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Abstract
The effects of a series of co-catalysts: iron(III)chloride, zinc chloride, sodium borate, acetic acid, oxalic acid, 10% Pd-C, sodium
carbonate, and Raney-Ni as well as H2 at 200 psi reductive conditions were studied on the iron(0)-catalyzed hydrothermal
liquefaction of switchgrass at 210 °C. The addition 10% (w/w) iron(III)chloride as a co-catalyst in 60% aq. ethanol, without a
hydrogen atmosphere enhanced the liquefaction yield from 55.7 ± 1.5 to 67.6 ± 2.5%. The use of Pd/C (5% w/w) and Raney-Ni
(5% w/w) as co-catalysts could also enhance the liquefaction yields to 67.0 ± 3.0 and 72.3 ± 1.8% respectively, in reactions
carried out under hydrogen atmosphere at 200 psi, in H2O, 210 °C, 24 h. GC-MS analysis of the liquefaction products revealed
that C5-C10 range partially oxygenated products are formed and the composition of the liquefaction product depends on the co-
catalyst used. The thermogravimetric and FT-IR analysis of liquefaction residues indicated that polysaccharide fraction is mainly
liquefied in these iron(0)-catalyzed liquefactions of switchgrass at 210 °C.
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Introduction

The biomass liquefaction in a solvent at a high temperature is
another approach among a handful of currently studied ap-
proaches for the conversion of renewable carbon to a liquid
fuel compatible to fossil fuels [1–3]. In general early biomass
liquefaction, attempts were modeled after well-known World
War II era coal liquefaction technologies. These early coal
liquefaction technologies can be broadly divided into two
groups: direct liquefaction and indirect liquefaction [4, 5].
The direct process is based on approaches such as carboniza-
tion, pyrolysis, and hydrogenation [5]. The indirect method
usually involves gasification of coal or biomass to a mixture of
carbon monoxide and hydrogen called syngas and then using
Fischer-Tropsch chemistry for the conversion to liquid hydro-
carbons [6]. The direct liquefaction is more straight-forward
and requires a hydrogen-donor solvent or more often

hydrogen gas at a high pressure as well as the proper catalytic
system [7]. In most direct coal liquefaction, plant’s coal is
mixed with a hydrocarbon solvent and subjected to the hydro-
genation at 400–500 °C, at a hydrogen pressure of 20–70MPa
in the presence of a catalysts [7, 8].

The use of water as a direct liquefaction medium has not
gained traction in coal liquefaction, and this may be most
likely due to incompatible solubility properties. However,
there is a handful of attempts to use water as a co-solvent in
coal liquefaction [9, 10]. On the other hand, water can be a
better solvent for biomass with polar molecules capable of
hydrogen bonding with water [11]. The hydrothermal lique-
faction of biomass is a widely studied technique and generally
carried out around 280–370 °C, and at pressures in the range
10 to 25 MPa [12–14]. Besides the use of water, a number of
research groups have studied the use of organic solvents like
ethanol, 1-octanol [15], polyhydric alcohols, phenol [16, 17],
ethylene carbonate [18], and solvent mixtures [19] as the liq-
uefaction medium. In many instances, the addition of a metal
salt, acid, or a base as catalyst is known to improve the lique-
faction bio-oil yield and lower the liquefaction temperature
[20, 21]. Some of the catalysts tested in recent studies are
K2CO3 [22], zeolites [23], CuSO4 [19], Na2CO3 + Fe [24],
Ni-Co/Al-Mg [25], In(OTf)3, Yb(OTf)3, InCl3 [26], H3BO3,
Al2O3 [27], TiCl4 + MgCl4 [28], Ni/Si-Al, Ni2P [29], KF/
Al2O3 [23], Co-Zn/HZSM-5 [30], and Ni/HZSM-5 [31].
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The use of iron-based catalysts is gaining attention in recent
years for liquefaction of biomass in water and in other organic
solvents [32–37]; in particular, iron salts FeSO4 and FeCl3
have shown excellent catalytic activities [21, 32, 38]. The
use of iron as the liquefaction catalyst is a very attractive
proposition due to a number of reasons such as (a) iron is
the second most abundant metallic element on earth’s crust
and is the most inexpensive metal in the pure form, (b) iron
is known to react with hot compressed water or steam accord-
ing to the Eq. 1

