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ABSTRACT: Although bio-oils produced by pyrolysis and hydro-
thermal synthesis demonstrate potential toward building a
sustainable society, large amounts of char generated as a byproduct
and their thermal instability owing to high oxygen content hinder
their applications. Hence, a novel approach for the production of
high-grade bio-oil was proposed herein. In this approach, zerovalent
Fe was used as an agent for generating hydrogen in situ in the
hydrothermal liquefaction of oil palm empty fruit bunch (EFB), a
lignocellulosic biomass source, affording bio-oil containing water-
soluble (WS) and water-insoluble (WI) fractions in high yields.
Hydrogen generated by the reaction between Fe and H2O efficiently
converted unstable intermediates obtained from the degradation of
EFB into stable compounds, resulting in reduced char formation.
Hydroxyketones were detected as components characteristic of the WS fraction in the H2O/EFB/Fe system, which were stable
under hydrothermal condition. WS fractions were treated with the HZSM-5 zeolite, affording light olefins (C2−C4), as well as
benzene, toluene, and xylene. This conversion was more efficient with the WS fraction obtained in the presence of Fe. The
liquefaction of EFB and the conversion of WS fractions into olefins via catalytic cracking were also achieved using recycled Fe.
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■ INTRODUCTION

Growing concerns over the environmental impact of fossil fuels
and their inevitable depletion, as well as climate change caused
by greenhouse gas emissions, have led to extensive research on
the development of alternative energy sources. In this regard,
biomass as a possible renewable resource for energy fuels and
chemicals has received significant attention.1−3 Various
researchers have investigated biomass-to-liquid (BTL) con-
version as a possible method for utilizing biomass.4

Bio-oil produced by thermochemical processes, such as
pyrolysis or hydrothermal liquefaction of biomass, is being
investigated widely. It can be upgraded to transportation fuels
and industrial chemicals.5−11 Hydrothermal liquefaction, in
which biomass is decomposed under subcritical or supercritical
water, is a promising candidate for producing bio-oil.7−11

Contrary to pyrolysis, hydrothermal liquefaction has the
advantage of not requiring predrying the biomass feedstock,
which originally contains water.3,6 Several groups have made
significant efforts to enhance the yield of liquid products in this
process and suppress the formation of char.8,10,11

However, compared to fossil oil, bio-oil contains significantly
higher amounts of water and oxygen. Hence, in terms of fuel
property, it exhibits a low calorific value.12 Because of the
presence of oxygen-rich compounds, bio-oil is both chemically

and thermally unstable, which hinders its direct application in
the current infrastructure of oil refinery. Hence, the high
oxygen content must be reduced by upgrading technologies
such as hydrotreating and catalytic cracking.13−15 Huber et al.
have reported an integrated catalytic approach combining
hydroprocessing with zeolite catalysis for the conversion of bio-
oils into light olefins (C2−C4 olefins), as well as benzenes,
toluene, and xylenes (BTX), which are industrial commodity
chemical feedstock.15 The upgraded bio-oil after two-step
hydrogenation exhibited higher selectivity of light olefins and
BTX than the crude oil. For the hydrogenation process, the
cost of hydrogen would be a key factor of the economic
efficiency for utilizing bio-oil as a chemical feedstock. Although
renewable production of hydrogen has been developed, its cost
is still high, mainly due to the high capital investment and
delivery cost.16−20

In this context, we developed a method to produce high-
quality oil directly from biomass, without requiring the
necessary expensive equipment. We investigated the effect of
metal Fe on the hydrothermal reaction of biomass to afford
high-quality bio-oil, which involves the generation of hydrogen
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in situ from the reaction between metal and water. This system
promotes the decomposition of biomass while simultaneously
performing hydrogenation (shown in Figure 1). Char by-
product produced during the reaction can be used as a
reductant for regenerating the oxidized metal. Therefore, this
process as a whole is carbon neutral and environmentally
friendly. We report the reactivity of oil palm empty fruit bunch
(EFB) in hydrothermal liquefaction, the effect of Fe as the
hydrogen-generating agent, and the regeneration of oxidized
Fe. In addition, we show the conversion of the water-soluble
fraction into C2−C4 olefins and aromatics over an HZSM-5
zeolite catalyst.

