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Phenolic compounds derived from biomass are important feedstocks for the sustainable production of
hydrocarbon biofuels. Hydrodeoxygenation is an effective process to remove oxygen-containing func-
tionalities in phenolic compounds. This paper reported a simple method for producing hydrocarbons by
liquefying biomass and upgrading liquefied products. Three phenolic compounds fractions (1#, 2#, and
3#) were separated from liquefied biomass with stepwise precipitation and extraction. Based on HSQC
NMR analysis, three phenolic compounds fractions were mainly comprised of aromatic and phenolic
derivatives. Three phenolic compounds fractions were hydrogenated and deoxygenated to cyclohexanes
using bifunctional catalysts via in situ hydrodeoxygenation. During the in situ hydrodeoxygenation, we
introduced bifunctional catalysts combined of Raney Ni with HZSM-5. The bifunctional catalysts showed
high selectivity for removing oxygen-containing groups in biomass-derived phenolic compounds. And
the hydrogen was supplied by aqueous phase reforming of methanol without external H,. Additionally,
the mechanism based on our investigation of in situ hydrodeoxygenation of phenolic compounds was
proposed. During the in situ hydrodeoxygenation, the metal-catalyzed hydrogenation and acid-catalyzed
hydrolysis/dehydration were supposed to couple together. Current results demonstrated that in situ
hydrodeoxygenation using bifunctional catalysts is a promising and efficient route for converting
biomass-derived phenolic compounds into fuel additives and liquid hydrocarbon biofuels.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

transforming these waste biomass into renewable feedstocks and
chemicals: biological conversion and thermochemical conversion

Due to the gradual depletion of conventional non-renewable
resources and generation of greenhouse emissions, renewable en-
ergy sources are attracting extensive attention [1]. Lignocellulosic
biomass is one of the most promising renewable energy sources for
sustainable production of fuels and chemicals [2,3]. Waste ligno-
cellulosic biomass, such as furniture manufacturing waste, paper
production waste, and agricultural residues are carbon neutral and
not fully utilized [4—6]. There are currently two main routes for
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[6,7]. Alternative thermochemical methods can convert solid
biomass into liquid bio-crude, which includes liquefaction (heating
with a solvent to obtain liquefied products) and fast pyrolysis
(rapidly heating without air to obtain pyrolysis oil) [7—9]. As an
important thermochemical conversion technology, liquefaction can
provide an efficient pathway to convert solid biomass into liquefied
oil [10]. Ideally, the liquefaction of biomass using organic solvents
to obtain high added-value chemicals and fuels is a particularly
important part of thermochemical conversion [11]. The liquefied
bio-crude contains more than 200 compounds with different mo-
lecular weights and sizes [12,13]. The complex compounds in raw
liquefied oil are chemically and thermally unstable with high ox-
ygen and moisture content [14]. Thus, making liquefied oil
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economically sustainable is very important for the commerciali-
zation of biobased production [15].

Liquefied bio-crude is a complex mixture, contains renewable
and valuable phenolic compounds such as 4-methoxyphenol,
dimethylphenol, syringol, and catechol [ 16,17], and contains 30 wt%
of lignin-derived phenolics, which are of high energy density [18].
Although many methods have been proposed for extracting
phenolic compounds from bio-oil [19—23], their studies regarding
characterization and fractionation of bio-oil were not focused on
extraction of phenolics. Their work provided much helpful infor-
mation on the composition of liquefied oil and the effect of
extraction solvent selected on yield of phenols [19,20]. Molecular
distillation is technically suitable for extraction and purification of
thermally unstable substances [21,22] such as liquefied oil, but the
method is not cost-effective because of the high vacuum and
expensive equipment needed. Steam distillation by adding water
vapour provides temperature lower than the common boiling
points of phenolic compounds [23], but further purification is
essential because the selectivity of phenolic compounds in the
distillate is low (21.3%). Supercritical carbon dioxide extraction of
liquefied oil is a good choice for pre-separation of phenolic com-
pounds, because of the non-flammable and non-toxic characteris-
tics of carbon dioxide and its low critical temperature (31.26 °C at
72.9 atm), however, the low phenols concentration (31%—41%) is an
obvious drawback [24]. Another published method for separating
phenolic compounds from bio-crude is organic solvent fraction-
ation combined with an acidification-basification process [25],
which unavoidably results in amount of salts. Although pyrolysis oil
can be phase-separated into water-soluble and water-insoluble
fractions by extraction with water, the upgraded and utilization of
water-insoluble fractions is not clearly understood.

Hydrodeoxygenation is an effective technology for upgrading
phenolic compounds into high energy hydrocarbons such as al-
kanes and hydrocarbons. Hydrodeoxygenation of lignin-derived
model phenolic compounds to cyclohexanes and their derivatives
with external H, has been reported in recent literatures [26—29].
For example, zeolite supported metal catalysts, such as Pt/HBeta
[30], Ru/HBeta [18], Cu/HBeta [31], Ru/HZSM-5 [32], and Ni/HZSM-
5 [33] have been widely used in the hydrodeoxygenation process
with external Hy, for converting model phenolic compounds into
cyclohexanes and hydrocarbons. Other dual-functional catalysts,
such as Pd/C with liquid acid (H3PO4) [34] or solid acid (HZSM-5)
[35] are also important catalyst components in present of external
H, and water solvent for converting lignin-derived model phenolic
compounds into hydrocarbons. These studies were focused on
monomers and dimers model phenolic compounds with external
H,, which may not be applied to the real lignin-derived phenolic
compounds from the complex components in bio-oil or liquefied
bio-crude. The hydrodeoxygenation of model phenolic compounds
with external H, has been mostly conducted at high H; pressure in
a batch-wise autoclave (4—20 MPa) or in a continuous-flow fixed-
bed reactor (5—10 MPa) [26]. The high H, pressure was required to
give a high deoxygenation degree, but it saturated the aromatic ring
before eliminating the oxygen groups [29]. These studies of model
phenolic compounds are important for establishing the optimal
conditions for converting phenolic-rich bio-crude into high quality
biofuels. In an industrial bio-oil system, the highly active oxo-
functionalized molecules also readily polymerize, which requires
suitable catalytic technology and process to directly hydro-
deoxygenate the bio-crude under mild conditions. Liquid hydro-
deoxygenation donors such as alcohols and water are used during
the hydrogenation process instead of external H,. Vasiliadou [36]
and Yfanti [37] investigated a tandem catalytic cycle of aqueous
phase reforming of methanol for glycerol hydrodeoxygenation
targeted to 1,2-propanediol formation. The hydrogen donor needed