3 Fe þ 4 H2O⇄Fe3O4 þ 4 H2 ð1Þ
producing in situ hydrogen for the reduction of the intermedi-
ates when water is used as the solvent, (c) recycling of iron
oxide to Fe(0) is also possible with carbon as the reducing
agent at high temperatures, and (d) iron is relatively less toxic
than many other transition metals used in catalysis processes.

In this study, the effects of a series of co-catalysts and
reductive conditions on the iron powder catalyzed liquefaction
of untreated switchgrass were studied in an effort to develop
an inexpensive catalytic method for producing renewable
fuels from lignocellulosic biomass. Switchgrass was selected
in particularly because the earlier work by de Caprariis et al.
[37] on oak wood with relatively high lignin content of ~ 25%
[39] resulted only about 40% liquefaction from experiments
conducted at 260–320 °C, for 15 min. On the other hand,
switchgrass with a relatively low lignin and high polysaccha-
ride contents [40] can be expected to liquefy under milder
conditions, and as far as we are aware, there are no reports
of studies on the effect of addition of Fe(0) on the hydrother-
mal liquefaction of switchgrass. In addition, the effects of
addition of a series of co-catalysts and the reductive conditions
of a pressurized hydrogen atmosphere were also studied as
attempts to improve the Fe(0) catalysis on bio-oil yield.

Experimental

Materials and Instrumentation

Switchgrass sample was collected at USDA-Agricultural
Research Station at Lincoln, NE. Switchgrass from matured
plants; dry whole plant sample was finely milled and sieved
through a mesh (Aldrich mini-sieve set, Z 675415, size 25,
particle size 0.7 mm) to obtain a homogeneous powder. The
switchgrass powder was then air dried in a 70 °C oven for 15 h
to achieve a constant weight and then stored in sealed glass
bottles. The composition of switchgrass: cellulose and hemi-
cellulose 80.4%; lignin 15.4%; ash 4.4% (w/w).
Iron(III)chloride, iron powder (> 99%, 60 micron), zinc chlo-
ride, sodium borate, acetic acid, oxalic acid, palladium (10%
w/w) on activated carbon, sodium carbonate, and Raney

nickel (W.R. Grace Co. 2800 slurry in water) were purchased
from Aldrich Chemical Co. Biomass samples were sonicated
for 20 min. before liquefactions using a Sonics Virbra-Cell
VCX130 sonicator at 130 W power. The switchgrass biomass
liquefactions without the hydrogen atmosphere were carried
out in 25-mL stainless steel solvothermal reaction kettles with
Teflon inner sleeves, from Lonsino Medical Products Co.
Ltd., Jingsu, China. The reactions were carried out by placing
the sealed reaction vessel in a temperature-controlled oven
(Cole-Palmer WU-52402-91) with ± 1 °C accuracy. High
pressure switchgrass biomass liquefaction under hydrogen
was conducted in a Parr Instrument Co. reactor with a
50-mL stainless-steel pressure vessel (4720) and a 4838 reac-
tor controller. The reactor was pressurized to 120 psi and
flushed with hydrogen three times before heating to the reac-
tion temperature. The complete process using iron(0)-cata-
lyzed hydrothermal liquefaction of switchgrass, with/without
co-catalysts, hydrogen atmosphere, and preparation of the liq-
uefaction product for GC-MS analysis is shown in the flow
diagram in Fig. 1. The thermogravimetric analysis was carried
out using a PYRIS Diamond TG-DTA system from
PerkinElmer Inc. Chemical compositions of switchgrass sam-
ples and solid residuals were analyzed by using curve fitting
data processing on OriginLab 2018b Graphing & Analysis
software from OriginLab Corporation, Northampton, MA,
USA [41, 42]. FT-IR spectra were recorded using Smiths
IdentifyIR. The products were analyzed using gas
chromatography-mass spectrometry (GC-MS) instrument
with a Varian Saturn 2100 T gas chromatograph coupled to
Varian 3900 mass spectrometer. The capillary column VF-5
ms (30 m × 0.25 mm I.D. coated with 0.25-μm film,
NP:CP8944 Varian) was used. The GC conditions were as
follows: the column temperature was programmed from 100
to 150 °C with a gradient of 10 °C/min; the injection temper-
ature was 275 °C; helium was used as the carrier gas at a flow
rate of 1.5 mL/min; and split ratio was 100. The mass analyzer
operated at an electron impact energy of 70 eV. Mass spectra
were recorded by scanning in the range 40 to 600 m/z. The
compounds were identified by referring to NIST 98 library
built into Varian MS Workstation version 6.9.2. software.