■ EXPERIMENTAL SECTION
Materials. Oil palm empty fruit bunch (EFB) from Indonesia was

supplied from Nippon Shokubai Co., Ltd. (Japan), and it was used as
the lignocellulosic biomass feedstock. EFB was dried at 25 °C and
crushed into particles with a size of less than 300 μm. Table S1 shows
the EFB composition.21 Moisture and ash content were determined by
thermogravimetry at 120 and 1000 °C (EXSTAR TG/DTA 7200,
Hitachi High-Tech Science Corporation). Fe powder (99.9%, NM-
0029-UP) was purchased from Ionic Liquids Technologies GmbH
(Germany). HZSM-5 zeolite with a Si/Al ratio of 24:1 was supplied by
Nippon Shokubai Co., Ltd. (Japan). All other chemicals were
commercially obtained: cellulose (Avicel PH-101, Sigma-Aldrich),
xylan from corn core (Tokyo Chemical Industry Co., Ltd.), D-
(+)-glucose (100%, Wako Pure Chemical Industries, Ltd.), D-
(+)-xylose (99.7%, Wako Pure Chemical Industries, Ltd.), dihydrox-
yacetone dimer (99.8%, Wako Pure Chemical Industries, Ltd.),
pyruvaldehyde solution (38.4%, Wako Pure Chemical Industries, Ltd.),
hydroxyacetone (99.2%, Wako Pure Chemical Industries, Ltd.), and
copper powder (99.9%, Ionic Liquids Technologies GmbH).
Fe was oxidized by the following procedure. First, Fe powder (3.5

g) and H2O (2.238 g) were introduced into a 100 mL Hastelloy C
high-pressure reactor (OM Lab-Tech., MMJ-100), and the reactor was
purged four times with nitrogen. Second, the reactor was heated to
300 °C, and this temperature was maintained for 10 min. Finally, after
cooling the reactor to 25 °C, the oxidized Fe samples were separated
by filtration, followed by drying overnight under vacuum at 70 °C.
Liquefaction and Separation. All EFB liquefaction experiments

were conducted in the batch mode using the Hastelloy C high-
pressure reactor. First, EFB (1.0 g), Fe powder (0 or 1.564 g), and
H2O (0, 1, 3, 5, 10, or 40 g) were introduced into the reactor, which
was purged four times with nitrogen. Second, the initial pressure was
set to 1.0 MPa with nitrogen, and the stirring rate was adjusted to 700
rpm. Next, the reactor was heated to 300 °C and maintained constant
at that temperature for 10 min. Upon reaction completion, the reactor
was rapidly cooled to 25 °C using ice water.
Bio-oil, gas, and char products were separated following a previously

published method.22 The gaseous products were collected in a gas
sampling bag, and the water-soluble products were filtered and
designated as “WS”. Then, the reactor wall was washed with acetone,
and the resulting acetone solution with the residue was filtered. The

residue was rinsed with acetone repeatedly until the eluent became
colorless. The final acetone solution was evaporated at 30 °C under
reduced pressure, and the temperature was increased to 60 °C to
remove water. The resulting residues were designated as “water-
insoluble” fractions (WI). In addition, the residue from the filter paper
was dried overnight at 70 °C under reduced pressure, affording the
solid residue (SR).

Catalytic Cracking of Bio-Oil. A fixed-bed continuous flow
reactor was utilized for the production of light olefins from WS by
catalytic cracking. This reaction system consisted of a stainless steel
tube reactor, gas feeding system, liquid feeding pump, heating system,
gas wash bottle with ice-cold water, and gas sampling system (Figure
S1). HZSM-5 zeolite (0.85−1.7 mm, 6 mL) was added into the
reactor, followed by adding stainless steel beads for vaporizing the
liquid feedstock. The catalyst was flushed with nitrogen (50 mL/min)
for 1 h at 25 °C, followed by heating to 600 °C under nitrogen (50
mL/min). The aqueous WS solution was fed into the reactor using a
plunger pump at a w8 hly space velocity of 1.1 h−1. During the
reaction, the condensed products were collected using the gas wash
bottle with either water or acetone. All gaseous products were
collected in a gas sampling bottle. Finally, the HZSM-5 catalyst was
removed and crushed in a mortar for coke analysis.

Product Analysis. The organic carbon content of WS was
measured using a total organic carbon analyzer (Shimadzu, TOC-
LCSH/CSN). The WS solution was analyzed by high-performance liquid
chromatography (Shimadzu, Prominence) using Aminex HPX-87P
and HPX-87H columns (Bio-Rad, 300 mm × 7.8 mm ID) equipped
with a refractive index detector. In addition, the sample was diluted
with acetone (1:1 by volume) and analyzed with a gas chromatography
system (Shimadzu, GC-2010) using a capillary column (Restek,
Stabilwax, 30 m × 0.25 mm ID × 0.25 μm film thickness) and a flame
ionization detector. The gas chromatography−mass spectrometry
(GC−MS) analysis was performed using a Shimadzu QP-2010 system
equipped with a capillary column (GL Sciences, Inert-cap WAX-HT,
30 m × 0.25 mm ID × 0.25 μm film thickness). Elemental analysis
(CHN) of the EFB, WI, and SR samples was performed using an
elemental analyzer (Elementar Vario EL cube) using sulfanilamide as
the calibration standard. The oxygen mass content was calculated by
the difference. The yields of hydrothermal liquefaction and catalytic
cracking were calculated as follows:

