAIO,
catalyst to convert glycerol as a model compound for cellulose*'. The continuous reactor from that
work was combined with the semi-continuous solubilization system to convert maple wood semi-
continuously in the setup shown in Figure 2. The solubilization bed was composed of 3/8” tubing
filled with 1.87g of maple wood with a 2-inch bed of glass beads to preheat the solvent. The bed
was held in place by quartz wool (Acros) at the top and bottom of the bed. The bed was heated
with an aluminum heating block wrapped with heating tape. Before reaction the bed of maple
wood was filled with methanol using an HPLC pump (Eldex — SLAT) to purge the system of any
air. The catalyst bed consisted of 1.42¢g of catalyst with a 0.5-inch preheating zone of glass beads

held in place by quartz wool. The catalyst was reduced at 350°C for 4 hours in a 100 mL min-!
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stream of H, with a 1°C min'! ramp before reaction. The liquid products were collected in a 150
mL collection vessel that was chilled to 0°C while the gases were separated from the liquids and
sent to an online GC. The flowrate of gas products was measured periodically with a bubble
flowmeter. To replace a bed of maple wood the system was cooled to room temperature and
lowered to atmospheric pressure. A small flow of H, was kept going to the catalyst bed to maintain
an inert atmosphere and prevent oxidation. The spent bed of maple wood was then removed, and
a fresh bed of maple wood was added to the system. The bed of maple wood was then filled with
methanol to displace any air in the bed. The catalyst was observed to synthesize a small amount
of higher alcohols during reaction. To account for these alcohols, pure methanol was fed to the
catalyst bed before and after reaction to measure the yield of higher alcohols in a blank reaction

which were subtracted from the total carbon yield.

" A—E—»

Dome loaded Gas products
BPR
Quartz wool
Collection
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v
Catalyst
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A 4
Methanol Piston
pump Maple wood Catalyst Bed

Solubilization bed

Figure 2. Semi-continuous solubilization and SCM-DHDO reactor for converting maple wood at
high pressure and temperature in supercritical methanol with CuMgAl oxide. Reactor
Conditions: SCM-DHDO reactor: 300°C, 2000 psig, 1.42 g CuMgAlO;, 0.431 mL/min MeOH.

Batch reactor system
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Batch reactors were built using Swagelok unions and bleed valves as described in our
previous work?!> 4 The batch reactors were heated in a fluidized sand bath to 300°C in
approximately 5 minutes. The reaction was stopped by quenching the batch reactors in water. Gas
samples were collected in an inverted water cylinder and analyzed with GC. Liquid samples were
collected from the opened reactors using a syringe. Liquid samples were filtered using a 0.22 ym

filter and analyzed by GC.
Catalyst synthesis and regeneration

The catalyst was synthesized by co-precipitation of a solution of NaCOj; with a solution
containing Cu, Mg, Al nitrates in a molar proportion of CusMg;,Als similar to previous research**-
4. The Cu, Mg, Al solution was added to the solution of NaCO; with a syringe pump such that the
solution was completed added in 1 h. A solution of NaOH was cofed with a syringe pump to
maintain the NaCOj; solution at a pH of 10 during synthesis. The solution was then aged at 60°C
for 24 h and then filtered and washed. The resultant hydrotalcite was dried in an oven overnight at
110°C. The dried hydrotalcite was crushed and stored as a hydrotalcite. Before a reaction the

hydrotalcite precursor was calcined at 460°C for 12 h at 5°C min'.

The catalyst was regenerated in the semi-continuous reactor by removing the catalyst from
the catalyst bed and calcining ex-situ at 460°C for 4 hours with a 1°C min™! ramp in a furnace. The
catalyst was then reloaded into the reactor and reduced in-situ at the same conditions as during

startup.
Product Analysis

Gas products were analyzed with a Shimadzu GC-2014 equipped with a 30m RT-Q-Bond

column and flame ionization (FID) and thermal conductivity (TCD) detectors using He carrier gas.
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The GC oven was held at 40°C for 5 minutes then ramped to 150°C at 5°C min-! and held for 11
minutes. Liquid products were analyzed by FID using a Shimadzu GC-2010 equipped with an
RTX-VMS column, by GC MS using a Shimadzu GCMS-QP2010 mass spectrometer equipped
with an RTX-VMS column. The GC FID oven was held at 40°C for 5 minutes then ramped to
240°C at 7.5°C min’! and held for 15 minutes. Response factors were calibrated using known
standards. For compounds without available standards, effective carbon number was used instead.
For the C¢-C; cyclic alcohols and Cg-Cy cyclic alcohols the response factor for cyclohexanol was

used. For the phenolics the response factor for isoeugenol was used.

Fourier Transform Ion Cyclotron Resonance Mass Spectroscopy (FT-ICR MS)

All experiments were performed using a Bruker solariX FT-ICR MS with an actively
shielded 15T superconducting magnet. The acquisition software was “ftmsControl” (version 2.2.0,
Bruker Daltonics). Data was viewed and calibrated using “Bruker Compass Data Analysis”
(version 5.0.203, Bruker Daltonics). Each sample was acquired through two different ionization
mechanisms: Atmospheric Pressure Chemical lonization (APCI) and Atmospheric Pressure Photo-
Ionization (APPI), both in positive ion mode. In all experiments, samples were diluted 25 times
by volume in a blend of methanol and toluene (at a volumetric mixture ratio of 9:1,
methanol:toluene). Ion accumulation time was between 0.025 and 0.060 seconds, adjusted for
response. An 8MW time domain date set size was used, with an average resolving power of
approximately 580,000 at m/z 400. Mass range for analysis was between m/z 100 and 3000. 200

scans were collected and averaged together in all experiments.