Liquefaction of switchgrass with iron(0)catalyst

The dried switchgrass powder (1.0 g) and iron(0) powder (2–
20% w/w) was mixed with 10 mL of deionized water in a
stainless steel solvothermal reaction kettle with Teflon inner
sleeve and sonicated for 20 min. The reaction kettle was firm-
ly closed and heated in an oven maintained at 210 °C for 6–24
h. After the reaction period, kettle was removed from the oven
and immediately cooled under running cold water to quench
the reaction. The contents were transferred into a centrifuge
tube and centrifuged at 1700g for 15 min to precipitate the
solids. The liquid phase was then extracted with methylene
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chloride (3 × 10mL), and the combined methylene chloride
extract was used in the GC-MS analysis. The solid residue
was dried in an oven at 95 °C for 24 h before weighing the
dry biomass residue. This sample was used for thermogravi-
metric analysis (TGA) and IR analysis. The percent liquefac-
tion was evaluated using the conversion ratio of switchgrass
and calculated after a correction for the catalyst weight as
follows:

Percent liquefaction

¼ Weight of dry switchgrass−Weight of dry biomass residue

Weight of dry switchgrass
� 100%

All experiments were carried out in duplicate. The percent
liquefactions calculated were mainly applied for the compar-
isons of various catalysts as well as reaction conditions used in
this work.

Liquefaction of Switchgrass with Iron(0) and a Co-
Catalyst

The dried switchgrass powder (1.0 g), iron(0) powder (10%
w/w), and co-catalyst (iron(III)chloride, zinc chloride, sodium
borate, acetic acid, oxalic acid, 10% Pd-C, sodium carbonate
or Raney-Ni; 10% w/w) was mixed with 10 mL of deionized
water or 60% aqueous ethanol as the solvent in a stainless steel
solvothermal reaction kettle with Teflon inner sleeves and
sonicated for 20 min. The reaction kettle was firmly closed
and heated in an oven maintained at 210 °C for 24 h. After the
reaction period, the kettle was removed from the oven and
processed as described in the previous procedure. The liquid
phase was analyzed using GC-MS. The percent liquefaction
was calculated using the equation in the previous procedure.
All experiments were carried out in duplicates.

Liquefaction of Switchgrass with Iron(0) and a Co-
Catalyst Under a Hydrogen Atmosphere

The dried switchgrass powder (1.0 g), iron(0) powder (10%
w/w) and co-catalyst (10% Pd-C or Raney-Ni; 5% w/w) was
mixed with 10 mL of deionized water in a Parr Instrument Co.
reactor with a 50-mL stainless-steel pressure vessel (4720)
and sonicated for 20 min. The stainless-steel vessel was

flushed with hydrogen for three times and pressurized with
hydrogen to 120 psi. The reactor temperature was gradually
increased from room temperature to 210 °C in 30 min, held at
210 °C and at a pressure of 200 psi for 24 h. Then the reactor
was cooled to room temperature and pressure released, and the
content was processed as in the earlier procedure. The liquid
phase was analyzed using GC-MS. The percent liquefaction
was calculated as in earlier procedures; all experiments were
carried out in duplicate.