= ×

yield of hydrothermal liquefaction (%)
moles of carbon in product

moles of carbon in raw material
100

(1)

= ×

yield of catalytic cracking (%)
moles of carbon in product

moles of carbon in WS fraction fed in
100

(2)

Quantitative 13C NMR spectra of the WS and WI samples were
recorded on a Varian VNMRS 600 MHz spectrometer using an
inverse-gated decoupling pulse sequence, a pulse angle of 90°, and a
relaxation delay of 8 s.23 Dimethyl sulfoxide (DMSO)-d6 was used as

Figure 1. Overview of the liquefaction of biomass using hydrogen generated in situ from Fe and H2O.
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the solvent. The molar distribution of carbon in the WS and WI
fractions was determined as follows:

= ×Y
A

A

molar distribution of carbon (%)

WS or WI
each chemical shift region

all chemical shift regions (3)

Here, YWS or WI represents the carbon yield of the WS or WI fraction,
Aeach chemical shift region represents the total peak area of each chemical
shift, and Aall chemical shift regions represents the total peak area of all
chemical shifts (0−230 ppm). Gaseous products were analyzed using
two gas chromatography systems: Shimadzu GC-8A equipped with
silica gel (Shinwa Chemical Industries, ZS-74) and molecular sieve 5A
(Shinwa Chemical Industries, ZM-1) columns with a thermal
conductivity detector for CO2 and CO, and Shimadzu GC-2014
equipped with a Sunpak-A column (Shinwa Chemical Industries, ZS-
72) with a flame ionization detector for hydrocarbons.
Regeneration of Fe. The fixed-bed continuous flow reactor was

utilized for the regeneration of the used Fe sample, i.e., reduction of
oxidized Fe. First, char-containing oxidized Fe (3.85 g) was mixed with
EFB (1.93 g) using a mortar for 10 min. Second, the resulting mixture
was added into a quartz reactor and heated to 1000 °C at a heating
rate of 10 °C/min under nitrogen (100 mL/min), and the final
temperature was maintained for 2 h. Third, the reactor was cooled to
25 °C, and the resulting Fe sample was reused for the liquefaction of
EFB. The crystalline phase of the regenerated sample was determined
using a Rigaku SmartLab diffractometer with CuKα radiation. Finally,
in situ high-temperature X-ray diffraction (HT-XRD) measurements of
the oxidized Fe and EFB mixture were performed on a Rigaku RINT
TTR3 diffractometer under nitrogen (500 mL/min) using Cu Kα
radiation.

■ RESULTS AND DISCUSSION
Effect of H2O/EFB Weight Ratio on the Liquefaction of

EFB in the Absence or Presence of Fe. The hydrothermal
liquefaction of EFB with and without Fe was performed at
varying H2O/EFB weight ratios between 0:1 and 40:1. The
amount of saturated water vapor in the reaction system at 300
°C was ∼3.5 g. As such, all H2O existed as steam at H2O/EFB
≤ 3:1, whereas a portion of the H2O also existed in the
condensed phase at H2O/EFB ≥ 5:1. Figure 2 shows the effect
of water content on the hydrothermal liquefaction of EFB. As
shown in Figure 2a, in the absence of Fe, the yield of bio-oil
(WS + WI) gradually increased from 20% to 29% with
increasing H2O/EFB ratio from 0:1 to 5:1; at a H2O/EFB ratio
of 40:1, the yield of bio-oil further increased to 82%. On the

other hand, with increasing H2O/EFB ratio, the SR yield
consistently decreased. As shown in Figure 2b, in the presence
of Fe, the yield of bio-oil drastically increased from 25% to 79%
with increasing H2O/EFB ratio from 0:1 to 5:1, whereas the
yield of SR decreased. At a H2O/EFB ratio of 40:1, the
corresponding yield of bio-oil increased to 84%. Thus, although
the yield of bio-oil increased with the H2O/EFB ratio both in
the presence and absence of Fe, Fe exhibits a more pronounced
effect at low H2O/EFB ratios. As the solvent can dilute the
degradation products and suppress polymerization,24,25 the
increase in the yield of bio-oil with increasing H2O/EFB ratio is
tentatively attributed to the inhibition of repolymerization and
the formation of carbonized products by dilution with H2O.
Similar yields for CO and CO2 (∼10%) were observed for all
systems.

