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Lignin valorization is a challenge because of its complex structure and high thermal stability.
Supercritical alcoholysis of lignin without external hydrogen in a self-made high-pressure reactor is
investigated under different temperatures (450-500°C) and solvents as well as catalysts by using a
reactant suspension mode. Small-molecular arenes and mono-phenols (C;-Cy,) are generated under
short residence time of 30 min. High temperature (500 °C) favors efficient deoxy-liquefaction of lignin

f_ey"‘_’ords" (70%) and formation of small-molecular arenes (Cg-Cg). Solvents methanol and ethanol demonstrate
1enin much more synergistic effect on efficient deoxy-liquefaction of lignin than propanol. The catalyst Cu-C
Arenes . .. s o g o .

Alcoholysis has the optimal activity and selectivity in methanol (70% of conversion, 83.93% of arenes), whereas Fe-SiC
Aromatics possesses the optimal catalytic deoxygenation in ethanol, resulting in the formation of arenes other than

phenols. Further analysis indicates that lignin is converted into arenes by efficient cleavages of C—O ether
bonds and C—C bonds under high temperature and pressure.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

Deoxy-liquefaction

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Direct conversion of lignocellulosic biomass into hydrocarbon fuels
as alternative energy sources has aroused extensive concern [1-3].
However, lignin as one of three main components of lignocellulosic
biomass (cellulose, hemicellulose, and lignin) attracts the least
attention because of its complex structure and high thermal stability,
which makes depolymerization of lignin as a key process in utilizing
biomass [4,5]. Lignin accounts for 25-35% of renewable carbon in the
world, which is nonetheless used widely as aresidue and cheap energy
source and often incinerated [6]. Lignin with three-dimensional
aromatic biopolymer consists mainly of guaiacyl, syringyl and p-
coumaryl alcohol phenylpropane units through several types of
C—0—C(B-0-4 as the most common linkage, a-0-4, 4-0-5, and so
on)and C—C(5-5, B-1, B-5, p-p) interunit linkages in a random order
[7,8]. Since the C—O ether bonds are more fragile than the C—C
bonds[9], the cleavage of the C—O ether bonds is always the focus of
most depolymerization strategies including catalytic oxidation,
catalytic reduction, and acid-catalyzed depolymerization by using
different catalysts such as La/SBA-15[10], H-USY/Raney Ni [11], Pd/
C[12], Ru/C[13], Cu/PMO [14], and Ru/N-doped C [15] under mild
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conditions, which mostly generates oligomers, phenolic monomers
and other O-containing compounds [16]. To form simpler mono-
meric compounds such as mono-phenols and arenes, an additional
hydroprocessing step is inevitable.

Supercritical alcoholysis of lignin by hydrogenolysis and hydro-
deoxygenation in the presence of hydrogen and/or hydrogen-donor
solvents such as methanol, ethanol, and propanol is a promising route
[17] because of rapid heat transfer and high solubility [18], which is
conducive to higher yields of simple alkylated phenols, arenes or/and
aliphatic hydrocarbons and minimal repolymerization reactions
[19,20]. Also, solvents play a crucial role in the yield and product
distribution as well as depolymerization [21]. The extent of deligni
fication decreases with increasing apolar character of the solvents
[22]. For example, supercritical alcoholysis of Asian lignin over Pt/C,
Pd/C, Ru/C, and Ni/C at 350 °C with 3.0 MPa H, for 40 min indicated
that four main monomeric phenols 4-ethylphenol, guaiacol, 4-
ethylguaiacol, and syringol were produced [23]. Catalytic hydrocrack-
ing (combination of S,05>~-KNO3/TiO, and Ru/C) of kraft lignin (0.5 g)
at 320 °C with 4.0 MPa H, for 6 h in a mixed solution of 30 mL 1,4-
dioxane and 6 mL methanol suggested that O-containing monomeric
and dimeric degradation products were the main [24]. Supercritical 2-
propanol due to great H, transfer properties, was considered as one of
the best solvent options in conversion of organosolv lignin by using
Raney Ni at 300 °C under 7.0 MPa H, for 8 h, forming cyclic alcohols,
cyclic ketones, and unsaturated products [25]. Besides, simple
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monomers such as phenols containing methoxy groups, arenes, or/
and O-containing low-mass oligomers were produced by supercritical
liquefaction of lignin in the solvents such as ethanol, propanol,
methanol, and water by using the catalysts like Ru/C, NiMo, Ru-Cu/HY,
MoC;_y/Cu-MgAIO,, and Ni/Al-SBA-15 [26-30]. The efficient deoxy-
liquefaction of lignin remains extremely challenging in order to
develop small-molecular arenes used as transportation fuels or
additives.

In our previous work [31], deoxy-liquefaction of lignin was first
suspended in a self-made high-pressure reactor over nano-SiC
catalyst in supercritical ethanol. Lignin depolymerization and
deoxygenation for small-molecular arenes were fulfilled at 500 °C.
The change of residence time (30-120 min) did not influence
distribution of the liquid products. By the reactant suspension mode,
some advantages can initially be discovered: first, liquid products
and solid residues are naturally separated; second, re-polymeriza-
tion is further inhibited, and oligomers and solid products are not
observed in the liquid products; third, lignin depolymerization and
deoxygenation retaining aromatic rings are well performed when
the process can be carried out in a short residence time.

Supercritical hydrogen-donor solvents methanol, ethanol and
propanol are first used to research the effects of yield and
composition of the liquid products under a short residence time of
30 min, different temperatures and catalysts by the reactant
suspension mode since temperature, solvent, and catalyst are the
factors of prime importance which controls yield and composition
of products. In order to accomplish the efficient deoxy-liquefaction
of lignin, reasonably high temperature (450500 °C) is essential to
do the cleavage of C—O ether bonds and C—C bonds in lignin
interunit linkages. The development of highly effective catalysts
with low cost should be selected to make this process industrially
feasible [32], although noble metals catalysts like Pt, Pd, Re, Rh, or
Ru loaded on various supports have high catalytic activities
towards hydrogenolysis and hydrogenation of C—O bonds [33-37].
Besides the Fe-SiC catalyst, the Cu-C catalyst with hydrogenation
and cracking is first used to fulfill deoxy-liquefaction of lignin. The
aim of this study is to determine the optimal technology
parameters to perform the efficient deoxy-liquefaction of lignin
and the main process mechanisms are explored.