for glycerol hydrodeoxygenation was provided by in situ aqueous
phase reforming of methanol. Ferrini [38] investigated the
approach to catalytic biorefining of biomass to non-pyrolytic lignin
bio-oil in 2-propanol and water over Raney Ni. The hydrogen
generated from the aqueous phase reforming of 2-propanol, can
effective transfer to the phenols. However, specific studies on the
effects of the coupling aqueous-phase reforming of alcohols to the
in situ hydrodeoxygenation of phenolic compounds and the appli-
cation for in situ hydrodeoxygenation are still lacking.
Considering all of the above limitations, we have developed a
simple method for separating the renewable phenolic compounds
derived from liquefied biomass and upgrading these phenolic
compounds into cyclohexane hydrocarbons suitable as fuel addi-
tives and bio-fuel. The separation method involved the develop-
ment of stepwise precipitation and water-organic solvent
extraction technology. In this work, we investigated the feasibility
of using a water-organic solvent to extract renewable phenolic
compounds from liquefied products. Therefore, we expect that this
approach could be applicable for all thermochemical conversion
methods of bio-crudes. The upgraded method of phenolic com-
pounds was investigated on in situ hydrodeoxygenation with the
aqueous phase reforming of methanol with bifunctional catalysts.
The bifunctional catalysts combined Raney Ni with HZSM-5 can
achieve the aqueous-phase reforming of methanol coupled with
the in situ hydrodeoxygenation of phenolic compounds. The
cyclohexane hydrocarbons were also obtained through a cascade
bifunctional catalysed cleavage of C—O bonds in phenolic dimers.
Overall, this study aimed to investigate the stepwise separation
method and in situ hydrodeoxygenation process that can be effi-
cient and economical design for converting waste lignocellulosic
biomass into fuel additives and liquid hydrocarbon biofuels.

2. Experimental
2.1. Chemicals

All chemicals in the study were of analytical grade, commer-
cially available, and used without further purification. The bamboo,
bagasse, eucalyptus, pine, poplar, and straw used in the experi-
ments were collected from a local farm (Jiangsu, China). The
composition analysis results are shown in Table S1. All materials
were dried under vacuum at 105 °C for 24 h and passed through a
40—50 mesh (size 300—425 pm) sieve. The materials were kept in
sealed bag until needed, at which time small samples were dried
further in an oven at 105 °C for 12 h.

2.2. Preparation three phenolic compounds fractions

Three phenolic compound fractions and glycoside compound
fraction were obtained by a stepwise method and water-organic
solvent extraction technology of liquefied products obtained from
different biomass materials. The liquefied products were collected
from a directional liquefaction, which were carried out in a high-
pressure autoclave fitted with a thermocouple, stirring device,
and a pressure gauge (0—30 MPa). 60 g biomass material was
introduced into a solution of 420 g methanol with 1.5 g of sulfuric
acid. The mixtures were heated in an autoclave at a specified
temperature and stirred for a designated time period. When the
reaction was complete, the autoclave was cooled to room temper-
ature in a water bath. The liquefied liquid mixtures were removed
from the autoclave and filtered through a membrane filter with a
pore size of 0.8 um. The filtrate was neutralized to pH = 7 using
NaOH solution. The liquefied products were distilled under vacuum
at 50 °C to remove and recycle the methanol, which left liquefied
products (bio-oil) that did not contain methanol. The filter cake
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(residue) was repeatedly washed with methanol to extract the
residue as completely as possible. The residue was dried at 105 °C
for 24 h.

The three phenolic compounds fractions and glycoside com-
pounds fraction were obtained by water-organic solvent with a
stepwise precipitation and extraction process. Deionized water was
added into the liquefaction neutralized filtrate (liquefied products)
with a weight ratio of 3:10. Insoluble pyrolytic lignin with high-
weight molecular (phenolic compounds fraction 1#) in filtrate
mixtures was precipitated by a centrifuge process. Then, the
methanol was partly removed by distillation of the mixture liquid
under vacuum at 50 °C, after which the lower-weight molecular
fraction of pyrolytic lignin (phenolic compounds fraction 2#) was
separated. Furthermore, 20 g ethyl acetate (EtOAc) was added into
the mixture liquid (mixture liquid to EtOAc with a weight ratio of
1:1). While the methanol was completely removed, the liquefied
mixtures were separated into water soluble phase and EtOAc sol-
uble phase. The EtOAc soluble phase was distilled under vacuum at
45 °C to remove the EtOAc and to separate the lowest-weight
molecular fraction of pyrolytic lignin (phenolic compounds frac-
tion 3#). These three phenolic compound fractions of pyrolytic
lignin were phenols separated from liquefied products (Fig. 1). The
three parts of phenolic compounds were diluted with acetone for
GC-MS analysis.

Besides, Eq. (1) was used to calculate the biomass conversion
(on a weight basis).

weight of solid residue

Conv. (%) =1- weight of materials

x 100% (1)

We discussed the results of scaled-up extraction including the
mass balance of the whole directional liquefaction and extraction,
extraction efficiency. The mass balance of liquefaction process
included the weight of major products (three phenolic compounds
fractions and glycoside compounds fraction) and the recovery of
solvent. Furthermore, we investigated the GC-MS components of
three phenolic compounds fractions and glycoside compounds
fraction, 2D HSQC NMR analysis of three phenolic compounds
fractions, GPC and FT-IR analysis of three phenolic compounds
fractions and liquefied products, SEM, TG-DTG, and XRD analysis of
biomass material and liquefied residue.

2.3. Preparation of catalysts

250 g NaOH solution (50 g NaOH solid fully dissolved in 200 mL
deionized water) was added into a 500 mL three-necked round-
bottom flask. Then 30 g Ni—Al alloy (Shandong Jiahong Chemical
Co., Ltd.) was slowly added to the NaOH solution in round-bottom
flask at the temperature of 50 °C. The solution was precipitated
after 2 h of ultrasonic dispersion and magnetic stirring at 60 °C. The
prepared solid was washed several times by deionized water until
the pH = 7-8, and then washed on the filter by ethanol for
removing water. The prepared Raney Ni catalyst was kept in
ethanol until needed.

The HZSM-5 catalyst was prepared by repeated with ion-
exchange of commercially available ZSM-5 zeolite (Catalyst Com-
pany of Nankai University) with a 10 wt% NH4Cl solution at 80 °C
with magnetic stirring. Each procedure lasted for 1 h, the used
solution was substituted with fresh solution (1 g zeolite in 10 mL
solution). The process was repeated 5—6 times, after which the
solid was washed with deionized water on the filter for 4—5 times
for removing Cl~, and then dried at 120 °C for 12 h. The acid HZSM-
5 catalyst was generated by activation at 450 °C in air for 8 h.

2.4. In situ catalytic hydrodeoxygenation of three phenolic
compounds fractions

The in situ hydrodeoxygenation of three phenolic compounds
fractions (2.0 g) were performed in a 100 mL stainless autoclave in
the presence of 1.0 g Raney Ni and 1.0 g HZSM-5 bifunctional cat-
alysts. In a typical experiment of the aqueous phase reforming of
methanol, water (40 g) and methanol (10 g) were loaded into the
autoclave. Then the autoclave was sealed and purged with N; for 3
times to exclude air, and the initial pressure (py) was raised to
0.1 MPa. An automatic controller was used to control the revolution
of the stirrer (600 r/min) and the temperature of reactor. The re-
action temperature was set at 220 °C with a heating rate of 5 °C/
min, and the reaction time was 9 h after reaching the set temper-
ature. After the reaction, the autoclave was cooled down to the
room temperature, liquid and gas products were analyzed by GC-
MS and GC, respectively.