Promotion of EFB Liquefaction by Fe. H2O/EFB Weight
Ratio = 1:1. As discussed above, the yield of bio-oil from the
liquefaction of EFB was enhanced by Fe at any given H2O
content. The generation of hydrogen from the reaction
between Fe and H2O (3Fe + 4H2O → Fe3O4 + 4H2) is a
key reaction in the H2O/EFB/Fe system. As summarized in
Table S2, H2 was both produced and consumed during the
liquefaction of EFB.
To confirm the effect of H2 produced from Fe and H2O,

control experiments were conducted at a H2O/EFB ratio of 1:1,
as summarized in Table 1. In the presence of oxidized Fe or Cu,

Figure 2. Yields of carbon products obtained from the liquefaction of EFB as a function of the H2O/EFB weight ratio in the (a) absence and (b)
presence of Fe. (●) WS + WI, (○) WS, (◊) WI, (□) gas, and (Δ) SR. Reaction conditions: EFB = 1.0 g, Fe = 1.564 g, H2O = 0−40 g, PN2 = 1.0
MPa, temperature = 300 °C, time = 10 min.

Table 1. Effect of the Addition of Fe on the Liquefaction of
EFB at a H2O/EFB Weight Ratio = 1:1a

Carbon yield (%C)

Reaction system Atmosphere WS WI Gas SR
Carbon

balance (%)

H2O/EFB N2 11 11 10 57 89
H2O/EFB/Fe

b N2 19 39 14 19 91
H2O/EFB/
Oxidized Fec

N2 13 18 12 49 92

H2O/EFB/Cu
d N2 11 11 11 55 88

H2O/EFB N2 + H2
e 12 16 7 53 88

aReaction conditions: EFB = 1 g, H2O = 1 g, PN2 = 1.0 MPa,
temperature = 300 °C, time = 10 min. bFe = 1.564 g. cOxidized Fe =
2.161 g. Oxidized Fe was prepared by the treatment of Fe powder with
H2O at 300 °C for 10 min (see Experimental Section). dCu = 1.779 g.
e1.0 MPa N2 + 1.0 MPa H2.
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both of which produce no hydrogen, only marginal variation
was observed with respect to the yield of bio-oil. Cu exhibits
high thermal conductivity, however it did not affect the yield of
bio-oil. Thus, the increased yield of bio-oil in the presence of Fe
is not due to the thermal conductivity of Fe. Furthermore, the
H2O/EFB system had similar yield of bio-oil with or without 1
MPa of added H2 gas. These results indicate that hydrogen
generated from Fe and H2O in situ apparently is responsible for
the increased of bio-oil yields.
Figure 3 shows the molar distribution of carbon in the WS

and WI fractions as determined by their 13C NMR spectra. The
presence of aliphatic carbon (0−55 ppm); alcohols, ethers, and
carbohydrates moieties (55−95 ppm); aromatics and olefins
(95−165 ppm); esters and carboxylic acids (165−180 ppm);
and ketones and aldehydes (180−215 ppm) was confirmed.
With a H2O/EFB ratio of 1:1 (Figure 3a), the main carbon
signals were attributed to aliphatics, aromatics, and olefins, with
the appearance of a few oxygenated carbon resonances. The
addition of Fe resulted in the significant increase of aliphatics,
aromatics, and olefins, suggesting that it increases the yield of
bio-oil without increasing the oxygen content.
Fe and H2O promote the degradation of polymeric chain of

the biomass components (cellulose, hemicellulose, and/or
lignin), which serve as precursors for the liquid products.
Hydrogen inhibits the condensation, cyclization, and repolyme-
rization of the intermediates and liquid products, which in turn
results in reduced char formation.8 From the above results, the
increased bio-oil yield with Fe is therefore attributed to the
stabilization of the EFB degradation products by the hydrogen
generated in situ, resulting in reduced char formation.
H2O/EFB Weight Ratio = 40:1. In addition, the effect of Fe

addition was investigated at a H2O/EFB weight ratio of 40:1,
which resulted in the more selective production of the WS
fraction, albeit with a relatively constant yield of bio-oil (WS +
WI). As shown in Table 2, the distribution of products in both
the H2O/EFB and H2O/EFB/Oxidized Fe systems was similar
regardless of the presence of hydrogen gas, indicating that in
this case the hydrogen generated by reacting Fe and H2O
results in the selective production of the WS fraction. From the
13C NMR results shown in Figure 3b, as compared with those
from the H2O/EFB system, the liquefied products obtained
from the H2O/EFB/Fe system mainly consisted of aliphatics,

albeit with a higher amount of oxygenated functional groups
and a lower amount of aromatic compounds. Interestingly, the
addition of Fe suppressed the formation of carboxylic
compounds, indicating that formyl groups of degraded
compounds are converted into alcohols instead of carboxylic
acids. These results indicate that the increased yield of WS by
the addition of Fe is attributed to the suppression of the
aromatization of degraded compounds, and the retention of
aliphatic compounds bearing oxygen-containing functional
groups.
The WS fractions obtained both in the presence and absence

of Fe were characterized by GC−MS, as summarized in Table 3
(chromatograms are shown in Figure S2). Both systems were
predominantly composed of acids, ketones, acyclic and cyclic
aliphatic compounds, alcohols, aldehydes, esters, and aromatic
compounds. Nevertheless, in both cases, small peak areas were
observed for aromatic and olefinic compounds, suggesting that
a majority of aromatic and olefinic compounds are present as

Figure 3. 13C NMR spectral distribution of functional groups in the bio-oil obtained at H2O/EFB weight ratios of (a) 1:1 and (b) 40:1, and in the
absence (black bar) or presence (red bar) of Fe (Plain:WS/Striped:WI).