2. Materials and methods
2.1. Materials

Dealkaline lignin as raw material was obtained from Tokyo
Chemical Industry Co. Ltd, and the powder has a dark brown color.
Compositions of the dealkaline lignin were analyzed on Vario MACRO
Cube Elemental Analyzer and oxygen content was calculated by
difference. The contents (wt%) of C, H, N, S, and O are 51.43%, 4.71%,
0.35%, 0.18%, and 43.33%, respectively; and empirical formula is
C4.20H4.7102.71N0.02550.006. Nano-SiC with a grain size of 40 nm (99.9%)
and nano-C with a grain size of 30 nm (99.5%) were purchased from
Aladdin Industrial Corporation. Reduced iron powder with a diameter
of 100 mesh (Fe, AR) and copper powder with a grain size of 50 nm
(99.9%) were derived from Aladdin Industrial Corporation. All the
chemicals were not further treated before use.

2.2. Experimental setup

The experiments of deoxy-liquefaction of lignin without
external hydrogen were carried out in an airproof system. Tubular
reactor (@ 35 mm x 90 mm) constructed of hastelloy C-276 was
heated in electric furnace. A temperature controller did the
adjustments of the reaction temperature and heating rate by a
thermocouple inserted in the tubular reactor. The system pressure
was shown by a pressure gauge. In a typical process, lignin and

catalyst were well blended and the obtained mixture was wrapped
up by using double-layer nets of 800 mesh composed of 304
stainless steel, and next, the wrapping like the Chinese dumpling
was suspended in the self-made reactor. 22 ml of the solvent
(methanol, ethanol, or 1-propanol; AR, Tianjin Kemiou Chemical
Reagant) was put to the reactor. Before the experiment, the reactor
was emptied three times with argon gas. The sealed reactor was
raised to the desired temperature (450 °C or 500°C) at a rate of
10°C/min and held for 30 min. The maximum pressure of the
system depending on the reaction conditions reached 26-34 MPa
for methanol, 15-28 MPa for ethanol, and 10-21 MPa for 1-
propanol, respectively. Once the experiment ended, the reactor
removed was quenched in cold water. After reaching room
temperature, the reactor was opened and gas fraction was
collected for the compositional analysis. The wrapping was got
out and dried, and solid fraction was weighed and analyzed. The
liquid products without solid residue were poured out. Specifically,
the Fe-SiC catalyst was obtained by using simply mechanical
mixing of Fe powder and nano-SiC with a ratio of 1:1, and also, the
Cu-C catalyst with the same amount of Cu and C was achieved.
0.50 g of lignin was evenly mixed with 1.00 g of the Fe-SiC catalyst
or Cu-C catalyst. As comparative experiments, deoxy-liquefaction
of lignin with no catalyst was performed. The liquid products were
marked as OLM for that of methanol, OLE for that of ethanol and
OLP for that of 1-propanol. Each experiment was conducted six
times and the mean value (the standard deviations under the same
conditions were within 7%) was exhibited in the recorded results.

2.3. Product analysis

Analysis of the liquid products was done by using Trace GC
Ultra/Polaris Q (GC-MS, Thermo Electron) equipped with a column
of TRACE TR-5MS (30 m x 0.25 mm x0.25 pwm). Helium was used
as carrier gas. GC programmed temperature: at 45 °C for 3 min,
180 °C at a rate of 5°C/min, and up to 280 °C for 2 min at a rate of
20 °C/min. The injector temperature was 250 °C with a split ratio of
50:1. After a delay of 2 min, full scan mass spectra in the mass range
of m/z 30-400 were produced. The collected data were processed
by Xcalibur Data System. The liquid compositions were identified
by comparison with the mass spectra with the NIST II (National
Institute of Standards and Technology), together with a series of
arenes and phenols possessing C, to Cs branched chains as
standard compounds to perform more accurate identification of
the liquid compositions. FTIR spectra were collected by using KBr
pellets in the range 4000-400 cm ' on a Nicolet 5DX spectrometer.
Gas compositions were analyzed by a gas chromatograph (GC122,
Shanghai, China) with a thermal conductivity detector (TCD) and
carbon molecular sieve column TDX-01 (1.5 m x 2.0 mm i.d.) for
determination of Hy, CO,, CO, and CH,4. The solid residue was dried
at 120°C for 12 h, and its analysis was done by the Elemental
Analyzer. Higher heating value (HHV) of the liquid products was
calculated by Dulong’s formula [31]. Due to the solvent reactivity,
gas products were negligible, and yields of the liquid product
(Yiiquia» Wt %) and solid residue (Ysoiiq, Wt %) were calculated by the
following equations, respectively:

weightsof (lignin + thecatalyst) — weightofthesolidresidue

Yliquid = weightoflignin

Ysolid = 100 — Yliquid

3. Results and discussion
3.1. Conversion of lignin

Conversion of lignin under different conditions (Fig. 1) shows
that temperature has a significant influence on the yields. When
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Fig. 1. Conversion (wt%) of liquid products at 450 °C and the increase in conversion
at 500°C under different conditions. OLM, OLE, and OLP represent the liquid
products from methanol, ethanol, and propanol, respectively.

the temperature rises from 450 °C to 500 °C, conversion of lignin all
increases, indicating that temperature has a marked effect on
conversion of lignin [38,39]. Conversion of lignin goes up under the
catalysts in comparison with that of no catalyst. Concretely, in
methanol, conversion of lignin is in the range 48.2% to 53.8% at

450°C and 55.8% to 70.0% at 500 °C, respectively. Over the Cu-C
catalyst, conversion of lignin reaches a maximum of 70.0% at

500 °C, higher than that of the Fe-SiC catalyst (61.2%), meaning that
the Cu-C catalyst has better catalytic cleavage in methanol. In
ethanol, conversion of lignin are between 44.2% and 54.8% at