APCI
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Select instrument parameters for APCI were as follows: sample solution was infused using
the system’s integrated syringe pump into the mass spectrometer at a flow rate of 5.0 uL/hr. The
vaporizing temperature was 370 °C, the corona needle current (used in APCI mode only) was 1000
nA, the nebulizer gas pressure was 2.0 bar, and dry gas flow was 3.4 L/min, with nitrogen as the
drying gas, and the dry gas temperature was 200 °C. Capillary voltage was 2700 V, and the spray
shield (capillary end plate offset) was -600 V. Funnel RF amplitude was 100 Vpp. The time of
flight to detector was set to 0.900 ms. Excitation energy was ramped linearly from 14.0% to 55.0%

(relative to effectible maximum), over the full length of acquisition (76.7 to 2500 kHz).

APPI

Certain different values were used in APPI to demonstrated better response, or to correct
for peak splitting, or to achieve a more stable sample spray, and are described below (all values
listed above and not herein were kept the same). Syringe flow rate was 3.0 uL/hr. The vaporizing
temperature was 400 °C. The nebulizer gas pressure was 1.2 bar. The drying gas flow was 3.9
L/min. Capillary voltage was 2400 V, and the spray shield was -500 V.  Funnel RF amplitude
was 150 Vpp. Time of flight was 0.750 ms. Excitation energy was ramped from 8.0% to 19.0%
at the transition mass, then to 55.0% up to the end frequency of excitation. The transition mass

was m/z 1000.0.

Data was internally calibrated using a homologous series and then exported to a table with mass
and intensity. Background and noise peaks that do not fall into a Kendrick mass defect series were
removed from the data sets. Exported peaks were then imported into PetroOrg S-10.2 software for

elemental formula assignment.*® Data composition is visualized with internal software.

Gel permeation chromatography
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Analytical GPC was performed on a Shimadzu LC20 with a photodiode array detector
(SPD-M20A). Separation was performed using two PSS PolarSil linear S columns (7.8 mm x 30
cm, Sum) in series. For each analysis, a 1 pl sample containing 1 mg mL™! lignin or reaction
product was injected. The mobile phase was 0.1 M lithium bromide (LiBr) in N,N-
dimethylformamide (DMF) at 40 °C and a flow rate of 0.3 mL min~!. The molecular weight
distribution was calibrated at A = 280 nm using Polystyrene ReadyCal Standard Set M(p) 250-70

000 Da (P/N 76552; Fluka, Sigma/Aldrich, St Louis, MO, USA).

Characterization of products with NMR

The products from the solubilization and semi-continuous reactor systems were
characterized by quantitative '*C and 2D HSQC NMR. Samples were dissolved in DMSO-dg and
pyridine-ds to produce a solution of 10 wt% sample, 72 wt% DMSO-d;, and 18 wt% pyridine-ds.
The quantitative 3C NMR experiments were acquired on a Bruker Biospin (Billerica, MA)
AVANCE III 500 MHz spectrometer fitted with a DCH (!3C-optimized) cryoprobe using the
standard Bruker pulse sequence “zgig30” with an inter-scan relaxation delay of 15 s, a sweep width
of 240 ppm, O1P at 110 ppm, TD of 59520 with an acquisition time of 1 s, and 512 scans. The
quantitative C NMR experiments were analyzed with MestraNova software with the DMSO
solvent peak as the internal reference at 39.50 ppm. The 2D HSQC NMR experiments were carried
out on a Bruker Biospin (Billerica, MA) AVANCE 600 MHz spectrometer fitted with a
cryogenically cooled 5 mm TXI gradient probe. The standard Bruker pulse sequences
“hsqcedetgpsisp2p3” and “hmbcetgpl3nd” were used with an inter-scan relaxation delay of 2 s, 8
scans, sweep widths of 220 ppm in F1 and 12 ppm in F2, O1P of 110 ppm in F1 and 5.5 ppm in

F2, and TD of 3366 in F1 and 1000 in F2 for a total of 5 h per experiment. Bruker's Topspin 3.5
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software was used to process spectra. The DMSO solvent peak was used as internal reference (d¢

/84: 39.50/2.49).

Equations

Residual maple wood after reaction

% Biomass Solubilized = Mass of maple wood loaded in bed Eqn‘ 1
Carbon y ield = mmorln(,r‘rfl:i(fi;)ezt]if::‘ ’ZJ:ZLP:;‘Z‘;ZﬁEd —mmol CHas products Eqn' 2
Holocellulose yield = """\ ittt oxicus cte e Eqn. 3
Lignin yield = mmol Ccg _ c10 cyclic alcohols, phenolics, dimers Eqn. 4

mmol Clignin in feed

area of monomers in HT GC
C1o cyclic alcohols + phenolics " greq of dimers + trimers in HT GC

High boiling yield = mmol Cc, _

Eqn. 5
Catalyst characterization

Catalysts were characterized using multiple techniques. The surface area of the catalysts
was measured before and after reaction with N, physisorption using an ASAP 2020
(micromeritics). The fresh and spent catalysts were calcined before N, physisorption. The surface
area of copper sites were measured by oxidizing the Cu sites on the catalyst with N,O and
measuring the amount converted*’. To oxidize the copper with N,O we first carried out a
temperature programmed reduction (TPR) using calcined catalyst at from 20°C to 350°C with a
1°C min"! ramp and held for 4 hours in 10% H,/Ar. We measured the effluent gases with a TCD
to measure the uptake of H, on the catalyst. The catalyst was then cooled to 90°C in pure He and
N,O was pulsed over the catalyst in 0.5 mL pulses. The effluent gases were measured with a mass

spectrometer (Cirrus 2 — Micromeritics) to measure the amount of N,O consumed and N, released
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by the catalyst. The surface Cu sites were counted by assuming the stoichiometry of equation 6

below.