Table 2. Effect of the Addition of Fe on the Liquefaction of
EFB with a H2O/EFB Weight Ratio = 40:1a

Carbon yield (%C)

WS

Reaction
system Atmosphere WS HAe HBf WI Gas SR

Carbon
balance
(%)

H2O/EFB N2 51 5 31 6 6 94
H2O/EFB/
Feb

N2 69 20 7 15 5 8 97

H2O/EFB/
Oxidized
Fec

N2 53 5 1 29 7 8 97

H2O/EFB N2+H2
d 57 5 35 8 6 106

H2O/EFB/
Feb

N2+H2
d 67 19 7 19 4 9 99

H2O/EFB/
Oxidized
Fec

N2+H2
d 55 3 2 30 9 5 99

aReaction conditions: EFB = 1 g, H2O = 40 g, PN2 = 1.0 MPa,
temperature = 300 °C, time = 10 min. bFe = 1.564 g. cOxidized Fe =
2.161 g. Oxidized Fe was prepared by the treatment of Fe powder with
H2O at 300 °C for 10 min (see Experimental Section). d1.0 MPa N2 +
1.0 MPa H2.

eHydroxyacetone. f3-hydroxy-2-butanone.
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oligomers, which did not vaporize in the GC inlet. With the
addition of Fe, the WS fraction contained significantly higher
quantities of hydroxyketones than that obtained without Fe,
which was in agreement with the NMR results (Figure 3),
indicating that the addition of Fe increased the formation of
aliphatic and oxygenated products. Previously, our group has
reported that hydroxyacetone and 3-hydroxy-2-butanone are
produced by the hydrogenation of degradation products from
cellulose (Scheme S1), and the presence of Fe3O4 and/or
dissolved Fe promotes the isomerization and retro-aldol
condensation of sugars.26 The aforementioned result indicates
that the iron species in this novel system possibly functions as a

catalyst for generating such precursors in the WS fraction. In
addition, as shown in Table 2, a significantly higher yield of
hydroxyketones was observed for the H2O/EFB/Fe system,
compared to the H2O/EFB and H2O/EFB/Oxidized Fe
systems with or without added hydrogen. Furthermore, in the
H2O/EFB/Fe system, comparable yields of hydroxyketones
were observed in the presence and absence of hydrogen,
suggesting that highly active hydrogen is generated in situ and
contributes to the formation of hydroxyketone components in
the WS fraction.

Reactivities of Degradation Products. For examining the
degradation characteristics and hydrothermal stability of the

Table 3. GC−MS Analysis of the WS Fraction Obtained at a H2O/EFB Weight Ratio = 40:1 Both in the Presence and Absence
of Fe

Area % Area %

RT
(min) Compound

No
Fe Fe Groupa

RT
(min) Compound

No
Fe Fe Groupa

1 7.22 Cyclopentanone 0.3 0.8 A-2 20 12.52 Propanoic acid 2.0 0.8 A-3
2 8.96 3-Hydroxy-2-butanone 3.2 8.1 A-1,2 21 12.66 Methyl 3-methyl-2-

oxopentanoate
0.1 0.9 A-2,4

3 9.22 Hydroxyacetone 11.5 17.6 A-1,2 22 12.87 2-Methylpropanoic acid 1.2 0.3 A-3
4 9.59 3-Methyl-2-cyclopentene-1-one 0 0.3 A-2 23 13.37 2-Hydroxycyclohexanone 0 1.1 A-1,2
5 9.80 1,2-Butanediol 0.8 6.7 A-1 24 13.58 Ethylene glycol 3.8 1.7 A-1
6 9.99 4-Heptanone 1.7 5.2 A-2 25 13.62 4-Methyl-4-hexene-3-one 0 0.8 A-2
7 10.03 2-Hydroxy-3-pentanone 1.2 6.2 A-1,2 26 13.72 4-Butyrolactone 0.9 0.7 A-4
8 10.15 2-Methyl-2-pentene-1-one 1.0 3.9 A-2 27 13.99 Di(3-methylbutyl)amine 0.3 2.9 A-7
9 10.28 1-Hydroxy-2-butanone 2.0 8.2 A-1,2 28 15.93 Cyclooctane 2.2 0.1 A
10 10.38 Tetradecane 0.4 0.2 A 29 16.28 Guaiacol 1.3 0.5 C-5,8
11 10.52 Tetrahydro-6-methyl-2H-pyran-2-

