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Abstract—In-situ hydrodeoxygenation of furfural as a representative component in bio-oil was investigated in aque-
ous solution over supported Ni catalysts, for preparing furans as an antiknock additive. The addition of methanol, etha-
nol, or isopropanol was found inhibitive to coke formation at 220 °C. When using methanol as the hydrogen donor
and coke inhibitor, the support in mesoporous structure with moderate acidity was more favorable to the conversion of
furfural and to the formation of furans. An increased loading amount of Ni facilitated the generation of deep hydroge-
nated products. The conversion of furfural could hardly be changed under different methanol to water ratios, while the
product distribution varied remarkably. Under optimized conditions, the summary yield of furan and 2-methylfuran
reached to above 85%. On the basis of optimized reaction conditions, the in-situ hydrodeoxygenation of an eight-com-
ponent synthetic bio-oil was tested, and the results verified the adaptability of the method for conversion of bio-oil.
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INTRODUCTION

Renewable energy is an inevitable choice due to the inescapable
exhaustion of fossil fuels. Biomass is an important renewable energy
source, and also the only source for renewable carbon [1]. How-
ever, the lower energy density of biomass restricts its application
severely. So it is advantageous to convert biomass to liquid fuels
and/or high value chemicals [2,3]. Many methods have been put
forward for biomass conversion, and among them the pyrolysis of
biomass is a promising one with the advantages of high liquefaction
efficiency and low operating pressure [4,5]. However, the poor prop-
erties of bio-oil, such as high oxygen content (~40 wt%), high water
content (15-30 wt%), low heating value (17-20 MJ/kg), and high cor-
rosivity (pH~2-4) with instability, determine that it has to be up-
graded before usage [6,7].

Several upgrading methods have been broadly investigated, such
as emulsification, aqueous phase reforming, catalytic cracking, and
hydrodeoxygenation (HDO) [8,9]. Among them, HDO originat-
ing from the petrochemical industry is regarded as the most effec-
tive method with high deoxygenation rate [1]. However the con-
ventional HDO process needs a large amount of external gaseous
hydrogen, causing a severe challenge for running security [10]. More-
over, this process is usually carried out at relative high temperatures
(200-600 °C), leading to higher energy consumption and easier for-
mation of coke [11]. A novel method of in-situ HDO which obtains
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hydrogen from hydrogen donor such as formic acid, methanol, and
isopropanol provides an alternative to the upgrading of bio-oil [12,
13]. In Fisk et al’s work, the oxygen content of a synthetic bio-oil
(mixture of model compounds) is reduced from 41.4 wt% to 2.8
wt% over Pt catalysts, by in-situ HDO method using light oxygen-
ates as hydrogen donors [14]. Xu et al. investigated the in-situ hy-
drogenation of some model compounds (acetone and phenol) over
Raney Ni catalyst with methanol as the hydrogen donor [13]. We
have also studied the in-situ HDO of phenol over supported Pd,
Ru, and Pt catalysts [12,15], and obtained a high phenol conversion
~90% with a high deoxygenation degree ~80% over Pd catalyst [12].
Generally; the corresponding researches are still rather scarce, and
mainly focus on the conversion of phenols over noble metal or
Raney Ni catalysts.

Bio-oil is a complex mixture and furans are another important
group of components [10,16]; thus, the HDO of furfural (FAL) as
the model compound of furans in bio-oil are also studied, using
gaseous H, as the hydrogen source [10,17].