CU.O + NZO > CUZO + N2 Eqn 6

The bulk Cu content of the catalyst was measured using ICP-OES with a Vista-MPX ICP-OSE.

Catalyst characterization by STEM

A particle size distribution analysis was performed using scanning transmission electron
microscopy (STEM) imaging on a FEI Titan STEM with Cs aberration correction operated at 200
kV in high-angle annular dark field (HAADF) mode. Samples were prepared by dispersing the
passivated catalyst in ethanol and grinding in a mortar to suspend the mixture before depositing
the sample onto a holey carbon coated copper grid. All samples were plasma cleaned prior to

loading in the microscope.

Results and Discussion:

Solubilization of maple wood in subcritical/supercritical methanol

Maple wood was loaded in a %4 tubular bed and solubilized by pumping methanol through
the bed with a piston pump. The effect of temperature on solubilization of maple wood was first
studied by varying the temperature of the solubilization bed between 190 and 330°C and
characterizing the residual biomass with thermogravimetric analysis (TGA). The amount of
biomass solubilized in each run was measured by unloading the biomass from the reactor and
weighing the solids. The amount of maple wood solubilized and composition of the residue at
varying temperatures are shown in Table S1 in the SI. The TGA of the maple wood before and

after solubilization at varying temperature is shown in Figure 3. TGA of the fresh maple wood has
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a large peak at approximately 350°C which corresponds to degradation of cellulose and a shoulder
peak from 250-300°C which is likely hemicellulose and lignin.*® As the temperature of degradation
increases less of the biomass is able to be thermally decomposed. Much of the shoulder peak is
removed by solubilizing the maple wood at 190°C. After solubilization at 230°C the shoulder peak
is completely removed, and the only peak is from cellulose at 350°C. Cellulose is not solubilized
until 300°C and is not fully solubilized even after 2 h. All fractions of maple wood are solubilized
at 330°C, but 23% of the solids remain as degradation products. To achieve an approximately
constant rate of maple wood solubilization and a high amount of solubilization, the maple wood
was solubilized at four temperatures with 30-minute holds at 190°C, 230°C, 300°C, and 330°C.
Degradation of biomass was minimized by using an appropriate temperature to solubilize each

fraction of biomass making it possible to solubilize 86% of the maple wood.

100
90 - - ——Maple woed
- —— - After 190 solubilization
& ——-After 230 solubilization
80 1 2 ——-After 270 solubilization
g —— - After 300 solubilization
70 A = - —-After 330 solubilization
=
2 60 - ol
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£ 507 ?
-as 40 | E
= 1 ‘ s]
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30 4 —Maple wood \ 2
——After 190 solubilization \ g
20 1 —— After 230 solubilization \ b=
—After 270 solubilization & i
10 1 — After 300 solubilization = ‘
0 —After 330 solubilization =
0 100 200 300 400 500 600 700 100 500 600 700

Temperature (°C) Temperature (°C)

Figure 3. Thermogravimetric analysis (TGA) of fresh maple wood and the maple wood residue
after solubilization with supercritical methanol at 190°C, 230°C, 300°C, and 330°C.

The composition of the species solubilized at 190 to 330°C were analyzed with HSQC and
quantitative 3C NMR experiments shown in Figure 4 and Table 1 respectively. At 190 and 230°C

the HSQC shows correlations that correspond to aryl ether, phenylcourmaran, and resinol linkages
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between lignin monomer units in the C-O aliphatic region (8¢/0y 55-95/3-5) showing that lignin is
still intact as oligomers after solubilization. The C-O aliphatic region also contains unidentified
correlations at Oc/0y of 60-80/3-3.5 which are likely from solubilized oligosaccharides.
Correlations in the aromatic region at d¢/0y of 95-165/5-8 ppm show that the lignin monomers are
a mixture of syringyl and guaiacyl units with a smaller amount of hydroxyphenols. Integration of
the monomer peaks shows that a higher proportion of the monomers at 190°C are guaiacyl (S:G
ratio of 0.74) than at 230°C (S:G ratio of 2.57). Anomeric carbons at 8c/0y of 95-105/4-4.5 further
suggests a small amount of hemicellulose or cellulose is soluble at the low temperatures.*’
Recondensation of lignin monomer units is difficult to determine via HSQC. The 190°C soluble
compounds are composed primarily of aromatic carbons (69%) with smaller amounts of C-O
aliphatic (17%) and carbonyl (8%) carbons. The distribution of carbons is consistent with the
soluble species being monomeric or oligomeric lignin units where aromatic carbons are from the
carbons in the phenol ring while the C-O aliphatic carbons are from either methoxy groups in
guaiacol or syringol units or hydroxy carbons on the propyl tail. Carbonyl carbons could be from
either a ketone or aldehyde on the propyl tail or from methyl acetate from acetyl groups in the
hemicellulose. At 230°C the amount of aromatic carbons decreases to 48% while the C-O aliphatic
carbons increase to 38% which may indicate some solubilization of hemicellulose from the
biomass. Anomeric carbons from oligosaccharides are included in the aromatic region although
they are C-O aliphatic carbons due to a higher downfield shift from being bonded to two oxygens.
The HSQC of the soluble species at 300°C contains a few correlations from guaiacol and syringol
units from lignin in the aromatic region although most correlations in the aromatic region are
unresolved. At 300°C correlations from anomeric carbons at d¢/0y 95-105/4-5.5 ppm are