Stepwise process with precipitation and extraction

A

Directional
liquefaction

Step 1
Add water,
centrifuge.

Biomass

materials Liquefied

products

ﬂ ,
&

Fraction 1#

- -

Step 2 Step 3
Remove MeOH, Add EtOAc,
centrifuge. extract.
Glycoside
compounds
fraction
- Saccharide
‘ derivatives
Fraction 2# Fraction 3#

Three phenolic compounds fractions

Aromatic derivatives

Fig. 1. Schematic of the procedures for phenolic compounds fractions from liquefied products.
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2.5. Analysis methods

The main components analysis of liquefied products and
phenolic compounds were conducted on a mass spectrometer (MS,
Agilent 5975C VL MSD). The products were separated into their
components using a gas chromatograph (GC, Agilent 7890A)
equipped with a fused capillary column (HP-5, L = 30 m, inner
diameter = 0.25 mm, and film thickness = 0.25 um) with 5% phenyl
methyl silox and 95% dimethylpolysiloxane as the stationary phase.
Temperature programming was held at 25 °C for 5 min, heated to
240 °C at the rate of 10 °C/min, followed by 15 min at 240 °C.
Injector temperature was maintained at 240 °C. The carrier gas was
helium at a flow rate of 1.8 mL/min (linear velocity 45 cm/s) and
90 KPa inlet pressure was the carrier gas employed. The sample
(0.2 pL) was injected neat with 1:20 split ratio at a split flow rate of
1.5 mL/min. The identification of the components of liquefied
products and phenolic compounds were confirmed using total ion
chromatograms as well as a fragmentation pattern. The MS detector
was operated in the electron ionization mode (70 eV) with an
ionization temperature of 220 °C. The mass spectra were recorded
in electron ionization mode for m/z 50—550.

The molecular weights of three phenolic compounds fractions
and liquefied products were measured by Gel Permeation Chro-
matography (GPC) using Waters-1515 system (USA) equipped with
the manually packed column. GPC analysts were performed using
the 20 pL injection volumes. Analysis was completed in 25 min.
Tetrahydrofuran and polystyrene were used as solvent and internal
standard, respectively.

Functional groups of liquefied products and phenolic com-
pounds were measured using Fourier Transform Infrared Spec-
troscopy (FT-IR). The test ranged from 4000 to 300 cm~!, with
resolution greater than 0.4 cm~!, ASTM standard linearity better
than 0.1% T, and wave number accuracy greater than 0.01 cm™ .

The structures of three phenolic compounds fractions were
determined by Nuclear Magnetic Resonance (NMR) spectroscopy.
13c_1H correlation 2D Heteronuclear Single Quantum Coherence
(HSQC) NMR was recorded on a Bruker DRX 500 NMR spectrometer
that operated at 500 MHz. The spectral widths for the 'H and '3C
dimensions were 8.5 and 120.0 ppm. The measurement was con-
ducted in dimethyl sulfoxide (DMSO-dg) solvent at 30 °C, and tet-
ramethylsilane was used as the internal reference.

A NeoScope JCM-5000 scanning electron microscope (SEM)
(5—10 kV accelerated voltage) was used to analyze the morphology
of the raw material and liquefied residue in order to compare the
effect of heating liquefaction treatments.

A thermogravimetric (TG, PerkinElmer) analyzer was used to
analyze the raw materials and liquefied residue under N, atmo-
sphere. The nitrogen flow rate was kept at about 250 mL/min at
standard state. A sample weight of around 10 mg was used in every
occasion and placed in a crucible. Initially, the material and residue
were heated to 120 °C and kept for at least 30 min under the N,
atmosphere to remove all the moisture from the material and resi-
dues. Afterwards, biomass material and liquefied residues sample
were heated from 30 °C to 800 °C at a heating rate of 10 °C/min.

X-ray diffraction (XRD) patterns of the raw materials and lig-
uefied residue were performed using an X' RA instrument with
monochromatic Cu/Ka radiation (A = 0.154180 nm). The diffracted
intensity was measured in a 20 range from 10° to 60°, using a
counting speed of 2°/min, with a step of 0.02°.

Eq. (2) was used to calculate the relative crystallinity of material
and liquefied residue.

Segal equation: Cr(%) = (Ino2 — lam)/looz x 100% (2)

Cr——Percentage degree of relative crystallinity.

Ipo2——(002) Crystal surface diffraction intensity, the maximum
diffraction intensity.

Iam——The amorphous region diffraction scattering intensity of
20 angle near 18°.

3. Results and discussion

3.1. Directional liquefaction of biomass and extraction of liquefied
products

Ethyl acetate (EtOAc) is one of the most commonly-used sol-
vents for extraction processes, and has been used to demonstrate
many potential applications. In this work, we used H,0 and EtOAc
solvents with stepwise precipitation and extraction to separate
three phenolics and glycosides fractions from liquefied biomass
products. The EtOAc can be removed and collected by distillation at
low temperature and recycled for subsequent extraction.

We proposed the following basic scheme for using a water-
organic solvent, new stepwise precipitation and extraction
method to separate three phenolics fractions and glycosides frac-
tion from liquefied products. The stepwise precipitation and
extraction process is illustrated in Fig. 1. First, deionized water and
high-speed centrifugation were used to separate water-insoluble
phase compounds (fraction 1#). Second, switch the water and
methanol to its hydrophilic form liquefied products to separate
methanol-insoluble phase (fraction 2#) with the lowest-weight
molecular phenols kept in the water phase. Third, use an organic
solvent such as EtOAc to extract these phenolic compounds (frac-
tion 3#) from the water phase. At the same time, the glycoside
compound fraction in the water-soluble phase can be acquired in
the extraction process with high purity.

3.1.1. Mass balance of whole directional liquefaction and extraction

The mass balance of whole liquefaction and extraction was
shown in Table 1. The main components of gas products in biomass
liquefaction were shown in Table S2. The conversion of lignocel-
lulosic biomass material was according to the mass of liquefied
products (without methanol). The conversion of biomass material
was mostly more than 80%. About 20 g methanol was lost in the
conversion of 60 g biomass with 420 g methanol. A part of reduced
methanol went into the bio-oil, and some was lost as dimethyl
ether or other gaseous products such as Hp, CO, and CO».

After the stepwise precipitation and extraction process, the
weights of three phenolic compounds fractions that separated from
six material liquefied oil were remarkably different. The recovered
liquefied products of bamboo in the three phenolic compounds
fractions and glycoside compounds fraction, calculated without
methanol was 48.05 g in total, which was 94.16% of the starting
liquefied products (51.03 g). The rest was lost in the deionized
water and part of it was kept in the recycled ethyl acetate and
methanol. Fraction 1# and fraction 2# were the major fractions of
the solid phenolic compounds. In bamboo liquefaction and
extraction process, they accounted for 14.23% and 19.02% of the
liquefied products (without methanol) mass, respectively. Fraction
3# was extracted by EtOAc solvent accounting for 7.87% of liquefied
products (without methanol) mass. Compared with other biomass
materials, bamboo, bagasse, and pine were better liquefied and
extracted.