In this paper, the in-situ HDO of furfural in aqueous solution
over supported Ni catalyst was studied for preparing furans, since
turans including furan and 2-methylfuran (2-MF) with high octane
number could be used as antiknock fuel additive in gasoline [17,
18]. Herein, the coking behavior of furfural was tested first as
some relevant researches mentioned [10,19]. Then, catalysts and
hydrogen donors were screened, and reaction conditions were fur-
ther optimized for improving the furfural conversion and the
selectivity to furans. Finally, the in-situ HDO of an eight-compo-
nent synthetic bio-oil was tested based on optimized reaction con-
ditions.
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EXPERIMENTAL SECTION

1. Catalyst Preparation

The supported Ni catalyst was used herein, because of its high
hydrogenation activity and relatively low price [20,21]. It was pre-
pared by incipient wetness impregnation method [12,22] on dif-
ferent supports of AL,O; (Alfa Aesar, 99%), SiO, (Alfa Aesar, 99%),
ZSM-5 (XFnano, 99%), MCM-41 (XFnano, 99%), SBA-15 (XFnano,
99%). A certain amount of Ni(NO;),-6H,0 (Sinopharm, >98.0%)
was first dissolved in deionized water with the volume equivalent
to the pore volume of support. Then, the solution was impregnated
on the support and aged for 10 hours at room temperature with
intermittent stirring. Subsequently; it was dried at 110 °C for 5 hours
and then heated from room temperature to 500 °C by 5 °C/min for
calcination for 5hours. Finally, the catalyst precursor was reduced
under the atmosphere of 50 vol% H, and 50 vol% Ar (flow rate of
300 mL/min) at 550 °C for 2 hours (heated from room temperature
by 10 °C/min).
2. Catalyst Characterization

Temperature programmed reduction by H, (H,-TPR) was per-
formed (Micromeritics AutoChem II chemisorption analyzer 2920)
to identify a proper temperature for reduction of the catalyst pre-
cursor. In the test, 20-50 mg sample was loaded into a U-type quartz
tube, and then the temperature was increased from 50 °C to 800°C
by 10°C/min in the atmosphere with 10 vol% H, and 90 vol% Ar.
X-ray diffraction (XRD, PANalytical Empyrean) was conducted in
the angle (26) range of 5-90°, with conditions of Cu K radiation,
40kV and 30 mA, to characterize the chemical phases of catalysts.
The catalyst surface area and pore size was characterized by N,
adsorption/desorption method (Micromeritics ASAP 2020 HD88),
and the data were treated by BET, T-plot, BJH, HK models. Tem-
perature programmed desorption of NH; (NH,-TPD) was carried
out (Micromeritics AutoChem II Chemisorption Analyzer 2920)
to measure the acidity of the catalyst. In the test, the sample (20-
50 mg) loaded in a U-type quartz tube was first heated to 120°C
by 10 °C/min and held for 30 minutes in He atmosphere. Thereaf-
ter, it was cooled to 50 °C in the mixed 10 vol% NH,; and 90 vol%
He atmosphere for saturation of adsorption. The sample was then
heated to 100 °C and flushed by He for 1h. It was further heated
to 700 °C with the heating rate of 10 °C/min to desorb NH,, and the
NH; concentration was measured by thermal conductivity detec-
tor (TCD) every 1 second.
3. Experimental Process

The experiments were performed in a 100 mL autoclave made
of C276 Hastelloy (Dalian Tongda Reactor Work, type CJF-0.1L).
For coke formation tests, 2 g furfural and 10 g deionized water with-
out catalysts were added into the reactor, which is generally accor-
dant with the furfural composition in crude bio-oil [23]. After reac-
tion, the solid residue was taken out and dried at 100 °C overnight.
It was then weighted to calculate the mass of coke formation. For
coke inhibition tests, additional 20 g solvent (deionized water, metha-
nol, ethanol, isopropanol, cyclohexane, or heptane) was added into
the feedstock, beyond the constant 2 g furfural and 10 g water. For
catalyst screening tests, 0.5 g reduced catalyst was first loaded into
the reactor and then reactants and solvents were added sequen-
tially. The in-situ HDO of a synthetic bio-oil was also tested with
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4 g catalyst. The synthetic bio-oil with 2 g furfural as reference was
made up of eight components: formaldehyde (10 wt%), formic acid
(4 wt%), acetic acid (10 wt%), ethanol (8 wt%), 1-hydroxy-2-pro-
panone (4 wt%), furfural (7 wt%), phenol (17 wt%), and H,O (35
wt%) [14,24,25]. Prior to experiment, the autoclave was flushed by
N, for three times to purge air and pressurized with N, to 1 MPa.
Keeping stirring at 700 rpm, the reactor was heated to 120-280 °C
by 3°C/min and held for 1-6 h. Thereafter, the autoclave was cooled
in a water tank to room temperature with an average cooling rate
~10°C/min. The initial 1 MPa of N, is used as internal standard
for calculating the amount of gas product. All gas hydrocarbons
(C1-C4) are indicated by the symbol of CH.
4. Product Analysis