prominent indicating possible solubilization of cellulose. The species solubilized at 300°C and
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330°C also have a large number of peaks in the C-O aliphatic region that do not correspond to any
lignin linkages but may be from hydroxyl carbons in a polysaccharide.’® Solubilization of the
cellulose fraction also appears to produce degradation products as evidenced by an increase in the
number of C-C aliphatic peaks (3¢/8y of 0-55/0-3). Quantitative 13C of the soluble species at 300
and 330°C shows that most carbons are C-O aliphatic (39% and 35% respectively) with lesser
amounts of aromatic carbons (28% and 17%) from residual lignin and anomeric carbons. At
330°C, 32% of the carbons are C-C aliphatic possibly from the formation of humins indicating

degradation of the cellulose is occurring during solubilization’!.
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Figure 4. C-O aliphatic and aromatic regions of HSQC of maple wood solubilized in sub-critical
and supercritical methanol at 190°C (a), 230°C (b), 300°C (c), 330°C (d). (Carbonyl and C-C
aliphatic regions are shown in insets on top-left and bottom-right)

Table 1. C-C aliphatic, C-O aliphatic, aromatic, and carbonyl content from quantitative 3C
NMR of maple wood solubilized in subcritical and supercritical methanol at 190, 230, 300, and
330°C.

% of area in each region from quantitative 3C NMR

C-C aliphatic  C-O aliphatic Aromatic Carbonyl
(0-55 ppm) (55-95 ppm) (95-165 ppm) (165-220 ppm)
Liquids after 190°C 6 17 69 8
Liquids after 230°C 8 38 48 6
Liquids after 300°C 20 39 28 13
Liquids after 330°C 32 35 17 16

The soluble products were further characterized with FT-ICR MS, shown in Figure 5 a-h.
Figure 5 shows the oxygen number vs. carbon number as well as the double bond equivalence

(DBE) vs. carbon number of the compounds solubilized at 190 to 330°C. A line for where lignin
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and cellulose oligomers carbon vs. oxygen and carbon vs. DBE is also shown in Figure 5. The line
for lignin is based on an oligomer similar in composition to the S:G ratio and A, B, C linkages
from the HSQC in Figure 4. In Figure 5 a-b the main peak is at C 20 to C 22 with 6-8 oxygen and
10-12 DBE which corresponds to a lignin dimer unit. The shoulder of the main peak in Figure Sa
with approximately 1-2 fewer oxygens and carbons is likely from varying amounts of methoxy
groups on the phenol ring between guaiacyl and syringyl monomer units. The smaller peaks in
Figure 5a-b are centered at 11 C, 33 C, and 44 C which correspond to monomers, trimers, and
tetramers respectively. The presence of distinct peaks shows the lignin is mostly solubilizing as
intact monomers and oligomers rather than recondensing to recalcitrant lignin. The species
solubilized at 230°C in Figure 5c-d look nearly identical to the species at 190°C showing that
lignin is still the main compound solubilizing at lower temperatures. There is no evidence of
oligomeric sugars from hemicellulose in the soluble compounds at 230°C suggesting that either
hemicellulose has not solubilized yet or the soluble sugars are not visible with this technique. Small
products from hemicellulose such as methyl acetate or furfural would be too small to observe by
FT-ICR MS. The compounds solubilized at 300 and 330°C in Figure Se-h do not have distinct
peaks and appear to make a wide distribution of different products. We hypothesize that these
products are from liquefaction of hemicellulose and cellulose during solubilization. Similar
compounds were observed in reactions with glucose and cellulose using a calcined catalyst that
we attributed to recondensation of unstable intermediates during solubilization that form in the
absence of an active hydrogenation catalyst?!-4. These compounds may also be the source of C-C

aliphatic carbons that were observed by NMR.
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Figure 5. FT-ICR MS of maple wood solubilized in subcritical and supercritical methanol at
190°C (a-b), 230°C (c-d), 300°C (e-f), and 330°C (g-h). Figure shows oxygen content vs. carbon
number (a, ¢, e, g) and double bond equivalents (DBE) vs. carbon number (b, d, f, h) of liquid
products.

Semi-continuous conversion of maple wood with catalyst regeneration

We combined the solubilization system with a packed catalyst bed to semi-continuously

feed and convert solubilized maple wood to alcohols over CuMgAlO, as described in the
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experimental section. The packed bed of CuMgAIlO, was kept at 300°C while the solubilization
bed was operated at 190, 230, 300 and 330°C. The line between the solubilization bed and the
packed catalyst bed was kept at the same temperature as the solubilization bed which was found
to prevent deposition of soluble lignin in the line. After the consumption of maple wood the reactor
was cooled and the bed of maple wood was replaced with a fresh bed. After two beds of maple
wood the catalyst was regenerated by calcining and reducing as described in the experimental
section. This procedure was repeated for a total of 6 beds of maple wood. The liquid products were
sampled at two points during each bed of maple wood. First, after the maple wood was solubilized
at 230°C and second, after solubilizing the maple wood at 330°C.