Statistical Analysis

Statistical significance was detected by analysis of variance
(ANOVA) and Tukey’s honest significant difference (HSD)
test at a 95% confidence level using SAS 9.4 software (SAS
Institute Inc., Cary, NC, USA). For all variables with the same
letter, the difference between the means is not statistically
significant. If two variables have different letters, they are
significantly different.

Results and Discussion

Switchgrass Liquefaction with Iron(0) as the Single
Catalyst: the Effects of Catalyst Loading and Reaction
Time

In the initial phase of experiments, iron powder was used as
the single catalyst for hydrothermal liquefaction of switch-
grass biomass; first, the effects of catalyst loading and the
reaction time were studied. All liquefaction experiments were
carried out at 210 °C, as literature examples have shown that
similar hydrothermal liquefactions require temperatures above
200 °C to produce high liquefaction yields from lignocellu-
losic biomass forms [3]. The heat-up time of 7 min and cool
down time of 3 min are negligibly small in comparison to total
heating time of 24 h used in these experiments. The experi-
ments with Fe(0) catalyst loadings at 2, 5, and 10% at 210 °C
for 24 h resulted 47, 54, and 56% liquefactions. Further in-
crease in catalyst loading to more than 10% failed to improve
the liquefaction yield above 56%, and therefore all other ex-
periments were carried out at 10% w/w Fe(0) catalyst loading.
A baseline reference experiment without Fe(0) catalyst pro-
duced only less than 10% switchgrass liquefaction under

Switchgrass powder

+ Fe(0) with or

without co-catalyst

+ H2O

Sonication

130 W, 20 min.

Heat

210 C, 24 h.

Centrifugation

1700 g, 15 min.

CH2Cl2

Extraction
Switchgrass

liquefaction

product

GC-MS Analysis

with or without H2

0

Fig. 1 Flow diagram for iron(0)-catalyzed hydrothermal liquefaction of switchgrass, with/without co-catalysts, hydrogen atmosphere, and preparation of
the liquefaction product for GC-MS analysis
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similar conditions. The change in liquefaction yields with time
was also studied using 10% w/w Fe(0) catalyst loading and at
210 °C. The result of this experiment is shown as Fig. 2, and a
rapid increase in liquefaction is seen in the first 6 h, and no
further improvements in liquefactions are seen after about 24
h; therefore, all liquefactions including co-catalyst addition
experiments were also carried out for 24 h.

The Effects of Adding a Co-Catalyst in the Iron(0)
Catalyzed Liquefaction of Switchgrass

In the second phase, effects of adding various co-catalysts to
iron(0)-catalyzed liquefaction of switchgrass in water and in
60% aqueous ethanol, without a hydrogen atmosphere and at
210 °C, 24 h, were studied. The results of these experiments
are shown in Table 1. The addition of a co-catalyst such as
metal salt or an organic acid was reported to be helpful in other
types of biomass conversion processes due to the lowering of
the activation energy as well as changes in acidity in the cat-
alyst system [43–45]. The first entry in this table is the iron(0)-
catalyzed liquefaction of switchgrass without adding a co-cat-
alyst. The majority of co-catalysts tested failed to improve the
liquefaction yield and produced only retardation in liquefac-
tions. However, the addition of 10% w/w iron(III)chloride in
water produced a slight increase in the liquefaction yield from

55.7 ± 1.5 to 60.2 ± 2.1% as shown in entry 3. In an attempt to
further enhance the liquefaction, 10% w/w iron(III)chloride
co-catalyst was tested in 60 % aqueous ethanol, and this ex-
periment produced the highest liquefaction yield of 67.6 ±
2.5% as shown in entry 4. This improvement in liquefaction
may be due to the acidity provided by FeCl3 in aqueous eth-
anol promoting the decomposition of amorphous hemicellu-
lose as well as lignin due to chelation with Fe(III) ions.
Meanwhile, disordered morphology such as disrupted ridged
structure, loosen cracks, and pores, were also reported after
iron(III)chloride with ethanol treatment other biomass forms,
which are also beneficial for the liquefaction process [46].