one
0 1.1 A-4 30 17.13 2-Ethylhexanoic acid 2.3 0.5 A-3

12 10.76 4-Hydroxy-3-hexanone 0.1 0.6 A-1,2 31 17.80 Phenol 9.6 4.5 C-8
13 11.00 2-Pentyl methoxyacetate 0.2 2.7 A-4,5 32 19.52 2-Hydroxy-4-butyrolactone 1.8 0 A-1,4
14 11.10 4-Heptanol 0.4 3.2 A-1 33 20.26 Syringol 1.9 0.7 C-5,8
15 11.25 1-Hydroxy-2-pentanone 0.8 3.9 A-1,2 34 20.85 4-Oxopentanoic acid 1.0 0.2 A-2,3
16 11.41 Acetic acid 19.3 5.2 A-3 35 21.67 3-Pyridinol 1.4 0 C-7,8
17 11.54 Furfural 5.4 0 B-6 36 22.36 5-Hydroxymethyl-2-furaldehyde 1.1 0 B-1,6
18 11.96 5-Hydroxy-4-octanone 0.3 0.3 A-1,2
19 12.06 2,5-Hexanedione 0.8 0.3 A-2 Total 80.2 90.5

aA = aliphatic, B = furan, C = aromatic, 1 = alcohol, 2 = ketone, 3 = carboxylic acid, 4 = ester, 5 = ether, 6 = aldehyde, 7 = amine, and 8 = phenol.

Table 4. Yields of Carbon Products Obtained from the Hydrothermal Treatment of Model Substrates in EFB Degradationa

Product yield (%C)

WS

Substrate Additive WS HAb HBc WI Gas SR Carbon balance (%)

Cellulose Fe 93 27 7 2 6 2 103
Cellulose none 58 2 23 7 8 96
Xylan Fe 80 19 3 4 7 3 94
Xylan none 64 2 1 18 5 7 94
Glucose Fe 74 22 3 8 9 4 95
Glucose none 53 5 3 26 6 10 95
Xylose Fe 80 20 3 5 8 4 97
Xylose none 64 2 1 19 5 6 94
Dihydroxyacetone Fe 72 21 18 8 5 103
Dihydroxyacetone none 41 2 31 8 17 97
Pyruvaldehyde Fe 61 24 20 5 4 90
Pyruvaldehyde none 35 2 27 6 17 85
Hydroxyacetone Fe 96 81 3 99
Hydroxyacetone none 95 103 3 98

aReaction conditions: Substrate = 1 g, H2O = 40 g, Fe = 1.564 g, PN2 = 1.0 MPa, temperature = 300 °C, and time =10 min. bHydroxyacetone. c3-
Hydroxy-2-butanone.
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degradation products of EFB, possible intermediate compounds
were tested under hydrothermal conditions, as summarized in
Table 4. When saccharides such as cellulose, xylan, glucose, and
xylose were used as substrates, the yield of the WS fraction was
improved by the addition of Fe. Dihydroxyacetone and
pyruvaldehyde, which are intermediates in the degradation of
saccharides,27 furnished similar results despite the fact that
these aldehydes are known to form water-insoluble long chain
molecules via aldol condensation under hydrothermal con-
ditions. On the other hand, all substrates formed significant
amounts of hydroxyacetone in the presence of Fe. Hydrox-
yacetone exhibited high hydrothermal stability both in the
presence and absence of Fe. Thus, unstable aldehydes
generated by the degradation of EFB are apparently converted
into stable compounds such as hydroxyketones in the Fe/H2O
system, contributing to the high WS yield.
Based on these results, the positive effects of the H2O/EFB/

Fe system on the steam and hydrothermal liquefaction of EFB
were investigated. In this system, Fe3O4 and active hydrogen
were produced from the reaction between Fe and H2O in both
the steam and hydrothermal systems. Fe3O4 catalyzed the retro-
aldol reaction of sugars under hydrothermal conditions, while
the active hydrogen efficiently converted the highly reactive
products into stable compounds. The stable compounds could
not undergo successive condensation, cyclization, repolymeri-
zation, and carbonization, thus reducing char formation.
Regeneration and Reuse of Fe. Iron oxide can be

reduced to metallic iron using biomass char28 or biomass waste,
such as sugar pine sawdust,29 rice husk,30 and palm kernel
shells.31 Because biomass wastes are renewable resources and
CO2 neutral, they are not only cost-effective but also eco-
friendly as a reductant source. We recycled the oxidized Fe by
using char and biomass. Figure 4 shows the XRD patterns of

the EFB/SR mixture obtained at different temperatures. Signals
observed at 30.2°, 35.5°, 37.2°, and 43.1° were attributed to
Fe3O4 (Joint Committee on Powder Diffraction Standards
(JCPDS) file No. 19-629), while a weak signal observed at
44.8° was attributed to α-Fe (JCPDS file No. 6-0696). By
heating the mixture to 800 °C, Fe3O4 was transformed into
FeO, and at 900 °C, the formation of Fe (43.0°, γ phase
(JCPDS file No. 31-619) and 44.2°, α phase) was observed. At
1000 °C, only γ-Fe was present, which transformed into α-Fe