The liquid products after conversion of six beds of maple wood are shown in Table 2. The
total carbon yield is approximately 65-75% with most products being C,-C¢ mono-alcohols and
Cs-C7 cyclic alcohols. The liquid products also contain a mixture of ethers and esters as well as
Cs-Cyp cyclic alcohols and phenolics. The C,-C¢ mono-alcohols, ethers and esters, and C,-Cq
unspecified products contain the same products as reactions run with cellulose in batch reactors.?!
The Cg-Cy cyclic alcohols and phenolics were previously observed in reactions with extracted
lignin in batch reactors.”*> The C4-C; cyclic alcohols are possibly from hydrogenation of
intermediates from degradation of cellulose during solubilization. Close GC-MS matches of these
compounds are shown in Figure S2 in the SI. The lignin yield was calculated using the carbon of
lignin in the maple wood and the yield of products from lignin (Cg-Cy cyclic alcohols, phenolics,
and dimers). The lignin yield of lignin is approximately 40% to 55% higher 2" bed after
regeneration (2, 4, and 6). The variation in yield is mostly due to increases in the phenolic and
dimer yield in the 2" bed. This may be due to lignin depositing in the catalyst bed and only eluting

after longer times on stream. The holocellulose yield was calculated using the carbon of
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holocellulose (hemicellulose and cellulose) in the maple wood and the yield of cellulose products.
The holocellulose yield is approximately 80-90% with a slight increase in selectivity to C,-Cq
mono-alcohols after regeneration of the catalyst. The holocellulose yield in this study is similar to
our previous studies in semi-batch reactors with unreduced CuMgAIlO, and cellulose but is lower
than reactions with reduced CuMgAlO,?2. The difference is likely due to increased degradation of
the cellulose during solubilization. The yield of products are further separated into the products
collected from 190-230°C and the products from 300-330°C. The holocellulose products at 190-
230°C are mostly methyl acetate and ethanol from conversion of acetyl groups in hemicellulose
indicating hemicellulose is solubilizing at these temperatures. However, the lack of additional
alcohol products suggests that hemicellulose oligomers are not being converted over the catalyst
during solubilization at 190 and 230°C. The total carbon yield from 300-330°C products is much
higher than the 190-230°C products (50-60% vs. 11-15%). The 300-330°C products are mostly
from holocellulose but there is a large amount of lignin products as well. The high yield of lignin

products suggests that lignin monomers and dimers are eluting from the catalyst bed slowly.
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Table 2. SCM-DHDO of maple wood in a semi-continuous solubilization and packed bed
reactor with six beds of maple wood and catalyst regeneration after Beds 2 and 4. Reaction
conditions — solubilization: 190-330°C (10°C min! ramp) — catalyst: 300°C, 138 bar, 1.87 g
maple wood or cellulose, 1.42 g reduced CuMgAIO, catalyst, 0.43 mL min! methanol, 20
mL/min H,.

Liquid Products Bedl Bed2 Bed3 Bed4 Bed5 Bedb6
Total carbon yield (%C) 67.2 71.5 64.2 72.9 74.6 81.4
Lignin Yield (%Ciignin)* 443 57.3 38.2 52.0 50.5 70.6
Holocellulose yield (%Chooceiiutose)® 81.9 80.5 80.8 86.3 90.0 88.3
Selectivities
C,-C4 mono-alcohols 36.3 31.4 39.5 34.0 33.7 29.0
Cs-C; cyclic alcohols 18.6 18.0 18.6 17.6 20.9 16.9
Ethers and esters 8.9 9.3 9.0 10.5 6.7 10.0
Unknown C,-Cg alcohols, ethers, and esters® 10.6 10.1 9.7 10.1 12.3 10.2
Cs-Cyp cyclic alcohols 13.2 13.0 11.5 12.0 12.6 10.9
Phenolics 8.3 10.5 7.7 9.7 7.9 8.9
Lignin dimers and trimers 4.2 7.8 3.9 6.1 5.8 14.0
Residual Biomass (wt%) 17.8 10.0 11.4 12.3 9.2 6.2
Unsolubilized cellulose (wt%) 11.6 3.6 5.6 6.0 3.2 1.2
Char and degradation products (wt%) 5.1 4.9 52 5.7 5.6 43
190-230°C carbon yield (%C) 14.3 14.0 13.7 13.7 12.6 13.9
Lignin yield (%Cjignin) 13.2 18.0 12.6 16.1 14.6 19.2
Holocellulose yield (%Choloceltutose) 15.0 11.3 14.4 12.2 11.3 10.5
300-330°C carbon yield (%C) 52.9 57.5 50.5 59.7 62.1 67.4
Lignin yield (%Ciignin) 31.1 39.2 25.6 37.1 36.0 51.4
Holocellulose yield (%Choloceltutose) 66.9 69.2 66.4 74.1 78.8 71.7

2mol C from cellulose products/mol C of hemicellulose and cellulose in the maple wood
®mol C from lignin products/mol C of lignin in the maple wood
¢products that are observed in the GC and may be identified in the GC-MS but were not verified by standards

The impact of regenerating the catalyst can be seen in the gaseous products, mostly CO,
CO,, and H, produced from methanol reforming (Figure 6). The methanol reformed decreases
from bed 1 to bed 2 from 29% to 24%. After calcination and reduction of the catalyst the methanol
reformed activity at the start of bed 3 returns to 28% before decreasing to 23% at the end of bed

4. The decrease in methanol reforming activity suggests the catalyst is losing activity possibly due
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to deposition of carbon on the catalyst. Previous conversion of glycerol as a model compound in a
continuous system showed slower deactivation than what was observed here*!. However, since the

catalyst activity increases after regeneration most of the deactivation is reversible.
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Figure 6. Methanol reformed during SCM-DHDO of maple wood in semi-continuous reactor
with catalyst regeneration between beds 2-3 and 4-5.