Iron(0)-Catalyzed Liquefaction of Switchgrass Under a
Hydrogen Atmosphere with and Without a Co-
Catalyst

Next, the iron(0)-catalyzed liquefaction of switchgrass under a
hydrogen atmosphere at 200 psi with and without a co-catalyst
was studied using a Parr reactor. The results of these experi-
ments are shown in Table 2. The reductive conditions under a
hydrogen atmosphere significantly improved the liquefaction
yield of switchgrass as shown in Table 2. In comparison, the
experiment carried out without a hydrogen atmosphere, 10%w/
w iron catalyst produced a 55.7 ± 1.5% liquefaction (entry 1,

Fig. 2 The changes in
switchgrass biomass liquefaction
product percent yields with
reaction time in the liquefaction
time optimization experiment.
Switchgrass (1.0 g) and Fe(0)
(10% w/w) and 10 mL of water at
210 °C were used. Statistical
significance is denoted by
different letters a and b
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Table 1); whereas the experiment under a hydrogen atmosphere
with same catalyst loading and temperature produced a 69.2 ±
1.8% liquefaction (entry 1, Table 2). The addition of Pd/C or
Raney-Ni as co-catalyst to liquefaction under a hydrogen atmo-
sphere was also tested, and the results are shown as entries 2
and 3 in Table 2. The Pd/C (5% w/w) as co-catalyst had no
significant effect on the liquefaction yield; whereas, the addition
of Raney-Ni (5% w/w) as a co-catalyst under reductive condi-
tions produced a statistically border line enhancement in lique-
faction yield to reach 72.3 ± 1.8%, which is the highest yield of
all experiments, as shown in entry 3 in Table 2.

GC-MS Analysis of Liquefaction Products from Iron(0)-
Catalyzed Liquefaction of Switchgrass Under a
Hydrogen Atmosphere with and Without a Co-
Catalyst

The liquefaction products from iron(0) catalyzed liquefaction of
switchgrass under a hydrogen atmosphere with andwithout a co-
catalyst was analyzed using GC-MS in order to understand the
composition of the oils formed. A comparison of GC-MS pro-
files of liquefaction products from iron(0)-catalyzed liquefaction
of switchgrass under a hydrogen atmosphere with and without a

co-catalyst is shown in Table 3. The GC-MS chromatograms are
included in supplementarymaterial of this article. Fourteen out of
the 17 compounds foundswere indentified inGC-MS analysis as
shown in the fifth column in Table 3. The unidentified com-
pounds eluting as peaks 4, 11, and 12 are labeled as unknowns.
The peak number 5 eluting at 2.60 min in the chromatogram of
liquefaction product produced using iron(0) catalysis without a
co-catalyst showed the highest peak area percentage of 43.55%,
and this compound with a formula C6H6O2 was identified as
1-(2-furanyl) ethanone, commonly known as 2-acetyl furan.
This peak was observed as peak with the highest peak area
percentage (25.06%) in experiment with the addition of Pd/C
(5% w/w) as a co-catalyst as well. However, the peak number
3 with retention time of 2.22 min is the compound with the
highest peak area percentage (27.60%) in chromatogram of the
liquefied product from experiment using Raney-Ni (5% w/w) as
a co-catalyst. The proposed structure for this compound was
eluting at 2.22 min with a formula C6H10O is 2-methyl
cyclopentanone. The majority of compounds in liquefied prod-
ucts and in particularly with six carbons and below are relatively
smaller molecules generated from the degradation of cellulose
and hemicellulose. Whereas peak numbers 13 to 17 are from
phenolic compounds, most likely formed from the decomposi-
tion of lignin in switch grass. These aromatic and phenolic com-
pounds together contribute to only about 20% of the total peak
area in all three switchgrass liquefaction products under the mild
conditions used in this work. In comparison, de Caprariis et al.
[37] has recently reported the formation of a number of phenolic
compounds from the lignin fraction and some carbonyl com-
pounds from cellulose and hemicellulose during an iron cata-
lyzed reductive hydrothermal liquefaction of oak wood biomass.