3.1.2. Main components of three phenolic compounds from biomass
liquefied products

The main components of three phenolic compounds fractions
from bamboo, bagasse, eucalyptus, pine, poplar, and straw liquefied
products are shown in Table 2 and Table S3. Many kinds of phenolic
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Table 1
Mass balance of different biomass material liquefaction and solvent extraction.
Biomass Biomass Liquefied products (g) Solid residue (g) Extraction
i o : a (o
conversion (%) Mass in phenols fraction Glycosides Recovery of efficiency” (%)
1% o 34 methanol
Bamboo 85.05 6.84 9.14 3.78 28.29 398.51 8.97 94.16
Bagasse 85.30 6.02 9.45 3.92 29.18 387.06 8.82 94.90
Eucalyptus 82.70 5.08 8.93 3.54 29.04 401.33 10.38 93.89
Pine 84.02 5.25 9.02 3.90 28.14 385.42 9.59 91.86
Poplar 80.33 5.04 8.46 3.77 28.09 400.18 11.80 94.11
Straw 79.15 4.68 8.88 3.51 2748 385.42 12,51 93.60

Reaction conditions: sulfuric acid 1.5 g, material 60 g, methanol 420 g, temperature 200 °C, time 10 min.
2 Extraction efficiency = mass of phenolic compounds and glycosides/mass of liquefied products (without methanol).

compounds were detected in the products, such as 2-methoxy-4-
propyl-phenol, 4-methoxy-guaiacol, 4-propyl-2,6-dimethoxy-
phenol, 4-hydroxy-3-methoxyphenyl-2-ethanol, 4-(3’-methoxy-
4'-hydroxy)-phenyl-2-carboxylate, 4-methoxy-2-hydroxy-benzo-
ate, and methyl 3-(4-hydroxy-3-methoxyphenyl)-acrylate. This
result indicated that the bamboo was effectively degraded into low-
weight molecular chemicals during the liquefaction process. The
directional liquefaction of biomass was not only simply the
degradation of hemicellulose and cellulose with recalcitrant crys-
talline structure, but also included the depolymerisation of high
polymerization lignin. The decomposition of the lignin structure in
the biomass material had a similar mechanism by cleaving the
dominant linkages including 4-0-5, $-0-4, and dibenzodioxin unit
[39]. The methanol solvent with —OH functions as a nucleophile
attacked the electrophilic C adjacent to the glycosidic bond in cel-
lulose and hemicellulose. As a result, the electrons moved towards
the oxonium ion, created a neutral hydroxyl group and a good

leaving group by cleaving the C—O bond.

Three phenolic compound fractions included phenolic mono-
mers, dimers with various functionalities, especially methyl,
methoxy, aldehydes, ketones, esters, and other complex propyl
groups. Three phenolic compounds fractions from different
biomass materials were remarkably different (Table S3). The com-
ponents and distributions of three phenolic compounds fractions
from the same liquefied products were also significantly different.
Fraction 1# were mainly consisted of 4-methoxy-guaiacol, 4-
hydroxy-3-methoxyphenyl-2-ethanol, 1-(4-hydroxy-3-
methoxyphenyl) ethanone, 4-(3’-methoxy-4'-hydroxy)-phenyl-2-
carboxylate, (E)-methyl 3-(4-hydroxy-3-methoxyphenyl) acrylate,
and a part of phenolic dimers. The mainly components of fraction
2# compounds were eugenol, 4-propyl-2,6-dimethoxy-phenol, 4-
hydroxy-3-methoxy-phenyl-2-ethanol, 1-(4-hydroxy-3-methoxy-
phenyl) ethanone, 4-(3’-methoxy-4'-hydroxy)-phenyl-2-
carboxylate, 4-methoxy-2-hydroxy benzoate, and little phenolic

Table 2
Main components of three phenolic compounds fractions from bamboo liquefied products.
R.T (min) Identification by GC-MS Area (%)*
1# 2# 3#

Phenolic compounds 79.96 82.74 85.51
10.67 2-Methyl-phenol 3.29 — 6.19
13.08 Guaiacol 1.77 233 4.67
13.47 4-Methyl-guaiacol - 3.17 8.29
16.69 3-Methyl-guaiacol 2.30 3.89 6.23
17.31 2-Methoxy-4-propylphenol 4.21 6.39 4.22
18.09 4-Methoxy-guaiacol 3.89 7.22 14.74
19.46 Eugenol 3.19 14.23 9.72
20.27 4-Propyl-2,6-dimethoxyphenol 5.89 8.34 6.17
20.95 4-Hydroxy-3-methoxyphenyl-2-ethanol 10.46 12.02 8.33
23.66 1-(4-hydroxy-3-methoxyphenyl)ethanone 12.93 7.68 -
25.39 Vanillin 4.78 - 9.88
26.47 4-(3'-methoxy-4'-hydroxy)-phenyl-2-carboxylate 533 7.93 6.22
27.23 Methyl-4-hydroxy-3-methoxybenzoate 213 - 8.21
29.80 Methyl-2-(4-hydroxy-3-methoxyphenyl)acetate 3.49 2.30 —
30.62 (3,4-dimethoxyphenyl)-methoxy-methanol 2.87 0.94 -
31.52 4-Methoxy-2-hydroxybenzoate 3.77 6.03 4.58
31.98 (E)-Methyl 3-(4-hydroxy-3-methoxyphenyl) acrylate 6.22 432 7.21
33.5-35.0 Phenolic dimers 8.50 3.45 -

Others 7.16 6.44 5.81
6.39 Furfural - - 1.16
8.53 5-Hydroxymethylfurfural - - 2.60
10.94 B-Methoxy-2-furanmethanol 0.57 217 1.02
17.64 2-Naphthalenecarboxylic acid methyl ester — 0.87 —
24.60 Methyl octanoate 1.81 — 1.19
25.75 2,5-Dimethyl-2,4-hexadiene 2.09 0.95 -
28.85 1,1,1"-(1-ethanyl-2-ylidene)-tris-Benzene 2.69 1.15 -
31.65 1,2-Dimethoxy-4-(3-methoxy-1-propenyl)benzene — 1.30 —

All unknown compounds 8.63 6.61 7.11

Reaction conditions: sulfuric acid 1.5 g, material 60 g, methanol 420 g, temperature 200 °C, time 10 min.

2 Area percent is based on the total ion current.
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dimer compounds. The fraction 3# compounds were mainly con-
sisted of 2-methyl-phenol, 4-methyl-guaiacol, 4-methoxy-guaiacol,
eugenol, 4-propyl-2,6-dimethoxy-phenol, 4-hydroxy-3-methoxy-
phenyl-2-ethanol, vanillin, 4-(3’-methoxy-4'-hydroxy)-phenyl-2-
carboxylate, methyl-4-hydroxy-3-methoxy-benzoate, phenols
with simple molecular structure and chemical bonding. There were
about 10% unknown compounds in the spectra, which could
potentially be phenolic trimers, tetramers, and other complex ar-
omatic derivatives. Absolute structural identification of these
complex compounds were not possible, since these unknown
compounds' aut hentic standards were not available in the GC-MS
database.