We also examined the molecular weight of the 190-230°C and 300-330°C products with
gel permeation chromatography (GPC), shown in Figure 7. The 190-230°C products have a
prominent peak at 170 Da which corresponds to a lignin monomer. There is a second small peak
at 270 Da which is likely lignin dimers. The 300-330°C products have a large peak at 270 Da,
which may be lignin dimers, and a broad range of molecular weights up to 500 Da. There are more
dimers in the second bed of maple wood before regeneration (beds 2, 4, and 6) for both the 190-
230°C and 300-330°C products. The GPC of the 300-330°C products doesn’t show compounds as
high molecular weight as what was observed by FT-ICR MS in Figure 5 (e-h). This suggests that
the degradation products from solubilization are catalytically broken down into smaller

compounds or deposited on the catalyst.
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Figure 7. GPC data of 190-230°C and 300-330°C products from SCM-DHDO of maple wood in
a semi-continuous solubilization and packed bed reactor.

Solubilization and conversion of maple wood with multi-temperature catalyst bed

We examined conversion of maple wood where the catalyst bed was maintained at the
same temperature as the solubilization bed from 190 to 300°C then kept at 300°C when the
solubilization bed is heated to 330°C. The purpose of this experiment was to prevent precipitation
of lignin on the catalyst bed by maintaining the same temperature between the solubilization and
catalyst beds. The liquid product yield and selectivities are shown in Table 3. The total carbon
yield is 66-72% which is slightly lower compared to the data in Table 2. The main products are
C,-C¢ mono-alcohols and C4-C5 cyclic alcohols from cellulose. The ester selectivity is higher since
the lower temperature catalyst bed cannot fully hydrogenate the methyl acetate from the acetyl
groups in hemicellulose to ethanol. The selectivity to lignin dimers increases from 1.5% in bed 1
to 12.8% in bed 4 which is a similar pattern to what was observed in Table 2. However, the dimer
selectivity is higher with the low temperature catalyst bed, possibly due to incomplete
depolymerization of the soluble lignin. The catalyst activity slightly decreases over time as the Cg-
Cyp cyclic alcohol selectivity decreases from bed 1 to bed 4 (14.8% to 8.8%) while the phenolics

selectivity increases by a similar amount (6.8% to 9.8%). The Cg-Cyq cyclic alcohol selectivity
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returns in bed 5 after regeneration of the catalyst showing that activity loss is reversible. A key
difference between the two reactions is that the lignin yield in the 190-230°C products is higher
with the low temperature catalyst bed (21-41% vs. 13-19% lignin yield). It is possible that lignin
does not deposit on the catalyst when the catalyst bed and solubilization are kept at the same
temperature. The holocellulose yield of the 190-230°C and 300-330°C products is similar between

the two reactions.
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Table 3. Carbon yield and liquid product selectivity from SCM-DHDO of maple wood in a
semi-continuous solubilization and packed bed reactor with six beds of maple wood. Catalyst
regeneration after 4 beds of maple wood. Catalyst is kept at the same temperature as the
solubilization bed at 190°C to 300°C.

Liquid Products Bedl Bed2 Bed3 Bed4 Bed5 Bedb6
Total carbon yield (%C) 70.1 66.2 70.7 70.8 71.9 67.1
Lignin Yield (%Ciignin)* 433 49.8 54.3 55.6 51.9 45.6
Holocellulose yield (%Cholocciiulose)” 87.3 76.8 81.2 80.6 84.6 80.8
Selectivities
C,-C4 mono-alcohols 29.4 27.9 26.1 25.8 27.0 249
Cs-C; cyclic alcohols 20.2 19.4 18.8 16.1 19.3 18.6
Ethers and esters 11.2 12.8 12.6 13.3 13.2 14.7
Unknown C,-Cg alcohols, ethers, and esters® 15.2 10.6 12.6 14.2 12.3 15.2
Cs-Cyg cyclic alcohols 14.6 14.5 12.0 8.7 12.3 10.5
Phenolics 6.7 7.8 7.3 9.7 6.1 5.8
Lignin dimers and trimers 2.8 7.0 10.6 12.1 9.8 10.2
Residual Biomass (wt%) 13.6 14.5 12.4 11.7 12.7 154
Unsolubilized cellulose (wt%) 8.4 8.1 7.0 53 7.4 9.1
Char and degradation products (wt%) 4.2 5.5 4.7 54 4.6 5.7
190-230°C carbon yield (%C) 15.4 18.0 20.8 24.3 17.6 18.7
Lignin yield (%Cjignin) 21.0 285 353 40.7 27.8 29.7
Holocellulose yield (%Choocettutose) 11.8 11.4 11.5 13.8 11.1 11.7
300-330°C carbon yield (%C) 5477 482 499  46.5 54.2 48.4
Lignin yield (%Cjignin) 222 212 19.0 149  24.1 15.9
Holocellulose yield (%Chroloceliulose) 75.5 65.4 69.7 66.8 73.5 69.1

2mol C from cellulose products/mol C of hemicellulose and cellulose in the maple wood
®mol C from lignin products/mol C of lignin in the maple wood
products that are observed in the GC and may be identified in the GC-MS but were not verified by standards