450°C and between 46.0% and 63.5% at 500 °C, respectively. The
Fe-SiC catalyst demonstrates higher catalytic conversion (63.5%)
than that of the Cu-C catalyst (60.4%) at 500 °C, indicating that the
Fe-SiC catalyst possesses better catalytic cracking in ethanol. In
propanol, the conversion changes between 47.6% and 53.0% at

450°C, and between 53.0% and 60.6% at 500 °C, respectively. A
maximum of 60.6% emerges under the Cu-C catalyst, slightly
higher than that of the Fe-SiC catalyst (58.0%). The results illustrate
that besides temperature and catalyst, solvent exerts a consider-
able effect on conversion of lignin [16,21]. Propanol exposes the
worst synergistic effect on conversion of lignin, implying that
conversion of lignin under high temperature and pressure has
almost no connection with the apolar character of the solvents,
which is different from the reported results [22].

3.2. The effect of temperature on distribution of liquid products

The main components of liquid products are showed in
Tables 1-3. The components are classified into four fractions:
arenes, phenols, hydrocarbons including alkanes and alkenes,
oxygen-containing compounds (O-compounds). Overall, with a
rise of temperature, yield of of arenes increases sharply, while yield
of of phenols decreases, indicating that high temperature favors
the deoxy-liquefaction of lignin. In methanol and with no catalyst,
yield of of arenes is only 7.05% at 450 °C, whereas arenes is raised to
40.57% at 500 °C. The arenes is mostly alkylated, including Cs-Co
and Cqp-Cy4 arenes. At 500°C, although the number of arenes
jumps, distribution of the carbon number shifts towards the
heavier arenes and especially, naphthalenes with high boiling
point are evidently formed, meaning that further condensation
reaction happens. Yield of phenols increases to 51.65% from 42.21%
with the increase of temperature and the alkylated phenols are
distributed in the C;-Cy, range. Hydrocarbons and O-compounds

reduce from 13.74% and 37.04% to 1.06% and 4.34%, respectively,
further demonstrating the advantages of cracking and deoxygen-
ation at high temperature. In ethanol and with no catalyst, yield of
of arenes is 37.59% at 450 °C and 46.87% at 500 °C, but yield of of
phenols is only 9.08% at 450 °C and no phenols are detected at

500°C, implying that the deoxy-liquefaction of lignin is well
demonstrated and arenes are derived from hydrodeoxygenation of
phenol derivatives. Importantly, the increase of temperature only
causes the formation of small naphthalenes (1.84%), and thus
further condensation reaction is not evident. The results are
contrary to that of methanol. Yields of hydrocarbons and O-
compounds are 14.82% and 38.50% at 450 °C, 0.36% and 53.11% at

500 °C, respectively. The O-compounds are composed of alcohols,
esters, acetal, and ketones. However, at 500°C the esters
disappears, and more stable O-compounds such as alcohols are
the main, similar to that of methanol. The formed O-compounds
are considered to be from alcohols and alcohols are reactant [31].
In propanol and with no catalyst, yield of arenes is only 6.11% at

450°C and 27.13% at 500 °C, when yield of phenols is 20.07% at

450°C and 16.45% at 500 °C. Compared to those of methanol and
ethanol, yield of arenes does not change markedly with the rise of
temperature. The arenes largely consist of Cs-Cg hydrocarbons and
no naphthalenes are detected. At 500 °C, some esters still exist.
Additionally, nitrogen-containing compounds like 2-ethyl-3, 5-
dimethylpyridine and sulfur-containing compounds like 3, 4-
dimethylthiophene are detected, showing that N and S elements
are not removed completely, which is unfavorable as transporta-
tion fuels or additives [40].

Although temperature imposes a remarkable influence on
distribution of the liquid products, the obtained aromatics are
alkylated arenes and mono-phenols with one hydroxyl group and
no methoxy groups, and contain no oligomers at 450 or 500 °C,
different from the reported lignin depolymerization [23,24,29,41].
The reactant suspension mode holds some advantages. The results
mean that during supercritical alcoholysis of lignin, the C—O0—C
and C—C linkages in the lignin units are cleaved. Compared to
450°C, the temperature of 500 °C results in much more arenes,
reasonably concluding that mono-phenols are further converted
into arenes. Under the same temperature, ethanol favors the
deoxy-liquefaction of lignin more in comparison with methanol
and propanol, and in other words, ethanol provides better liquid
products, a little similar to that of the reported results [23,42].

3.3. The effect of catalyst on distribution of liquid products

The catalysts Cu-C and Fe-SiC demonstrate the different
catalytic activity and selectivity under different temperatures
and solvents (Tables 1-3). Specifically, in methanol, yield of arenes
increases from 10.25% at 450 °C to 83.93% at 500 °C over the Cu-C
catalyst, while yield of phenols reduces accordingly from 66.79% to
14.76%.In the presence of Fe-SiC, yield of arenes rises from 9.24% at
450°C to 37.96% at 500 °C, and correspondingly, yield of phenols
decreases from 81.45% to 53.66%. With no catalyst, yields of arenes
and phenols are 7.05% and 42.21% at 450 °C, and 40.57% and 51.65%
at 500°C, respectively. It can be seen that at 450 °C, catalytic
alcoholysis of lignin has no remarkable improvement and
efficiency of the catalysts is not presented well, whereas at
500 °C, the catalysts, especially Cu-C, possess high catalytic activity
and selectivity. From the standpoint of the component distribution,
the catalysts at 500°C heighten the yield of Cg-Co arenes
significantly as well as Cy0-C;» arenes. However, it should be
noted that Cu-C results in much more naphthalenes (17.98%) such
as naphthalene, 1-methylnaphthalene, 1, 7-dimethylnaphthalene
and 1, 6, 7-trimethylnaphthalene than that of Fe-SiC (10.14%) and
no catalyst (12.57%) at 500 °C. The results indicate that although
Cu-C causes high yield of arenes and conversion of lignin (70%), the
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Table 1
Content (wt%) of main compounds under different conditions in methanol.
RT Compound Molecular No Catalyst Fe-SiC Cu-C
Formula
450°C 500°C 450°C 500°C 450°C 500°C