Thermogravimetric Analysis of Switchgrass Biomass
Residues After Iron(0)-Catalyzed Liquefactions

The effects of different iron(0)-catalyzed liquefactions on ma-
jor components in switchgrass biomass, hemicellulose,

Table 1 The effects of adding a
co-catalyst in the iron(0)-
catalyzed liquefaction of
switchgrass. Switchgrass (1.0 g)
and Fe(0) (10% w/w) and 10 mL
of solvent at 210 °C, 24 h.
Statistical significance is denoted
by different letters a,b, and c

Entry Co-catalyst and loading Solvent Percent liquefaction (% w/w)

1 - H2O 55.7 ± 1.5b

2 Iron(III)chloride (2% w/w) H2O 51.8 ± 1.8bc

3 Iron(III) chloride (10% w/w) H2O 60.2 ± 2.1ab

4 Iron (III) chloride (10% w/w) 60% aq. EtOH 67.6 ± 2.5a

5 Zinc chloride (2% w/w) H2O 47.8 ± 3.0c

6 Sodium borate (2% w/w) H2O 47.4 ± 1.6c

7 Acetic acid (2% w/w) H2O 50.8 ± 1.8bc

8 Oxalic acid (2% w/w) H2O 46.2 ± 1.5c

9 Pd/C (2% w/w) H2O 51.3 ± 1.6bc

10 Sodium carbonate (2% w/w) H2O 49.7 ± 0.6bc

11 Raney nickel (2% w/w) H2O 42.6 ± 1.8c

Table 2 Iron(0)-catalyzed liquefaction of switchgrass under a hydrogen
atmosphere with and without a co-catalyst. Switchgrass (1.0 g) and 10
mL of water. The reactor temperature was increased from 23 to 210 °C in
30 min., held at 210 °C, pressure of 200 psi, H2, 24 h., 210 °C. Statistical
significance is denoted by letter a

Entry Catalysts and loading Percent liquefaction
(% w/w)

1 Iron(0) (10% w/w) 69.2 ± 1.8a

2 Iron(0) (10% w/w) + Pd/C
(5% w/w)

67.0 ± 3.0a

3 Iron(0) (10% w/w) + Raney Ni
(5% w/w)

72.3 ± 1.8a
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cellulose, and lignin were also studied. The residue left after
liquefaction was separated and dried, and TGAwas recorded
as described in the experimental section. Then the derivative
TGA curve data was analyzed by using OriginLab 2018b
Graphing & Analysis software. The curve fitting software
was used to determine the individual decomposition temper-
atures and the relative compositions of major components as
described by others as well as in our previous work [41, 42,
47]. The TGA derivative curves as well as OriginLab 2018b
curve fitting analysis for polysaccharides (hemicellulose and
cellulose) and lignin components are included in the supple-
mentary material of this article.

The effect of different iron(0)-catalyzed liquefactions on
decomposition temperatures and compositions of major com-
ponents in switchgrass biomass are shown in Table 4. In pure
switchgrass, the decomposition temperatures of cellulose and
hemicellulose are in the 297–322 °C range (entry 1). The
polysaccharide (cellulose and hemicellulose) decomposition
temperatures in all residues showed a shift towards lower tem-
peratures as shown in Table 4 indicating the partial breakdown
of polysaccharides due to iron(0)-catalyzed liquefactions.
These shifts in polysaccharide decomposition temperatures
from the average of hemicellulose and cellulose in pure
switchgrass are shown in parenthesis in the third column of
Table 4. The liquefactions 10% (w/w) Fe(0) + 5% Raney-Ni,

H2 at 200 psi, H2O (entry 5), and 10% (w/w) Fe(0) + 10%
(w/w) FeCl3, H2O (entry 6) produced the largest shifts in
polysaccharide decomposition temperatures. The lignin de-
composition temperatures and shifts from untreated switch-
grass are shown in the fourth column. The liquefaction: 10%
(w/w) Fe(0) + 5% Raney-Ni, H2 at 200 psi, H2O (entry 5)
caused the highest shift in the lignin decomposition tempera-
ture, indicating the highest degradation in lignin structure dur-
ing the liquefaction; interestingly, the highest liquefaction
yield was also attained in this experiment. The percentage
composition of polysaccharide and lignin in untreated switch-
grass and liquefaction residues are shown in the last two col-
umns of Table 4. The polysaccharide and lignin percentages of
untreated switchgrass are 80.4 and 15.4% respectively.
However, all the residues after liquefactions show higher lig-
nin compositions than polysaccharides indicating that hemi-
cellulose and cellulose are the major components liquefied in
iron-catalyzed liquefactions.