upon cooling (C content < 0.1 wt %). These results confirmed
that iron could be regenerated at 1000 °C in the presence of
either EFB or char produced through the liquefaction of EFB as
reductant.
For evaluating the reusability of Fe, the SR containing

oxidized Fe and char was mixed with EFB and treated under N2
at 1000 °C for 2 h. The hydrothermal liquefaction of EFB using
regenerated Fe was conducted at a H2O/EFB ratio of 40:1, and
Table 5 summarizes the results. Compared to fresh Fe, using

the regenerated Fe reduced the yield of bio-oil slightly from
84% to 73%, indicating that Fe is partly deactivated during
regeneration. The increased peak intensities in the XRD
patterns (Figure S3a) confirmed the presence of comparatively
larger metal crystallites after regeneration. By field-emission
transmission electron microscopy (FE-TEM), the average
particle sizes of the fresh, used, and regenerated samples were
110, 85, and 548 nm, respectively, suggesting that Fe particles
agglomerate during regeneration. In the first reuse cycle, the
yields of hydroxyacetone and 3-hydroxy-2-butanone decreased
(Table 5), but these yields were constant in the second cycle.
This result indicated that the amount of generated hydrogen
decreases with Fe regeneration. Therefore, it is possible that the
decrease in bio-oil yields is attributed to increased char
formation, which is due to the reduced amount of hydrogen
generated from the reaction between aggregated Fe and H2O.

Catalytic Cracking of the WS Fraction. The catalytic
cracking of biomass pyrolysis vapors or bio-oil using solid acid
catalysts could provide valuable hydrocarbons, which are
currently obtained from fossil fuels (see Table S3).15,32−34

Hence, the production of hydrocarbon from the WS fraction
(40:1 H2O/EFB) via catalytic cracking using HZSM-5 was
evaluated (Table 6). The main gaseous products were observed
in amounts with the following order: C2−C4 olefins > CO2, CO
> C1−C5 alkanes > BTX. Coke formation was not observed.
Importantly, using WS obtained from the Fe-containing system,
the yields of C2−C4 olefins and BTX were 1.9 times greater
than those observed for the Fe-free system, although the
formed amounts of CO2, CO, and alkanes were comparable.
The increase in the C2−C4 olefin yield is expected to be
attributed to higher quantities of hydroxyketones in the WS
fraction. Indeed, Huber and co-workers have reported that the
yields of C2−C4 olefins and BTX from the catalytic cracking of
water-soluble bio-oil increase after introducing an upgrading
step of hydrogenation over Ru/C and Pt/C catalysts.35

Table 6 summarizes the results obtained from the catalytic
cracking of the WS fraction using regenerated Fe. The total
yields of C2−C4 olefins and BTX decreased over two reuse
cycles. Therefore, the decrease in olefin yields is attributed to

Figure 4. XRD patterns of the EFB/SR mixture containing oxidized Fe
and heated at 600−1000 °C. (○) α-Fe, (●) γ-Fe, (▲) Fe3O4, and (■)
FeO.

Table 5. Reuse of Fe Regenerated from the Solid Residue
Using EFB at 1000 °Ca

Carbon yield (%C)

WS

Fe sample WS HAb HBc WI Bio-oil Gas

Fresh 69 20 7 15 84 5
Reuse #1 66 14 4 17 83 7
Reuse #2 64 14 5 9 73 8

aReaction conditions: EFB = 1 g, H2O = 40 g, PN2 = 1.0 MPa,
temperature = 300 °C, time = 10 min. bHydroxyacetone. c3-Hydroxy-
2-butanone.
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the decreased hydrogenated compound formation during the
hydrothermal liquefaction of EFB.
As demonstrated by the experimental results discussed above,

zerovalent Fe was successfully used for the hydrothermal
liquefaction of EFB to produce bio-oil. This method, in which
the hydrogen produced in the reaction was consumed to
stabilize the degradation products of EFB, was more successful
than the conventional H2O/EFB approach. In addition, the
used Fe was regenerated by heating it with SR and EFB at 1000
°C, although slightly lower product yields were obtained using
the regenerated Fe. Our H2O/EFB/Fe system was demon-
strated to be suitable for the liquefaction of EFB to produce
bio-oil, and it allows the control of the selectivity of the WS and
WI components by varying the H2O content. In addition, C2−
C4 olefins were produced in good yields via the catalytic
cracking of the WS fraction using the HZSM-5 zeolite catalyst.
Nevertheless, additional studies must be conducted to further
develop this system to transform biomass into valuable
resources. Potential areas of study include the identification
of the most efficient iron species for hydrogen generation,
improvement of the hydrogen utilization efficiency, regener-
ation method for the oxidized Fe, and possible extension of this
system to other biomass resources (e.g., other lignocellulosic
biomass, algae, food waste, and sewage sludge). We postulate
that the Fe/H2O system developed herein can pave the route
toward better utilization of biomass resources.
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Table S1. Composition of oil palm empty fruit bunch (EFB) 