2.00 2,3-Dimethylbutane CgHi4 13.70 1.06 142 X 8.67 0.83
2.29 Methyl propionate C4Hg0, 3.90 X 4.04 X 3.02 X
2.39 2-Methyl-1-propanol C4H100 5.15 1.52 0.36 431 5.54 0.48
2.54 Benzene CgHg x 0.48 x 0.85 X 0.74
2.88 3-Methyl-2-butanol CsHq20 8.47 2.16 237 3.17 3.62 X
4,24 Toluene C7Hg 047 0.92 0.47 137 0.36 3.42
4.46 2-Methylbutanoic acid, methyl ester CgH1202 2.78 0.66 111 0.90 212 X
6.55 p-Xylene CgHio x 1.81 0.61 2.90 x 531
747 Ethylbenzene CgHio X 0.70 X 0.82 X 0.91
9.65 1-Ethyl-4-methylbenzene CoH12 X X X 1.02 X 1.86
9.99 Mesitylene CoH12 0.48 119 x 153 0.30 0.80
10.64 1,2,4-Trimethylbenzene CoH1o X 2.53 0.51 3.61 0.42 3.40
12.51 1-Methyl-3-propylbenzene CioH14 0.76 1.65 0.99 3.20 0.42 3.30
13.14 o-Cresol C;HgO x 1.05 x 114 x 2.28
13.46 p-Cymene CioH1s x 1.05 x 1.21 X 1.03
14.20 2-Ethylphenol CgH100 X 2.89 2.44 3.39 0.56 112
14.55 1,2,3,5-Tetramethylbenzene CioH14 175 2.50 0.55 2.67 1.21 X
15.41 2,3-Dimethylphenol CgH100 x 6.05 2.36 6.49 X 343
15.66 1-Methyl-3,5-diethylbenzene Ci1His 1.20 X X X 219 0.81
15.93 4-Ethylphenol CgH100 x 1.08 x 1.00 X 139
16.23 2,5-Dimethylphenol CgH100 x 1.80 x 1.08 X X
16.49 Naphthalene CyoHs x 2.51 x 116 x 4.33
16.88 1-Methyl-4-(3-amyl)-benzene Ci2Hig 0.44 0.94 X 213 X X
1711 2,4,6-Trimethylphenol CoH120 1.94 4.67 4.46 4.73 4.21 0.81
17.78 2,4,5-Trimethylphenol CoH120 1.63 5.42 5.32 5.94 x 135
18.07 1,3,5-Triethylbenzene Ci2His 0.44 0.99 X 2.51 3.31 X
18.57 3-Ethyl-5-methylphenol CoH120 0.54 0.86 2.61 3.03 0.75 x
18.78 2,6-Diethylphenol C10H140 0.47 8.45 2.59 4.82 X 2.22
19.14 Pentamethylbenzene CiiHis 1.52 1.88 2.05 1.59 1.02 x
19.61 2,4-Diethylphenol Cy0H140 1.10 133 2.44 1.63 5.08 x
19.87 2,4,5,6-Tetramethylphenol CioH140 211 x 1.05 X X x
20.03 1-Methylnaphthalene CiiHypo X 5.69 X 2.38 X 6.60
20.42 2,3,4,6-Tetramethylphenol C10H140 0.47 X 132 215 0.66 X
21.00 2-Ethyl-5-n-propylphenol C11H160 0.66 1.48 134 143 X 2.16
21.34 2,3,4,6-Tetramethylphenol C10H140 22.38 11.08 25.23 10.09 25.97 X
22.29 1-Ethyl-naphthalene Ci2H12 X X X 1.48 X 245
22.64 1,7-Dimethyl-naphthalene CioHpz x 2.89 241 1.74 1.01 3.22
23.06 3,5-Bis(1-methylethyl)-phenol Cy2H180 10.92 5.49 12.71 4.89 11.91 X
24.82 2,2'-Dimethylbiphenyl CiaH1a X X X X X 2.23
25.08 1,6,7-Trimethylnaphthalene Ci3Hia X 148 1.63 3.38 X 138
25.69 o-Isopropylphenetole C;1H160 16.73 2.37 14.53 1.85 15.68 x
26.72 2,4-Bis(1-methylethyl)-phenol C12H150 X X 3.04 X 1.96 x
27.01 Fluorene CisHio X X X X X 3.15
2947 2-Methyl-9H-fluorene Ci4H12 X X X X X 488
3115 Phenanthrene CisH1o x 2.34 x 2.42 X 4.55
31.60 2,3-Dimethyl-9H-fluorene CisHia X x X x X 2.27
32.56 2-Methylanthracene CisHqz X 5.80 X X X 6.93
33.46 4,5-Dimethylphenanthrene CigH1a x x X X X 2.81
34.25 Pyrene Ci6H1o X 3.23 X X X 17.5

condensation reaction is fairly violent and thus Cu-C cannot
suppress the formation of naphthalenes effectively. For phenols,
phenols are alkylated and carbon number ranges from C; to Cy5,
consistent with that of arenes, which can be deduced that arenes
stem from hydrodeoxygenation of phenols. So, at 500 °C, Cu-C
demonstrates much better performance of catalytic deoxygenation
than that of Fe-SiC, resulting in smaller amounts of phenols.
Besides, 2, 3-dimethylbutane as hydrocarbons is the main
component at 450°C, but at 500°C, the compound declines
substantially. At 450 °C, O-compounds mainly include esters such
as methyl propionate and 2-methylbutanoic acid, methyl ester, and
alcohols such as 2-methyl-1-propanol and 3-methyl-2-butanol. At
500 °C, the O-compounds drop drastically.