Comparison of IR Spectra of Switchgrass with the
Residue After Iron(0)-Catalyzed Liquefaction

The FT-IR spectra of switchgrass was compared with the res-
idue after iron(0)-catalyzed liquefaction to further analyze the
liquefaction process. The reflectance IR spectra of switchgrass

Table 3 A comparison of GC-MS profiles of liquefaction products
from iron(0)-catalyzed liquefaction of switchgrass under a hydrogen at-
mosphere with and without a co-catalyst. Switchgrass (1.0 g) and 10 mL

of water. The reactor temperature was increased from 23 to 210 °C in 30
min., held at 210 °C, pressure of 200 psi, H2, 24 h

Peak Rt

(min)
m/z Molecular formula Possible compound Catalyst

Iron(0)
(10% w/w).
Peak area (%)

Iron(0) (10% w/w)
+ Pd/C (5% w/w).
Peak area (%)

Iron(0) (10% w/w)
+ Raney-Ni
(5% w/w).
Peak area (%)

1 2.00 84 C5H8O Cyclopentanone 2.96 11.46 10.70

2 2.18 82 C5H6O 2-Cyclopenten-1-one 4.13 2.57 -

3 2.22 98 C6H10O 2-Methyl cyclopentanone 1.17 5.74 27.60

4 2.48 144 C8H16O2 Unknown - 7.72 4.73

5 2.60 110 C6H6O2 1-(2- Furanyl) ethanone 43.55 25.06 4.27

6 2.63 112 C7H12O 2,5-Hexanedione - 8.58 3.91

7 2.85 112 C7H12O 2-Propyl tetrahydrofuran - - 9.38

8 2.92 100 C5H8O2 Dihydro-5-methyl 2(3H)-furanone 2.31 - 2.21

9 3.04 94 C6H6O Phenol 5.00 4.13 4.27

10 3.29 110 C7H10O 2,3-Dimethyl 2-cyclopenten-1-one 9.94 6.17 -

11 3.55 112 C6H8O2 Unknown 3.01 - -

12 3.68 110 C7H10O Unknown 3.14 2.67 2.75

13 4.19 124 C7H8O2 2-Methoxy phenol 15.99 9.75 9.49

14 4.93 122 C8H10O 4-Ethyl phenol 1.42 7.78 8.24

15 6.12 152 C9H12O2 4-Ethyl, 2-methoxy phenol 2.75 6.47 9.85

16 6.83 154 C8H10O3 2,6-Dimethyoxy phenol 4.62 - 2.61

17 6.99 166 C10H14O2 2-Methoxy, 4-propyl phenol - 1.89 -
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(green) and the liquefaction residue are shown from entry 2,
Table 4; 10% (w/w) Fe(0), H2O, 210 °C, and 24 h, (red) are
shown in Fig. 3. The major IR absorption bands at -O–H,
3346; -C–H, 2921; -C=O, 1723; aromatic -C=C- 1596; and -
C–O, 1033 cm−1 were assigned by comparison with switch-
grass IR spectra reported in the literature [48, 49]. There are no
significant changes in at -O–H, 3346; -C–H, 2921 cm−1

bands. However, the carbonyl absorption at 1723 cm−1 is
greatly reduced in the liquefaction residue indicating that the
ester bonds from hemicellulose fraction of switchgrass may

have hydrolyzed in the liquefaction. The aromatic -C=C- ab-
sorption at 1596 cm−1 in residue is relatively increased in
comparison to other absorptions, indicating that the lignin
fraction is only mildly affected by the liquefaction. This result
further confirms the thermogravimetric analysis results on per-
centage composition of lignin in Table 4 as well. In addition,
the -C–O absorption band at 1033 cm−1 is relatively decreased
in the residue showing the loss of polysaccharides due to
liquefaction. The FT-IR spectra from other samples are includ-
ed in supplementary material.