3.1.3. HSQC NMR spectroscopy of phenolic compounds

2D 'H/™C NMR spectroscopy provided some important struc-
tural information of complex chemical structure, as it allowed the
resolution of otherwise overlapping resonances that observed in
the 1D 'H/'3C NMR spectroscopy. To determine the specific struc-
tures in biomass-derived phenolic compounds, as well as the
linkages between phenolic compounds and associated side chain
groups, all of the three phenolic compounds fractions were
analyzed by 2D HSQC NMR spectroscopy in present study. The three
phenolic compounds fractions contained phenolic monomers and
dimers with various functionalities, such as methyl, methoxy, ether,
ester, aldehyde, and complex alkyls. The possible structures and
units of three fractions are presented in Fig. S1, included A, B, C, G,
H, I, PB, S, and §' units. In specific, the A, B, C, G, H, [, PB, S, and S
were on behalf of B-0-4’ ether linkage, resinol unit, phenyl-
coumaran unit, guaiacyl unit, p-hydroxyphenyl unit, p-hydrox-
ycinnamyl alcohol unit, p-hydroxybenzoate unit, etherified syringyl
unit, and oxidized syringyl units, respectively.

The main cross peaks of phenolic compounds fractions in HSQC
NMR spectra were presented in Table S4. The whole spectra of
phenolic compounds can be divided into three regions: aromatic
regions (A regions, dc/0y 95—140/5.00—8.00 ppm), C—O aliphatic
side chain regions (B regions, dc/oy 55—90/3.25—6.50 ppm), and
C=C aliphatic side chain regions (C regions, dc/oy 15—50/
1.00—3.25 ppm) (Fig. S2). The main 2D HSQC correlation signals of
three phenolic compounds fractions were shown in Fig. 2, corre-
sponding to the spectra of fraction 1#, 2#, and 3#.

In the A region (aromatic region, é¢c/0y 95—140/5.00—8.00 ppm),
the prominent cross-signals at dc/éy 130.3—131.1 and 7.55—7.81
correspond to Cy 6/Hz 6 correlations of PB units (Fig. 2 1#-A, 2#-A,
3#-A). Different correlations observed at dc/éy 114.3/6.41 and 116.3/
6.62—6.81 ppm are attributed to Cs/Hs and Cg/Hg from G units. The
correlation signals at dc/dy 108.5/7.07 ppm are correlated with Cy 6/
Hy correlations of S’ units. The correlation signals at dc/oy
105.5—-106.5 and 6.40—6.50 ppm are attributed to Cy/Hy ¢ corre-
lations of S units. Besides, minor C,/H, aromatic correlation from I
units can be observed at dc/dy 128.4/6.54 in HSQC spectra (Fig. 2 1#-
A). In accordance with the HSQC spectra aromatic regions of frac-
tions 2# and 3# (Fig. 2 2#-A, 3#-A), no C,/H,, correlations of I units
were detected. The spectra of fraction 2# have higher ratio of G
units than fractions 1# and 3#. Correlation signals for the fraction
2# were much broader than these in the fractions 1# and 3#, which
were consistent with its slower molecular motion and higher mo-
lecular weights. The signals for S’ units are only presented at the
fraction 1#. And there are no correlation signals of S and S units in
fraction 2#. Only G and PB units were observed in the A region of all
the three phenolic compounds fractions. Due to the interaction of
other functional groups that produced during liquefaction process,
the A region of three phenolic compounds fractions are obviously
different on the altered side chain of the G, PB, S, and S’ aromatic
rings.

The B regions (C—O aliphatic side-chain region, dc/0y 55—90/

3.25—6.50 ppm) in 2D HSQC spectra also provide useful informa-
tion about the interunit linkages of these phenolic compounds.
Correlation signals for methoxyls (6¢/0y 53.5—57.5/3.55—4.00) and
B-0-4" aryl ether linkages of phenolic compounds are the most
prominent in the B region. Lignin is composed of randomly
branched units of syringols, guaiacols, and phenylpropenyl. The
phenylpropenyl, syringols, and guaiacols building blocks, as well as
the monomer-derived units, are connected through several types of
C—0—C and C—Clinkages, including $-0-4, 4-0-5, -5, f-B, and 5-5,
forming biphenyl, resinol, alkyl-aryl ether, phenyl coumarane, and
biphenyl ether substructures. The B-O-4 and B-0-4' linkages are
mainly involved in the predominant B-aryl ether units in the nat-
ural lignin [40]. And the B-aryl ether units have feature signals at ¢/
0y 86.8/5.46 for C,/Hy, 0c/én 53.3/3.46 and 53.5/3.06 for Cg/Hp, and
0c/on 59.5-59.7/3.40—-3.63, 61.4/4.10, and 62.5/3.73 for Cy/H,.
These correlation signals, along with the corresponding to feature
signals from A, B, and C units, could be clearly observed in the
spectra from fractions 1# and 2# (Fig. 2 1#-B and 2#-B). However,
these correlation signals could not be observed at the spectra of
fraction 3# (Fig. 2 3#-B). Herein, we speculate that the phenolic
compounds in fraction 3# are mostly single-aromatic-ring phenolic
compounds with the smallest molecule-weight products. This
result is in accordance with previous thermochemical biomass
studies that ether-bonds in cyclic resinols, and phenyl coumarans,
-0-4-linkages in B-ethers can break into small molecule chemicals
after thermochemical conversion process [41]. In the B region,
fraction 3# presents obvious signals at dc/éy 61.4/4.10 for I units,
whereas the spectra of fractions 1# and 2# do not have these cross-
signals. The spectra of fraction 1# show prominent signals at dc/dy
53.5/3.06 for B units, whereas these of fractions 2# and 3# do not
have these correlation signals. These results suggest that the C—0
linkages in three phenolic compounds fractions are different, and
the smallest molecule structures (A, C, and [ aromatic units) are
separated in fraction 3#. The C region (C—C aliphatic side chain
region, dc/0y 15—50/1.00—3.25 ppm) of 2D HSQC spectra from three
phenolic compounds fractions are shown in Fig. S3. The signal in-
tensity in C region was lower than the B region. Fractions 2# and 3#
showed similar correlation signals spectra in the C region. The
cross-signals at d¢c/dy 25.3/1.82—1.68 due to —COCH3, along with
these corresponding to the feature signals from phenolic units,
were clearly observed in fractions 2# and 3#. There is only the
solvent DMSO-dg signal in fraction 1#.

Based on these HSQC spectra results, we supposed that the
primarily aromatic units in three phenolic compounds fractions
were G, PB, and S, with minor amounts of H. In this study, HSQC
correlation characteristic signals in the aromatic region corre-
sponding to G and PB units were obviously evident in all of the
three phenolic compounds fractions, S units were clear in fractions
1# and 2#. In particular, there were only single-aromatic-ring units
in the phenolic compounds fraction 3#, which were coincided with
the GPC results (Fig. S4 and Table S5). In the aromatic region, the
absence of A, B, and C units in the three phenolic compound frac-
tions indicated that depolymerization of lignin occurred during the
biomass liquefaction process.