In ethanol, arenes rises from 45.11% at 450 °C to 63.24% at 500 °C
over the Cu-C catalyst, when phenols varies accordingly from 8.59%
to 19.40%. In the presence of Fe-SiC, arenes climbs from 25.43% at
450°C to 58.61% at 500°C, and 34.24% of phenols at 450°C is
determined while at 500°C, phenols is not detected. With no

catalyst, arenes and phenols are 37.59% and 9.09% at 450°C,
respectively, and arenes is 46.87% and no phenols is detected at
500 °C. At 450 °C, considerable amounts of arenes are obtained and
Fe-SiC has the disadvantage of hydrodeoxygenation resulting in
more phenols. However, at 500 °C, two kinds of the catalyst prove
catalytic deoxygenation and selectivity, and the difference is that
Cu-C produces quite a few alkylated phenols (C7-C1,) whereas Fe-
SiC does not, demonstrating better catalytic deoxygenation. As for
the product distribution, at 500 °C, Fe-SiC causes almost equal
amounts of Cg-Cq and C;9-C; arenes when Cg-Cq arenes account
only for 12.87% of arenes over the Cu-C catalyst. Meanwhile, Cu-C
results in more formation of naphthalenes (10.03%) than that of Fe-
SiC (2.94%), implying that Cu-C not only makes distribution of the
carbon number shift towards the heavier arenes but also favors
condensation reaction similar to that of methanol. O-compounds
contain alcohols, acetal, ketones, and esters, and at 500 °C, the O-
compounds decline markedly. Cu-C makes the O-compounds
reduce from 36.12% at 450 °C to 17.37% at 500 °C and Fe-SiC causes
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Table 2
Content (wt%) of main compounds under different conditions in ethanol.
RT Compound Molecular No Catalyst Fe-SiC Cu-C
Formula
450°C 500°C 450°C 500°C 450°C 500°C

2.07 2-Butanone C4HgO 3.22 439 1.80 6.18 x 2.58
222 2-Butanol C4H100 6.85 21.06 6.06 7.86 8.00 343
243 1-Methylcyclopentene CeHio 0.36 X X 0.67 0.38 X
2.54 Benzene CeHg 1.81 1.68 x 6.00 1.86 1.78
2.73 3-Penten-1-ol CsH;00 x 3.59 8.57 4.86 x 1.55
2.88 3-Methyl-2-butanol CsHq20 7.65 4.90 193 5.47 10.34 1.76
2.93 3-Methyl-hexane C;Hq6 5.77 x x x 5.26 x
313 2-Pentanol CsH; 20 191 4.54 1.95 3.62 1.82 118
3.28 3,4-Dimethyl-2-pentene C/Hyg 0.89 X 0.98 0.85 0.64 X
3.48 1,1-Diethoxyethane CgH1402 7.65 13.53 14.20 9.37 2.32 6.05
3.87 1-Cyclohexene-1-methanol C7H20 0.80 X x x 1.03 0.81
3.98 3-Methyl-2-pentanone CgH120 0.70 1.10 x 2.03 0.61 X
4.16 Toluene C;Hg 6.91 5.80 3.57 11.36 745 7.92
4.71 2-Heptene C7Hyq 1.02 0.41 1.42 2.47 0.89 1.09
4.86 3-Methyl-2-heptene CgHig 2.32 0.64 X 0.77 2.44 X
5.04 Butanoic acid, ethyl ester CsH120, 4.82 x 3.65 X 443 x
5.69 Ethylcyclohexane CgHie 0.59 X X 043 X X
5.86 2,3-Dimethylcyclohexanol CgH160 0.47 X x X 0.65 X
6.19 3-Ethylcyclohexene CgHia 1.82 X 0.74 0.65 2.81 X
6.55 p-Xylene CgHyo 2.19 3.40 125 3.94 215 4.08
6.79 1,3-Dimethylbenzene CgHio 4.60 4.22 3.47 4.06 5.05 5.07
7.47 Ethylbenzene CgHio 4.93 2.94 2.82 3.86 5.75 3.66
7.80 1-Ethyl-4-methylcyclohexane CoHig 2.05 X 2.10 0.57 1.54 X
9.35 Propylbenzene CoH1z 0.97 X x 0.63 1.37 1.10
9.65 1-Ethyl-4-methylbenzene CoHiz 3.57 3.58 213 3.40 4.41 5.10
1017 1-Ethyl-2-methylbenzene CoH12 1.21 134 112 1.07 113 2.56
10.64 1,2,4-Trimethylbenzene CoH12 X 1.00 X 0.77 X 1.46
10.83 Hexanoic acid, ethyl ester CgH1602 443 X 218 x 6.91 X
11.54 3-Ethyl-1,5-dimethylbenzene CioH1a 0.58 0.82 X 0.87 0.75 X
11.98 1,4-Diethylbenzene CioH14 0.92 1.63 137 1.26 114 171
12.61 2-Ethyl-1,4-dimethylbenzene CioHis 2.87 1.59 1.06 2.89 2.95 343
13.14 o-Cresol C;HgO x x 134 X x 244
13.20 3-Ethyl-1,4-dimethylbenzene CioH14 0.94 0.87 X 0.57 115 X
13.46 p-Cymene CioH14 175 243 1.00 2.90 2.29 x
14.07 1-Propyl-4-ethylBenzene CiiHie 1.20 0.81 118 0.87 x 1.50
15.00 3-Ethylphenol CgH100 X X 1.84 X X 1.93
15.15 1,3,5-Trimethyl-2-ethylbenzene Cy1Hie 0.63 2.48 x 1.06 X 1.62
15.38 1-Ethyl-4-methylethylbenzene CiiHie x 1.29 x 0.78 x 3.11
15.74 1-Methyl-3,5-diethylbenzene CiiHie 142 1.65 X 0.85 1.62 1.00
15.93 4-Ethylphenol CgH100 x X 2.76 x x 2.09
16.49 Naphthalene CioHg x X x x x 415
16.77 1-Methyl-4-(3-amyl)-benzene CioHig 1.08 427 X 3.00 1.51 X
17.65 2,3,6-Trimethylphenol CoH120 X X 4.89 X X 1.20
17.82 1-Propyl-4-isopropylbenzene CyoHyg x 2.18 x 112 0.77 2.29
17.94 2-Ethyl-4-methylphenol CoH120 x X 1.04 X x 2.03
18.56 3-Ethyl-5-methylphenol CoH;,0 X x 3.16 X X 2.01
19.12 2,5-Diethylphenol Ci0H140 3.88 X 1.82 x 1.59 211
20.03 1-Methylnaphthalene Ci1Hio x 1.84 1.22 2.94 x 2.56
21.00 2-Ethyl-5-n-propylphenol C11Hi60 423 X 9.16 X 3.82 4.27
22.29 1-Ethylnaphthalene Ci2Hi2 X X X x X 3.32
23.14 3,5-Bis(1-methylethyl)-phenol Ci2H150 0.97 X 8.22 x 317 1.33
25.08 1,6,7-Trimethylnaphthalene Ci3Hyg X X x X x 4.71