The gas products from the reaction are shown in Figure 8. The catalyst reforms a negligible
amount of methanol at 190 and 230°C but once the reactor is heated to 300°C the amount of
methanol reformed is similar to previous reactions. The catalyst deactivates slower with the multi-
temperature bed compared to the previous reactions. The methanol reformed decreases from 28%

for bed 1 to 25% for bed 4 and remains at 25% after 6 beds of maple wood. In comparison, in
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Figure 6 the methanol reformed decreases from 28% for bed 1 to only 21% for bed 6. The improved
stability of the catalyst is likely due to reduced coking from precipitation of solubilized lignin as

the stream from the solubilization bed is heated to the catalyst bed temperature.
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Figure 8. Methanol reformed from SCM-DHDO of maple wood in a semi-continuous
solubilization and packed bed reactor with six beds of maple wood and catalyst regeneration after
4 beds of maple wood. Catalyst is kept at the same temperature as the solubilization bed at 190°C
to 300°C

The molecular weight of the 190-230°C products from the 1%t and the 4™ (last before
regeneration) were analyzed by GPC, shown in Figure 9. The 300-330°C products did not have
enough high molecular weight compounds to analyze with GPC and are not shown here. The 190-
230°C products from bed 1 are primarily monomers at approximately 170 Da with a smaller
amount of dimers at 350 Da and trimers at 550 Da. As more beds of maple wood are converted the
molecular weight of the products increases and more dimers and trimers are produced. The exact
molecular weights of the 190-230°C and 300-330°C products from bed 1 and bed 4 were also
analyzed by FT-ICR MS, shown in Figure 10 and 12. The FT-ICR MS of the 190-230°C products
in Figure 10 shows similar molecular weights to the GPC, but with the main peak at the dimers

rather than the monomers. In Figure 10a the main peak varies from 4-7 oxygen and 18-21 carbon
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which is likely due to varying amounts of demethoxylation of the phenol ring or partial cleavage
of the propy] tails of the dimers. In Figure 10b there are two dimer peaks which differ by 3-4 DBE
which are likely partially hydrogenated and unhydrogenated dimers. In Figure 10d the ratio of
hydrogenated to unhydrogenated dimers decreases which suggests the catalyst is losing
hydrogenation activity from bed 1 to bed 4. In Figure 10b-d there is also an increase in the trimer
peak at 30-32 carbon which agrees with the GPC in Figure 9 and may be due to catalyst
deactivation decreasing the rate of hydrogenolysis of lignin linkages. The FT-ICR MS of the 300-
330°C products in Figure 11a-d shows that the liquid products contain few high molecular weight
species at this temperature. The absence of high molecular weight products after reaction suggests
that either the degradation products observed in Figure Se-h were converted to shorter products or

they were deposited in the catalyst as char.
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Figure 9. Gel permeation chromatography (GPC) of 190-230°C products from the 1%t and 4 bed
of maple wood during combined solubilization and conversion of maple wood in a flow through
reactor over CuMgAIlOj catalyst.
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Figure 10. FT-ICR MS spectra of 190-230°C products after the 1% and 4" bed of maple wood
during combined solubilization of maple wood in methanol and conversion with CuMgAIO.
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Figure 11. FT-ICR MS spectra of 300-330°C products after the 1%t and 4" bed of maple wood
during solubilization of maple wood in methanol and conversion with CuMgAlOy. Bed 1 (a-b),
bed 4 (c-d).

Characterization of catalyst after solubilization and conversion of maple wood

The catalyst from the reaction shown in Table 2 was characterized after bed 6 using ICP-
AES, TPR, TPO, N,O titration, N, physisorption, and STEM. The changes in the catalyst
properties after reaction are shown in Table 4. The surface area of the catalyst decreases after
reaction from 212 to 163 m? g'!. ICP of the catalyst shows that leaching of Cu is not occurring.
The Cu dispersion from N,O titration was 16.2% for the fresh catalyst and 8.7% for the spent
catalyst which indicates that Cu sites on the catalyst are sintering during reaction. The average Cu
particle size was calculated from the N,O titration to be 5.2 nm for the fresh catalyst and 8.4 nm
for the spent catalyst. TPO of the catalyst forms a small amount of CO, (2% of the carbon in the
feed from beds 5 and 6) from burning of carbon on the catalyst surface. STEM images and particle
size distributions of the fresh and spent catalyst are shown in Figures 12 and 13 respectively. All
particle size distributions are averaged with at least 800 particles. The fresh catalyst is composed
of small, well dispersed nanoparticles of Cu 1-4 nm in size. Very large particles were also detected

(> 20 nm) which likely come from Cu that was not well integrated into the hydrotalcite during
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synthesis and formed a separate crystal phase. The average particle size from STEM of the fresh
catalyst is smaller than the particle size estimate from N,O titration (3.5 nm vs. 5.2 nm). The
difference is likely due to the larger nanoparticles which will be weighted more heavily towards
average particle size for the N,O titration than for STEM. The STEM of the spent catalyst has a
bimodal distribution with a number of larger nanoparticles (6-13 nm) present in addition to the
smaller (1-4 nm) particles observed in the fresh catalyst. The presence of larger nanoparticles

confirms that the Cu is agglomerating possibly by an Oswald Ripening mechanism>2.

Table 4. Characterization of fresh and spent catalyst after reaction with maple wood with low

temperature catalyst bed using TPR, TPO, N,O titration, and N, physisorption.