 

Composition
1
 (wt%) Composition 

(wt%) 

Composition
2
 (wt%) 

Cellulose Hemicellulose Lignin Moisture Ash C H N O
3
 

37.9 35.0 24.0 6.7 4.6 46.5 5.6 0.7 42.6 

1
 See reference 1. 

2
 Percent weight on dry basis. 

3
 Calculated by difference. 
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Table S2. Production and consumption of H2 from the reaction between Fe and H2O at 

300 °C 

 

H2O content 

(mL) 

H2 in the reactor (mmol) Utilization rate of 

H2 

(%) 

without 

EFB
a
 

with EFB
b
 

1 13  9 31 

3 24  9 63 

5 25 10 60 

10 22 13 41 

40 20 13 35 

Reaction conditions: 
a
 H2O = 1–40 g, Fe = 1.564 g, PN2 = 1.0 MPa, temperature = 

300 °C, time = 10 min. 
b
 EFB = 1 g, H2O = 1–40 g, Fe = 1.564 g, PN2 = 1.0 MPa, 

temperature = 300 °C, time = 10 min.  
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Table S3. Yields of light olefins obtained via the catalytic cracking of biomass, biomass pyrolysis vapors, bio-oil, and bio-oil model compounds  

Entry Catalyst (Si/Al ratio) Feed Reactor 
T 

(°C) 

Feed/Cat. ratio 

(Feeding rate) 
Olefin yield Ref 

1 HZSM-5 (24:1) WS without Fe (C = 7299 ppm) Fixed bed 600 1.1 g feed/g cat./h 14%-C This study 

2 HZSM-5 (24:1) WS with Fe (C = 5584 ppm) Fixed bed 600 1.1 g feed/g cat./h 27%-C This study 

3 HZSM-5 (24:1) Tetrahydrofuran (12.5 wt%, C = 78690 ppm) Fixed bed 600 9.7 g feed/g cat./h 46%-C This study 

4 HZSM-5 (24:1) Tetrahydrofuran (2.9 wt%, C = 15441 ppm) Fixed bed 600 1.3 g feed/g cat./h 44%-C This study 

5 HZSM-5 (24:1) Tetrahydrofuran (12.5 wt%) Fixed bed 600 11.7 g feed/g cat./h 51%-C [2] 

6 HZSM-5 (30:1) WSBO1 (12.5 wt%)  Fixed bed 600 11.7 g feed/g cat./h 19%-C [2] 

7 HZSM-5 (30:1) 
WSBO1 hydrogenation 

over Ru/C 
Fixed bed 600 11.7 g feed/g cat./h 33%-C [2] 

8 HZSM-5 (30:1) 
WSBO1 hydrogenation 

over Ru/C and Pt/C 
Fixed bed 600 11.7 g feed/g cat./h 51%-C [2] 

9 HZSM-5 (30:1) 
40 wt% pine sawdust bio-oil, 60 wt% 

methanol 
Fluidized bed 500 2.7 g feed/g cat./h 22 wt% [3] 

12 ZSM-5  Pine wood Fluidized bed 600 0.35 g feed/g cat./h 9% [4] 

13 LOSA-1 and 10% Al2O3 Rice stalk Fluidized bed 550 44 g/h 11% [5] 

14 ZSM-5  Rice stalk Fluidized bed 550 44 g/h 11% [6] 

1
WSBO = Water-soluble fraction of pinewood bio-oil. 

  



S5 

 

 

Figure S1. The fixed-bed continuous flow reactor for catalytically cracking the WS 

fraction into olefin and aromatics. 1: N2 gas cylinder, 2: flow control, 3: pressure gauge, 

4: aqueous solution of WS fraction, 5: plunger pump, 6: stainless steel tube reactor, 7: 

tubular furnace, 8: stainless steel beads, 9: catalyst, 10: stainless steel mesh, 11: 

temperature control, 12, 13: gas wash bottles with water or acetone, 14: gas sampling 

bottle, and 15: soap film flowmeter. 
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Figure S2. GC/MS spectra of the WS fraction obtained by the liquefaction of EFB at a H2O/EFB weight ratio of 40:1 in the (a) absence 

and (b) presence of Fe.
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Figure S3. (a) XRD patterns ((○) α-Fe, (●) γ-Fe), and (b–d) FE-TEM images of the 

fresh, spent, and regenerated Fe samples, respectively. 
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Scheme S1. Reaction pathway for the formation of hydroxyacetone and 

3-hydroxy-2-butanone from cellulose.
7,8
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