3.1.4. Solubility of phenolic compounds in conventional solvents
Lignocellulosic biomass usually has poor solubility in conven-
tional solvents due to its multi-hydrophilic groups and high degree
of polymerization. This difficulty emerged because of the compli-
cated three dimensional lignin network in biomass is interlinked
with other components and binds in the entire wood matrix. As a
result, the insolubility of lignocellulosic biomass in conventional
organic solvents has severely inhibited efforts to produce value-
added chemical products, as their poor molecular interaction
with other solvent reagents. In this study, the three main
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Fig. 2. The HSQC NMR spectra for phenolic compounds in fractions 1#, 2#, and 3#. (A: p-O-4 ether linkage; B: resinol units; C: phenylcoumaran units; G: guaiacyl units; I: p-
hydroxycinnamyl alcohol units; PB: p-hydroxybenzoate units; S: etherified syringyl units; S': oxidized syringyl units.)

components (lignin, hemicelluloses, and cellulose) in lignocellu-
losic biomass were decomposed into lower fragments such as
phenolic compounds and sugar derivatives. The solubility of these
products was significantly enhanced due to their low-weight mo-
lecular and low-size molecular. The solubility of phenolic com-
pounds derived from liquefied products was tested using several
conventional organic solvents. For comparative purpose, the

solubility of pure lignin in organic solvents was also tested.

As shown in Fig. 3, the phenolic compounds from liquefaction
can be completely dissolved in organic solvents such as tetrahy-
drofuran and acetone, while pure lignin is completely insoluble in
these solvents. Model phenolic compounds, such as phenol and
guaiacol, can also be easily dissolved in tetrahydrofuran and
acetone. These results suggest that phenolic compounds from



8 J. Feng et al. / Energy 135 (2017) 1-13

(4)

1 2 3 4 5 6
—$r  ~wrl ST TEml Apm. TP
w

1 78 3 4E 58 &

i e e B biv B

i."

Fig. 3. The solubility of various phenolic compounds in organic solvents at ambient temperature. (Phenol (1), guaiacol (2), pure lignin (3), fraction 1# (4), fraction 2# (5), and

fraction 3# (6) in tetrahydrofuran(A) and acetone(B)).

liquefied products should have better chemical reactivity because a
homogeneous phase reaction system can be formed in many re-
actions by conventional organic solvents. The phenolic compounds
from liquefaction have low molecular weight, which corresponding
to an increasing probability of molecular collision with reactants.
And the phenolic compounds also have lower molecular size,
which providing a potential reaction activity with other reactants,
because they had only minor steric hindrance compared with pure
lignin.

3.1.5. FT-IR analysis of phenolic compounds and liquefied products

Both phenolic compounds and liquefied products contained
hydroxyl, carbonyl groups, carbon—carbon double bonds, and ar-
omatic rings. The liquefaction and alcoholysis of bamboo was not
only cellulose and hemicellulose degrading into glycosides, but also
the decomposition of high molecular polymerization lignin into
phenolic compounds. The reactive intermediates compose of car-
bon—carbon double bonds, hydroxyl and/or carbonyl groups. The
major linkages between the structural units of natural lignin in
biomass are [-0O-4 (B-aryl ether), B-p (resinol), and (-5
(phenylcoumaran).

To evaluate the three phenolic compounds fractions and original
liquefied products, the FT-IR spectroscopy was used to analyse the
liquefied products and phenolic compounds throughout the reac-
tion process (Fig. 4). The assignments of the peaks are summarized
in Table S6. By comparing the FT-IR spectra of liquefied products
with phenolic compounds, the broad peak at around 3350 cm™!
represents the —OH groups derived from lignin or cellulose. The
peaks at approximately 2930 and 2850 cm~! represent C—H in a
symmetric stretching of aliphatic methyl. And a band appearing at

—— Bio-oil

—— Phenolic 1 #
—— Phenolic 2 #
—— Phenolic 3 #

1000 1500 2000 2500 ; 3000 3500 4000
Wavenumber(cm )

Fig. 4. FT-IR analysis of three phenolic compounds fraction (1#, 2#, 3#) and bio-oil.
(Bio-oil is come from liquefied products with all methanol has been removed by
vacuum distillation at 50 °C.)

around 1600 cm™! is characteristic of C=C skeleton vibration in
aromatic skeletal of lignin or phenols. This peak is a weak ab-
sorption band observed in liquefied products, indicated the three
phenolic compounds fractions can be successfully concentrated
after the stepwise precipitation and extraction. In three phenolic
compounds fractions, the peak at approximately 1260 cm™' rep-
resents C—O stretching vibration in phenolic hydroxyl group.

3.2. In situ hydrodeoxygenation of phenolic compounds over
bifunctional catalysts

3.2.1. Different hydrodeoxygenation process of model phenolics

Bifunctional catalysts, containing both acid and metal compo-
nents, were applied to solve the deactivation problem caused by the
traditional hydrodeoxygenation catalysts. Zhao [34] reported that a
bifunctional catalyst combined Pd/C, Rh/C, Pt/C, or Ru/C with H3PO4
could selectively catalyze the hydrodeoxygenation of phenols into
alkanes. During the hydrodeoxygenation, both the metal-catalyzed
hydrogenation and acid-catalyzed dehydration/hydrolysis were
happened. The systematic kinetic study revealed that the bifunc-
tional catalytic functions are necessary [43], and the acid-catalyzed
step can determine the overall hydrodeoxygenation reaction.
Therefore, high concentrations of acid sites were required in effi-
cient hydrodeoxygenation process. Solid Bronsted acids were found
effective for hydrodeoxygenation of phenols with the bifunctional
catalysts combination [43,44]. Compared to other studied solid
acids (such as Amberlyst 15, Nafion/SiO,, and sulfated zirconia),
HZSM-5 showed a higher reaction rate, due to its higher acid
concentrations in the zeolite pores [43]. Ni-based hydrogenation
catalysts such as Raney Ni combined with Nafion (or SiO,) [44] or
Ni/HZSM-5 [33], instead of precious metal catalysts, were also
effective in the bifunctional hydrodeoxygenation catalysts system.
The hydrogenation of phenolic compounds was the determining
rate step in the Ni/HZSM-5 system, hence, high Ni dispersions were
required in efficient catalysis.