Fresh catalyst Spent catalyst

BET surface area (m? g'!) 212 163
Cu/Mg/Al ratio (mol/mol/mol) 3/12/5¢  3.2/11.7/5.1
N,O uptake (umol g.,") 30.3 16.5
Cu dispersion (Cugyface Cpui") 16.2 8.7
Average Cu particle size (nm) 6.4 11.9
Carbon on catalyst (C% of feed) NA 2
STEM of catalyst

Average Cu particle size (nm) 3.5 5.7
Standard deviation of particle (nm) 6.4 10.9

ratio of metals during synthesis
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Figure 12. Particle size distributions and STEM images of fresh CuMgAIlOy catalyst after being
calcined and reduced in H,.
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Batch reactions of maple wood at varying weight loading and solvents

Although combined solubilization and conversion in a packed bed was able to convert
whole biomass semi-continuously, the concentration of biomass that is solubilized in methanol is
low (~1 wt%), thus requiring an energy intensive separation process to remove the alcohol
products from the methanol solvent. In addition, the yield from whole biomass in the flowthrough
system, while high for a single step reaction, is still lower than what has been achieved using small
batch systems which is often higher than 100% due to incorporation of methanol. In Table 5 we
compare the batch reactions resulting from varying feed maple wood concentration (4-20 wt%) to
the yields from the continuous reactor system. We also ran a two-step reaction at 10 wt% maple
wood where additional biomass was added after reaction to simulate a reaction where part of the
methanol could be replaced by the product alcohols. The yield of liquid products decreased with
increasing weight loading from 104.9 %C at 4 wt% maple wood to 77.4% at 20 wt% maple wood.
The decrease in yield at higher weight loading is due to a decreased holocellulose yield from,
133.1% to 86.2%. The two-step reaction with two charges of maple wood (10+10 wt%) has a
slightly lower yield of 88.6 %C compared to the one-step 10 wt% yield of 92.9 %C. This reaction
shows that product alcohols can partially replace methanol as the solvent during SCM-DHDO with
minimal impact on yields. The carbon yield of liquid products from the batch reactor is higher at
all loadings of maple wood compared to the flowthrough system. The lignin yield is only slightly
lower for the flowthough system compared to the batch (50.1% vs. 60-67%) with similar yields of
Cs-Cy cyclic alcohols, phenolics, and dimers. However, the flowthrough system has around 20-
25% lower yields of C,-C4 mono-alcohols compared to the batch system. This lower yield is

attributable due to differences between the two systems including: 1) the flowthrough system has
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incomplete solubilization of cellulose and 2) the catalyst is separated from the biomass which

decreases the rate of catalytic reactions that stabilizes intermediates.

Table 5. Carbon yield and individual product yields from batch and semi-continuous conversion
of maple wood with SCM-DHDO.

. Semi-continuous
Batch Reactions (wt% maple wood) o

reaction
Awt% TTwt% 10wt% 20 wt% 10+10 wt%? | L;’:tva;i‘;p

Total carbon yield (%C) 104.9 95.3 92.9 77.4 88.6| 68.9
Yield of holocellulose fraction (%C)P 133.1 115.9 113.3 86.2 102.4| 82.0
Yield of lignin fraction (%C)° 60.8 63.1 61.1 63.1 66.8| 48.3
Yields of product types |

C2-C6 mono-alcohols (%C) 44.7 40.2 38.0 28.6 35‘0| 18.8
C6-C7 cyclic alcohols (%C) 16.5 154 16.2 12.4 14.3| 13.0
Ethers and Esters (%C) 6.8 4.4 5.1 2.7 4.6| 9.0
Unspecified C2-C6 alcohols, ethers, and esters (%C)d 13.2 10.7 9.8 8.9 8.7| 9.3
C8-C10 cyclic alcohols (%C) 13.2 14.2 13.8 10.8 13.3| 8.4
Phenolics (%C) 3.2 2.4 2.4 3.6 3.1| 5.0
Dimers (%C) 7.3 8.1 7.6 10.4 9.6| 5.4

210 wt% maple wood in methanol where makeup methanol and maple wood were added to the reactor after the first reaction to partially replace
methanol with product alcohols as the solvent

®mol C from cellulose products/mol C of hemicellulose and cellulose in the maple wood

°mol C from lignin products/mol C of lignin in the maple wood

dproducts that are observed in the GC and may be identified in the GC-MS but were not verified by standards

Discussion and conclusions

Solubilization can be coupled with a fixed bed of CuMgAlOy catalyst to produce alcohols from
maple wood semi-continuously. Solubilization of lignin takes place between 190°C and 230°C
producing dimer and trimer lignin fragments with preserved partially preserved B-O-4,
phenylcourmaran, and resinol linkages. Solubilization of maple wood at 300 and 330°C produces
solubilized sugars as well as liquefaction products from degradation of the solubilized sugars.
Conversion of the solubilized lignin and cellulose produces a mixture of linear and cyclic alcohols.
Separating the solubilization and catalytic conversion of maple wood shows that the catalyst does
not play a part in depolymerization of the biomass and that depolymerization occurs wholly
through solvolysis. Additionally, this study shows that methanol can depolymerize the

holocellulose portion of biomass in addition to the lignin fraction. The catalyst maintains
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selectivity to mono-alcohols while converting multiple beds of maple wood. The catalyst is
regenerable upon calcination and reduction but the Cu sites do undergo sintering due to an Oswald
ripening mechanism. Maple wood can be converted in high weight loadings in batch reactors to a
mixture of C,-C,( alcohols with minimal loss in carbon yields. The carbon yield of maple wood
from a flow reactor is lower than similar reactions in high pressure/high temperature batch reactors

which we believe is primarily due to homogeneous degradation of sugars during solubilization.
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