the O-compounds to decrease from 40.33% to 39.39%. Hydro-
carbons mainly include paraffins, cycloparaffins and alkenes.

In propanol, arenes change from 4.53% at 450 °C to 29.34% at
500°C over the Cu-C catalyst when phenols change accordingly
from 29.13% to 22.00%. As for Fe-SiC, arenes range from 5.76% at
450°Ct027.80% at 500 °C, and phenols range from 28.74% at 450 °C
to 25.95% at 500 °C. Without catalyst, arenes change from 6.11% at
450°Cto027.13% at 500 °C, and phenols are from 20.07% at 450 °C to
16.45% at 500°C. The results indicate that the Fe-SiC/ Cu-C
catalysts have much less influence on distribution of products,
compared to that of temperature (450 °C or 500 °C). In other words,
catalytic activity cannot play an effective role. From the point of
view of the components, at 500 °C, C¢-Cg arenes are in the majority
with Fe-SiC/ Cu-C, or rather, high temperature is more conducive to
small-molecular arenes. The alkylated phenols (C;-C;3) have a
similar effect. At 500 °C, C;-Cg aliphatic hydrocarbons are 18.31%

for Cu-C, 17.98% for Fe-SiC, and 18.73% without catalyst, and
corresponding O-compounds including C4-Cg alcohols, aldehydes,
ketones, ethers, and esters are 30.35%, 28.26% and 36.08%,
respectively. At 450°C, C;-Cq aliphatic hydrocarbons are 8.88%,
11.13%, and 10.37%, respectively, and O-compounds are 56.06%,
51.89%, and 60.85%, respectively. Besides the increase of aliphatic
hydrocarbons and decrease of O-compounds resulting from higher
temperature, it may partly be interpreted as hydrodeoxygenation
of the O-compounds resulting in more formation of aliphatic
hydrocarbons.

For the catalyst influence, the obtained arenes and mono-
phenols are alkylated, and phenols only possess one hydroxyl
group and have no methoxy groups like guaiacols by using the Pt/C
catalyst [43] or Pt/alumina catalyst [33]. There are not oligomers
[41]. The Cu-C catalyst has the optimal catalytic activity and
selectivity in methanol, whereas the Fe-SiC catalyst possesses the
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Table 3
Content (wt%) of main compounds under different conditions in propanol.
RT Compound Molecular No Catalyst Fe-SiC Cu-C
Formula 450°C 500°C 450°C 500°C 450°C 500°C

2.31 2-Methyl-1-propanol C4H100 3.52 3.45 2.61 2.02 3.09 2.59
245 Benzene CgHg X 213 X 1.65 X 1.70
2.58 Tert-amylalcohol CsHq 20 2.00 5.02 142 2.57 1.03 2.64
2.71 3-Methyl-2-butanol CsH;,0 0.92 3.25 1.01 322 0.70 2.75
2.85 3-Methylhexane C;Hyg 2.02 5.64 233 3.57 1.55 3.66
3.00 3-Pentanol CsH;,0 3.37 522 3.39 2.78 2.36 2.62
3.27 2,4-Dimethyl-2-pentene C/Hq4 X 1.98 X 1.60 X 1.80
3.60 5-Hexen-1-ol CgH120 1.67 x 1.81 x 1.55 X
3.74 4,4-Dimethyl-1,2-pentadiene C7H12 1.45 4.36 1.20 3.85 135 3.96
4.03 Toluene C7Hg 243 6.01 2.65 4.94 2.02 5.46
415 4-Hexen-1-ol CegH120 133 1.30 1.09 172 1.21 118
4.28 2-Methyl-3-pentanol CeH140 2.30 1.65 1.76 1.75 1.36 1.50
4.46 2-Ethylbutanal CgH120 2.95 2.86 222 2.53 1.62 2.60
4.79 2-Methylglutaric acid CeH1004 13.32 x 8.79 x 7.35 X
4.88 3-Hexanol CeH140 X 5.42 X 5.31 x 4.93
5.07 Propanoic acid, propyl ester CeH1202 5.68 1.61 8.64 1.37 5.76 1.46
5.60 Ethylcyclohexane CgHie 2.49 4.45 4,96 415 3.99 4,04
5.80 2-Methyl-4-pentenal CeH100 11.96 2.81 10.44 131 1713 2.55
6.44 2-Methyl-2-penten-1-ol CeH120 1.74 X 2.09 X 3.80 x
6.69 1,3-Dimethylbenzene CgHyo x 7.05 X 6.99 X 6.45
6.74 3,5-Dimethyl-1,6-heptadiene CoHq6 3.51 X 2.64 X 1.98 X
6.91 3,4-Dimethylthiophene CgHsS 2.60 1.62 0.90 X X x
7.19 1-Ethyl-4-methylcyclohexane CoHig 0.91 231 X 2.25 X 231
7.32 Ethylbenzene CgHyo 0.76 1.65 X 1.94 x 175
7.57 Butanoic acid, propyl ester C7H140; 1.51 x 1.04 x 1.30 x
7.59 3-Ethyl-2-methyl-1,3-hexadiene CoHis X X X 2.56 X 2.54
9.76 1-Ethyl-3-methylbenzene CoHy2 1.61 4.42 179 5.42 1.29 4,78
10.36 1,1-Dipropoxypropane CoH500, 7.09 2.54 5.57 3.7 6.64 5.53
10.54 1,2,4-Trimethylbenzene CoH12 X 1.92 X 219 X 2.94
10.68 Pentanoic acid, propyl ester CgH1602 1.50 0.94 X x 117 X
12.33 4-Methyl-1-methylethylbenzene CioH14 1.31 1.89 1.33 1.99 1.22 1.80
12.51 1-Methyl-3-propylbenzene CioH14 X 1.04 X 1.39 X 1.23
13.00 o-Cresol C7HgO 1.23 1.58 1.90 2.21 1.62 1.81
13.37 p-Cymene CioH14 x 1.03 x 1.29 X 1.22
13.99 2-Ethylphenol CgH;00 x 131 X 1.59 x 1.40
14.71 2-Ethyl-3,5-dimethylpyridine CoHy3N x X 1.58 X 139 X
15.01 1,3,5-Trimethyl-2-ethylbenzene Ci1His X X X X X 2.01
15.21 2,3-Dimethylphenol CgH100 2.29 3.21 2.38 4.17 2.04 3.65
15.84 4-Ethylphenol CgH100 0.96 1.20 1.65 199 137 1.55
16.52 2,5-Dimethylphenol CgH100 0.70 119 X 0.94 0.97 1.02
16.92 2,4,6-Trimethylphenol CoH;,0 2.05 1.51 1.81 1.63 1.26 1.52
17.33 2,3,6-Trimethylphenol CoH;20 X 0.92 1.45 2.37 1.24 114
18.40 3-Ethyl-5-methylphenol CoH120 1.20 1.04 2.49 191 1.95 138
18.67 2,6-Diethylphenol Cy0H140 139 1.08 1.36 2.54 2.57 3.36
19.87 2,4,5,6-Tetramethylphenol Ci0H140 2.71 145 1.57 X 1.50 x
20.10 3,5-Diethylphenol C10H140 X X 245 2.06 193 1.68
20.82 2-Ethyl-5-n-propylphenol C11H160 3.00 x 5.05 1.85 4.66 134
21.14 2,3,4,6-Tetramethylphenol C10H140 2.06 195 2.93 2.68 2.83 215
22.99 3,5-Bis(1-methylethyl)-phenol C12Hi50 2.48 X 3.71 X 5.19 x