Considering the mentioned upgrading catalysts of phenolic
compounds, Raney Ni and HZSM-5 were chosen as the bifunctional
catalysts for hydrodeoxygenation of lignin-derived phenolic com-
pounds. And the characterization of bifunctional catalysts (Raney
Ni and HZSM-5) was shown in Table S7 and Fig. S5. In our study,
Raney Ni can catalyze the aqueous-phase reforming of methanol to
produce the hydrogen. The aqueous phase reforming of methanol
to produce hydrogen could partly avoid the abrasion of reactor and
risk of operation. And in the in situ hydrodeoxygenation, the
combination of Raney Ni and HZSM-5 can catalyse the hydro-
deoxygenation of phenolic monomers and phenolic dimers. The
latter one required a cascade metal-catalyzed and acid-catalyzed
cleavage of C—0 bonds (a-0-4, B-0-4, 4-0-5, etc.), and integrated
hydrogenation and dehydration reactions (Table 3). The product
cyclohexanes and their derivatives can be easily separated from
solvent since they are immiscible. In general, the in-situ hydro-
deoxygenation over the bifunctional catalysts Raney Ni and HZSM-
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5, can effectively convert the phenolic compounds into cyclohex-
anes and hydrocarbons with high conversion of phenolic com-
pounds and selectively of cyclohexanes. This could actually
comprise the process of hydrodeoxygenation and supply an effi-
cient pathway for refining and upgrading the biomass-derived
phenolic compounds and bio-oils.

3.2.2. In situ hydrodeoxygenation of biomass-derived phenolic
compound

The liquefied products from hemicellulose and cellulose high
contents of relatively small oxygenates, such as furfurals, glycosides
and their derivatives (Table S8 and Fig. S6), can be used as high
added-value chemicals. However, lignin decomposes the polymer
leading to higher concentration of phenolic compounds. The
upgrading of phenolic compounds is a critical step before the
valorization of liquefied lignin. A sustainable hydrodeoxygenation
which involved in situ catalytic hydrodeoxygenation of phenolic
compounds (separated from bio-oil) for producing cyclohexanes
and hydrocarbons bio-fuel has been investigated in detail. The
process of aqueous-phase reforming of methanol coupled with the
in situ hydrodeoxygenation of phenolic compounds has been
discussed.

The one-pot in situ hydrodeoxygenation procedure is carried out
in the presence of Raney Ni and HZSM-5 using methanol as a
hydrogen donor. The water and methanol were used to generate Hy
through the aqueous phase reforming in the in situ hydro-
deoxygenation. The H, produced by water and methanol compo-
nents is sufficient for selective hydrodeoxygenation of the phenolic
compounds to hydrocarbon fuels. The gas products of hydro-
deoxygenation showed that about 35% of Hy and more 30% of CHg,
and a minute amount of C;Hg and C3Hg hydrocarbons were ob-
tained (Table S9). No solid products were found after the in situ
hydrodeoxygenation.

The major components and relative contents of upgraded
phenolic fractions after in situ hydrodeoxygenation were shown by
peak area % are given in Table 4 and Fig. 5, respectively. Compared
with Table 2, it can be seen that after in situ hydrodeoxygenation
upgrading at this mild condition, a series of cyclohexane hydro-
carbons and derivatives were obtained, and few phenolic com-
pounds were detected. However, it should be mentioned that
quantities of cyclohexanol derivatives were also found such as 2-
methoxy-cyclohexanol, 2-methoxy-4-methyl-cyclohexanol, and
2-methyl-cyclohexanone. It should also be noted that the C5—C9
hydrocarbon products mainly occupied the distribution of the

Table 3

Different hydrodeoxygenation process of model compounds over bifunctional catalysts.

corresponding upgrading components.

In summary, the original bifunctional catalysts combined Raney
Ni with HZSM-5 to achieve aqueous-phase reforming of methanol
coupled with the in situ hydrogenation of phenolic compounds. The
combination of Raney Ni and HZSM-5 in the in situ hydro-
deoxygenation was effective at removing oxygen-containing
groups (ketones, hydroxyl, methoxy, aryl-O-aryl, and alkyl-O-aryl)
in three phenolic compounds fractions with water and methanol
at 220 °C. That demonstrated the bifunctional catalytic effect of the
acid and metal together is required to break down these stable
bonds.

The mechanism of in situ hydrodeoxygenation of different
phenolic compounds is proposed in Fig. 6. The Raney Ni mainly
catalysed the reaction of aqueous phase reforming of methanol to
produce Hy and the reaction of phenolic compounds hydrogenated
into cyclohexanol derivatives. The Brgnsted acid HZSM-5 was
applied to the dehydration of cyclohexanol. HZSM-5 is hydrother-
mally stable and does not deactivate over a significant number of
reaction cycles. Since water is used as the solvent for this process,
hydrocarbon products are easily collected by phase separation.
Overall, the bifunctional catalysts can integrate the hydrogenation
and dehydration of biomass-derived phenolic compounds through
the in situ hydrodeoxygenation. This approach supplies an efficient
route for upgrading lignin-derived phenolic oil into fuel additives
and liquid hydrocarbons.

3.3. Chemical analysis of residue

SEM pictures of the bamboo and liquefied residue are shown in
Fig. 7. With reaction processing, the surface of the residual fibres
was irregular and contained many small fragments of cell wall
components in Fig. 7 (a partially enlarged image). Most small
fragments attached on the surface of the fibres have been removed,
but the residue was largely maintained on its original fiber bundles.
This phenomenon indicated that the liquefied residue was the
cellulose framework, and the hemicellulose and lignin had been
mostly decomposed. It was very difficult for the organic solvent to
infiltrate this high density crystallized cellulose skeleton under the
reaction conditions. Although more severe reaction conditions can
increase the conversion of biomass, the better solution may be to
use a water vapour explosion pre-treatment to obtain higher re-
action surface area.

To examine the effect of crystallinity on cellulose decomposi-
tion, XRD analysis was performed on residue and bamboo. Fig. S7

Catalyst Reaction conditions Models Major products Sele. (%) Conv. (%) Ref.
T(°C) P(MPa) Solvent
Pd/C + H3PO4 250 5 (Hy) H,0 Phenol Cyclohexane 98 100 [42]
4-Methylguaiacol Methyl cyclohexane 78 100 [42]
Pd/C + HZSM-5 200 5 (Hy) H,0 Phenol Cyclohexane 100 100 [43]
4-Methylguaiacol Methyl cyclohexane 100 88 [43]
Raney Ni + Nafion/Si0, 300 4 (Hy) H,0 Phenol Cyclohexane 100 93 [44]
4-Methylguaiacol Methyl cyclohexane 100 74 [44]
4-Propylphenol 4-Propy cyclohexane 100 92 [44]
Ni/HZSM-5 250 5 (Hz) H,0 Guaiacol Cyclohexane 100 74 [33]
4-Methylguaiacol Methyl cyclohexane 100 73 [33]
Raney Ni + HBEA-35 150 0 2-PrOH—n-Cy6H34  Phenol Benzene 82 100 [45]
Raney Ni + HZSM-5* 220 0.1(N2) MeOH—H,0 Phenol Cyclohexane 100 100
Guaiacol Cyclohexane 100 94
4-Methylguaiacol Methyl cyclohexane 100 920
4-(Benzyloxy)-phenol(a-0-4) Cyclohexane and its derivatives 87 98
1-Phenethoxy-benzene (8-0-4)  Cyclohexane and its derivatives 85 96
1-Phenoxy-benzene(4-0-5) Cyclohexane and its derivatives 78 929