Table 4 The effects of different iron(0)-catalyzed liquefactions on compositions and decomposition temperatures of major components in switchgrass
biomass

Entry Catalyst and reaction conditions Decomposition temperature °C
(ΔTdecomp)

Composition (%, w/w)

Hemi-cellulose
and cellulose

Lignin Hemi-cellulose
and cellulose

Lignin Ash

1 Untreated switchgrass 297–322 431 80.4 15.4 4.4

2 10% (w/w) Fe(0), H2O, 210 °C, 24 h 276 (34) 364 (67) 32.5 37.5 20.0

3 10%(w/w) Fe(0), H2 at 200 psi, H2O, 210 °C, 24 h 254 (56) 349 (82) 11.5 59.6 18.9

4 10% (w/w) Fe(0) + 5% Pd/C, H2 at 200 psi, H2O, 210 °C, 24 h 265 (45) 345 (86) 35.8 41.3 7.9

5 10% (w/w) Fe(0) + 5% Raney-Ni, H2 at 200 psi, H2O, 210 °C, 24 h 250 (60) 300 (131) 3.9* 61.1* 19.0

6 10% (w/w) Fe(0) + 10% (w/w) FeCl3, H2O, 210 °C, 24 h 245 (65) 338 (93) 21.7 50.3 18.0

7 10% (w/w) Fe(0) + 10% (w/w), FeCl3, 60% aq. EtOH, 210 °C, 24 h 254 (56) 313 (118) 15.4* 58.7* 15.9

*Overlap peaks

Fig. 3 Reflectance FT-IR spectra of switchgrass (green) and liquefaction residue from entry 2, Table 4; 10% (w/w) Fe(0), H2O, 210 °C, 24 h (red)

Bioenerg. Res.

Author's personal copy



Conclusion

The effects of a series of co-catalysts and reductive conditions
were studied on the iron(0)-catalyzed hydrothermal liquefac-
tion of untreated switchgrass. This study demonstrates the
importance of decreasing the polarity of the solvent medium
in improving the liquefaction yield in experiments carried out
without a hydrogen atmosphere. In addition, the higher lique-
faction yield in FeCl3 co-catalyst-added experiment is proba-
bly due to Lewis acidity of Fe3+, and Brønsted acidity of HCl
formed as a result of the hydrolysis of FeCl3 in water. These
acidic species can catalyze the hydrolysis of glycosidic bonds
in polysaccharides as well as ether bonds in lignin compo-
nents in switchgrass promoting the liquefaction.
Furthermore, the addition of a hydrogen atmosphere has
shown a significant improvement in hydrothermal liquefac-
tion yields of switchgrass, suggesting that the in situ hydrogen
generation as shown in Eq. 1 can only play a minor contribu-
tion in the liquefaction process. Additionally, in the case of
experiments carried out under a hydrogen atmosphere, the
addition of Pd/C or Raney-Ni as a co-catalyst could produce
only marginal improvements in liquefaction yields. However,
there are significant changes in compositions of the products
due to additions of these co-catalysts. This result is most likely
due to facile conversion of the initially formed liquefaction
products to relatively highly reduced products in the presence
of better hydrogenation catalysts Pd/C or Raney-Ni.
Therefore, in conclusion, the Pd/C or Raney-Ni co-catalysts
are mostly involved in the reduction of the initially formed
liquefaction products. The IR and thermogravimetric analysis
of residues revealed that polysaccharide fraction is mainly
liquefied, concluding the difficulty of depolymerization of
lignin under the conditions used. We are currently working
on further deoxygenation of liquefied bio-oil product to hy-
drocarbon fuels as well as recycling of the iron catalyst.
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