optimal catalytic deoxygenation in ethanol. Cu-C and Fe-SiC can
not play an effective role in propanol, inconsistent with the
reported results [25]. Overall, at 500 °C, although the Cu-C and Fe-
SiC catalysts demonstrate high performance of catalytic deox-
ygenation, Cu-C tends more easily to make distribution of the
carbon number shift towards the heavier arenes and favor further
condensation resulting in more naphthalenes, whereas Fe-SiC
makes further deoxygenation of mono-phenols form more arenes.

3.4. The effect of solvent on distribution of liquid products

Solvent makes a significant impact on alcoholysis of lignin
(Tables 1-3). From the product’s perspective, at 450 °C, ethanol is
much better suited to alcoholysis of lignin than that of methanol
and propanol since the obtained products generate more arenes
and less phenols. At 450°C, Cu-C has the optimal catalytic
deoxygenation (45.29% of arenes), suggesting that ethanol is more
beneficial to catalytic activity and selectivity of Cu-C. At 500 °C,
though conversion of lignin and arenes increase markedly in three

kinds of solvent, methanol has the maximum yield of arenes
(83.93%) over Cu-C, indicating that methanol has better synergic
effect on catalytic deoxygenation and selectivity of Cu-C. It should
be pointed out that, in ethanol, the obtained products contain the
least yield of phenols and even phenols are not detected under the
catalyst Fe-SiC. In propanol, the obtained products do not show
highyield of arenes regardless of the existence of the catalyst or no,
and thus propanol is unsuited for the catalysts under this
conditions.

On the component side, though arenes and phenols are
basically alkylated, the difference is that methyl-substituted
aromatics in methanol are much more than that of ethanol, and
ethyl-substituted aromatics in ethanol are much more than that of
methanol. So, solvent molecules participate in the formation of
aromatics. In propanol, propyl-substituted aromatics are very
small, but there are much more methyl/ethyl-substituted com-
pounds, which can partly be attributed to the fact that propanol is
cleaved to methyl and ethyl, and the smaller radicals are easier
to attack benzene rings. As for other hydrocarbons and
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O-compounds, the marked effect of solvent is that the obtained deoxy-liquefaction of lignin is to obtain small-molecular arenes,
esters contain methyl groups in methanol, ethyl groups in ethanol, and thus ethanol is the most suitable for formation of small-
and propyl groups in propanol, respectively. The total amount of molecular arenes. Additionally, since the obtained liquid products
hydrocarbons and O-compounds in methanol is much less than have no solid resides and O-containing oligomers in the three

that of ethanol and propanol, meaning that condensation of solvents, the solvents can all act as a capping agent rather than only
methanol takes place less readily. It deserves noting that the aim of ethanol [17,44] to inhibit re-polymerisation reactions. So, under

HO
OH
HO
~
H,CO
B -O-4 cleavage < OH
5-5 cleavage HO
OH
HO
.
H,CO
(a)
HO
HO OH : R/H R/H
“RH - He “R/H
H,CO = . T
HaCO OH H5CO H3CO
OH OH OH
R/H R/H RIH R/H
- Hr - CH,0 R/
. . Z . - .
HaCO R/ H,CO R/ : R HIR RIH
OH OH OH OH
R/H R/H R/H
C-O cleavage “R/H R: CHs
o _— CH,CH,
H/R R/ ) HIR™ N SRy H/R R/H  CHsCH,CH,
OH RIH
(b)
HO
oH HO HO HO
HO . _oH
. OH R
—_— H- - H0 _H
HsCO
OH HIR R/H HIR R/H HIR R/H
R/H RH RMH
‘0
- Lo D C
- CHaQ H CHp=CH, - Hy O
- —
HR RIH H/R RH HR RH HIR RIH HIR RIH
R/H RMH RH RIH R/H
(0

Fig. 2. Main reaction pathways of lignin deoxy-liquefaction under high temperature and pressure.
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high temperature and pressure, the reactant suspension mode has
the unique process feature. Furthermore, in contrast to the
reported results [25], propanol demonstrates the worst synergistic
effect on the deoxy-liquefaction of lignin under those conditions.