¢ Reaction conditions: model phenolics 2.0 g, methanol 10 g, water 20 g, temperature 220 °C, time 9 h, pg 0.1 MPa.
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Table 4
Components of three phenolic compounds fractions after in situ
hydrodeoxygenation.
RT. Identification by GC-MS Peak area (%)*
(min) 1# 24 34
Cyclohexanes, cyclohexanols 53.90 60.15 65.67
3.78 Cyclohexane 13.43 11.17 13.33
4.49 Methyl-cyclohexane 227 5.64 7.92
6.98 2-Methoxy-cyclohexanol 6.14 4.82 6.21
7.65 Cyclohexanol 2.95 7.78 6.23
8.01 4-Propylcyclohexane 9.95 431 5.11
8.73 2-Methyl-cyclohexanone 7.42 9.68 5.23
9.64 Bicyclohexane 132 0.92 435
10.29 2-Methyl-cyclohexanol 3.54 4.43 3.09
11.32 2-Methoxy-4-methyl-cyclohexanol 231 6.21 7.61
12.81 3-Methylcyclopentane-1,2-diol 1.05 - 0.21
14.82 Hydroxy-cyclohexanone - 0.37 5.21
15.17  4-Propylcyclohexanol 3.52 4.82 1.17
Phenolic compounds 36.15 32.89 20.11
9.21 Phenol 0.89 0.78 0.21
10.67 2-Methyl-phenol 0.21 - 0.17
12.08 4-Propyl-phenol 0.45 0.42 1.07
1347 Guaiacol 2.07 - 3.02
16.69 3-Methyl-guaiacol - 1.01 2.03
18.09 4-Methoxy-guaiacol 2.59 244 0.31
19.46  Catechol 1.32 531 —
20.27  4-Propyl-2,6-dimethoxyphenol 1.57 4.09 3.19
20.95 4-Hydroxy-3-methoxyphenyl-2-ethanol 2.26 414 3.61
23.66 2-methoxy-4-acetone-phenol 8.18 3.98 —
25.39  Vanillin 2.60 - 2.04
2647  4-(3’-methoxy-4'-hydroxy)-phenyl- 7.28 4.15 4.08
2-carboxylate
29.80 4-(3'-methoxy-4’-hydroxy)- 422 2.19 —
phenyl-2-butenoate
30.62 Apocynol 0.78 0.59 —
31.52 4-Methoxy-2-hydroxybenzoate 1.28 3.01 0.38
33.51 Phenolic dimers 045 0.78 —
Others 9.95 6.96 14.22

Reaction conditions: phenolic compounds 2.0 g, methanol 10 g, water 20 g, tem-
perature 220 °C, time 9 h, pp 0.1 MPa.
2 Area percent is based on the total ion current.
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represents a diffraction pattern with 26 that varies from 10° to 60°.
Three broad peaks were observed at the 20 values at around 16°,
22°, and 35° for residue and bamboo, which represented 101, 002,
and 040 lattice spacing in the cellulose of wood [46]. Compared
with bamboo, the peaks became narrow and low in residue. Ac-
cording to Eq. (2), we calculated the relative crystallinity of the raw
material and liquefied residue. The results were 43.75% and 48.49%.
These results suggest that the liquefied process increased the
relative crystallinity of the residue because the cellulose in non-
crystalline region (amorphous region) decreased more than the
cellulose in the crystalline region. In general, increased relative
crystallinity showed some dependency on cellulose decomposition,
which was in agreement with the SEM result.

TG distribution against temperature for residue and bamboo is
shown in Fig. 8(a). As the temperature increased, the pyrolysis
process experienced four steps. At the first stage, the drying stage of
the samples occurred from 30 to 130 °C, and the weight of water
gradually decreased as did the samples mass. At the second stage,
the warm-up phase of pyrolysis is in a temperature range of
140—260 °C. The raw material depolymerization and “glass” state
transition reactions have occurred. The main pyrolysis process in
the third stage is from 260 to 400 °C. Both bamboo and residue
were converted into low molecular gas and macromolecular con-
densable volatiles which caused significant weight loss [47]. At the
last stage, the carbonized fiber stage of samples ranged from 400 to
800 °C. There was a clear exothermic peak corresponding to the
slow decomposition of the remaining material pyrolysis, which
generated carbon residue and ash. DTG distribution against tem-
perature for residue and bamboo are shown in Fig. 8 (b). The change
in the liquefied process of bamboo and residue was mostly similar.
In the first and second stages, the weight loss of bamboo was more
obvious than residue due to structural differences. Also, the mois-
ture content of bamboo was higher than the residue. In the third
stage, while the weight loss of residue was more obvious than
bamboo, the residue at 337.5 °C weight lost rate reached a
maximum of —17.93%/min. Bamboo at 341 °C weight loss rate
reached a maximum of —10.01%/min. The fourth stage, the pyrol-
ysis residual of bamboo and residue were 23.33% and 12.49%,
respectively.
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Fig. 5. GC-MS of three phenolic compounds fractions before and after in situ hydrodeoxygenation.
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4. Conclusions

This study presents the promising process for extracting three
phenolic compound fractions via stepwise precipitation and
extraction of liquefied biomass, and upgrading these three phenolic
compounds fractions into organic cyclohexanes. The directional
liquefaction of lignocellulosic biomass was conducted in methanol
with acid catalyst, and the conversion of materials were about 80%.

After liquefaction, the liquefied oil were separated by water and
organic solvent with a stepwise precipitation and extraction pro-
cess. The phenolic compounds with high purity can be achieved by
stepwise process of liquefied products. Three phenolic compounds
fractions were mainly comprised of 4-methyl-guaiacol, 4-methoxy-
guaiacol, eugenol, 4-hydroxy-3-methoxyphenyl-2-ethanol, 4-
methoxy-2-hydroxybenzoate, and (E)-methyl-3-(4-hydroxy-3-
methoxyphenyl) acrylate. Three phenolic compound fractions had
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a good solubility in conventional organic solvents, which indicated
these phenolic compounds had a potential reactivity with other
reagents. We investigated the in situ catalytic hydrodeoxygenation
of these phenolic compounds to cyclohexanes and hydrocarbons
compounds with methanol and water over bifunctional catalysts.
The bifunctional catalysts combined Raney Ni with HZSM-5 can
achieve aqueous-phase reforming of methanol coupled with the in
situ hydrogenation of phenolic compounds. The bifunctional cata-
lysts showed high selectivity in removing oxygen-containing
groups in biomass-derived phenolic compounds through in situ
hydrodeoxygenation. Therefore, the cascade bifunctional catalysts
can integrate aqueous-phase reforming of methanol, hydrogena-
tion, and dehydration of biomass-derived phenolic compounds.
The in situ hydrodeoxygenation of phenolic compounds can pre-
pare liquid cyclohexanes and cyclohexane hydrocarbons, provide a
more efficient and less energy-demanding upgrading process.
Overall, this stepwise precipitation and in situ hydrodeoxygenation
system can convert lignocellulosic biomass into renewable
hydrocarbons.
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