3.5. FT-IR analysis

The liquid products are analyzed by using FT-IR, indicating that
the spectra are mostly identical because they possess almost the
same function groups. For example, the peaks in the range 3400-
3500 cm™! are assigned to stretching vibration of O0—H, when the
peaks in the range 2960 and 2850 cm ™! are ascribed to symmetric
and asymmetric stretching of the C—H bonds. The stretching
vibration band near 1640 cm~! is derived from the C=0 groups,
and the peak near 1120 cm ™! is considered to stretching vibration
of C—O—C bonds. The intense peaks of Ar-O range from 1260-
1180 cm . The bending vibration of C—H is observed by a few
peaks between 850 and 710 cm™. The results of FT-IR analysis are
in line with that of GC—MS analysis.

3.6. Reaction pathway

Based on the above distribution of arenes and mono-phenols
under different reaction temperatures, solvents and catalysts, the
main reaction pathway is explored to understand deoxy-liquefac-
tion of lignin. On the whole, first, the obtained arenes and phenols
are alkylated, and the phenols only possess one hydroxyl group and
contains no methoxy groups, meaning that methoxy groups are
removed and alkylation happens during the deoxy-liquefaction
process. Second, the phenols belong to small-molecular monomers
and have no oligomers. Third, yield of phenols at 450 °C is much
higher than that of the corresponding temperature of 500 °C,
although higher temperature favors the deoxy-liquefaction of
lignin more. In contrast, yield of arenes at 500 °C is much higher
than that of the corresponding temperature of 450 °C. Further-
more, carbon number of arenes ranges mostly from C; to Cqa,
consistent with that of phenols. Consequently, the main reaction
pathway can be reasonably deduced by combining the reactant
suspension mode (Fig. 2).

Two-thirds or more of the total linkages in lignin are C—O ether
bonds while B—0—4 bonds are the most common linkage, and the
rest are C—C bonds such as 5-5 bonds [8]. Since the deoxy-
liquefaction of lignin is a complex process, B—0—4 and 5-5 bonds
are used as a model of the lignin deoxy-liquefaction. In the first
stage (Fig. 2a), the cleavage of p—0—4 and 5-5 bonds occurs by
hydrogenolysis, forming aromatic monomers, and the monomers
are freed from the named Chinese dumpling and integrate into
supercritical fluid. Under high temperature and pressure, free-
radical reaction mechanisms are the preferred process [45,46]. In
the second stage (Fig. 2b), the monomers are converted into small-
molecular mono-phenols which are further converted into small-
molecular arenes. Deoxygenation by the cracking of C—C bonds
and alkylation/ hydrogenation happen, and then demethoxylation
and alkylation/ hydrogenation occur, which results in alkyl-
substituted mono-phenols. The formed mono-phenols are further
transformed into alkyl-substituted arenes by hydrodeoxygenation
and alkylation. During the cleavage, three types of solvents act as a
capping-agent to protect reaction intermediates and suppress re-
condensation. At higher temperature of 500 °C, hydrodeoxygena-
tion occurs more violently, generating more arenes, and especially,
under the catalyst Fe-SiC, mono-phenols are completely trans-
formed into alkyl-substituted arenes. The alkyl radical fragments
are obtained from the cracking of lignin and solvent molecules.
Hydrogen from solvent reforming is confirmed by gas analysis
which shows that apart from CO,, CH,4, and CO, H; is all detected
under different reaction conditions. In the third stage (Fig. 2c), a

possible reaction process of naphthalenes is proposed to explain
the condensation mechanism especially under the catalyst Cu-C.
The formed aromatic monomers undergo a sequence of radical
reaction such as hydrodeoxygenation, demethoxylation, alkyl-
ation/ hydrogenation, and dehydrogenation, generating benzyl
alkenes, and then cyclization such as Diels-Alder reaction and
further dehydrogenation occur, finally forming naphthalenes. As
the char is observed in the named Chinese dumpling, re-
polymerization of lignin causes the char.

3.7. Analysis of the char

The solid residues were dried at 120 °C for 12 h, and their analysis
was done by using the Elemental Analyzer. C,H and N contents of the
chars at450 °C are in the ranges of 68.73%-69.52%, 3.74%-3.87%, and
2.67%-2.81%,respectively,and accordingly, the O contents calculated
by difference are in the range of 24.86%-23.80%. At 500 °C,C,Hand N
contents vary between 73.31%and 74.12%,3.32%and 3.41%,2.47% and
2.54%, respectively, and the O contents are between 20.90% and
19.93%. The H/C molar ratios at 450 °C are between 0.65 and 0.67
while the H/C molar ratios at 500 °C are between 0.54 and 0.55,
indicating that high temperature is conducive to deoxy-liquefaction
of lignin. The heating values of the chars are between 24.14 and
26.25 M] kg™, higher than 17.21 MJ kg~ ! of lignin.

4. Conclusion

Small-molecular aromatics (C;-Cyp) from efficient one-step
alcoholysis of lignin in a self-made high-pressure reactor are
produced under different temperatures (450-500 °C), supercritical
solvents and catalysts by using a reactant suspension mode. Under
the short residence time of 30min, the temperature 500 °C
facilitates conversion of lignin (70%) and formation of Cg-Cg small-
molecular arenes. Methanol has the most synergistic effect on the
efficient deoxy-liquefaction of lignin over the Cu-C catalyst. In
ethanol, the Fe-SiC catalyst results in the formation of small-
molecular arenes rather than mono-phenols. Under high temper-
ature and pressure, the efficient cleavages of the C—O bonds and
C—C bonds in lignin eventually generate small-molecular arenes.
The results indicate that the reactant suspension mode is a feasible
route to perform the efficient deoxy-liquefaction of lignin.
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