Gas product was analyzed by gas chromatography (GC, Shimadzu
GC-2014). Liquid product was analyzed using gas chromatography-
mass spectrometer (GC-MS, Thermal Scientific ISQ) equipped with
a FFAP column (30 mx0.25 mmx0.25 pm). The internal standard
method was applied for quantification, and ethylene glycol (Sino-
pharm, >99%) was used as the standard substance. The oven tem-
perature was set as follows: keep at 30 °C for 5 mins, then heat to
100 °C by 4 °C/min holding for 3 mins, and finally heat to 250 °C
by 5 °C/min holding for 5 mins.

The mass balance and carbon balance, coke yield, conversion,
and liquid yield, are respectively, defined as follows.

E?mi out
Am, %=| 1-——=|x100 (1)
Z;Imi, in
AC(%)= [1— ﬁ] %100 )
mfurfurul, in% %
m,
Coke, %= —kﬁéx 100 3)

mfurfuml, in% 9_6

n
Conversion, %= (1— —MM) %100 4)
nfurfuml, in
n.
Yield (liquid), %= (1— —f-) %100 (5)
nfurﬁxml, i

where, 'm; ,,, means total mass after reaction; %/m, ;, total mass

introduced; X'm¢; , total carbon mass of all the products from

) 60 . ..
furfural after reaction; my, s, x— initial carbon mass of furfu-

96
ral; m,,;, mass of coke solid, with the assumption that coke is made
from pure carbon; N, ;, initial mole of furfural; ng, 4 0. Mole
of furfural after reaction; n; ,,, mole of component i after reaction.

RESULTS AND DISCUSSION

1. Inhibition of Coke

The coking behavior from conversion of furfural was first investi-
gated, as it was the most significant and challenging problem in
HDO of bio-oil [26]. Fig. 1(a) presents the coke yields from reac-
tions without catalyst at 120-220 °C. It can be seen that when the
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Fig. 1. Coking behavior and coke-inhibition effect by addition of solvents. Reaction conditions: furfural=2 g, H,0=10 g, reaction time=4h.
(a) Coke yield under different temperatures without catalyst. (b) Coke yield under additional 20 g of different solvent without catalyst

at 220 °C.

reaction temperature rose to 140 °C, obvious coke appeared and the
coke yield got a sharp increase from ~1% at 140°C to ~18% at 160°C
and finally to ~28% at 220 °C. When 0.5 g 5 wt% Ni/ALO; was added
into the system with the temperature of 220 °C, even more coke
was generated (yield of 30%) and almost no liquid product was
detected by GC-MS, indicating that the catalyst was covered by
coke and completely deactivated before it could play roles. The coke
could be derived from self-condensation and/or polymerization of
turfural and would inevitably deteriorate the whole process [27,
28]. A high temperature as well as protons from ionization of water
at high temperatures was promotive to the coking process [29].
Therefore, how to effectively inhibit the coke formation was of
great importance for HDO of furfural or bio-oil.

Considering that the precursor of coke could be dissolved and
diluted by organic solvents and thus might prevent the combina-

tion of precursor molecules to form coke, some organic solvents
were tested. The coke yields are shown in Fig. 1(b). It was found
that methanol, ethanol, and isopropanol performed best for inhib-
iting the formation of coke, since no coke could be detected in the
three systems. More water could partially inhibit the coke forma-
tion as well, but cyclohexane and heptane caused severe coking
rather than inhibition. With respect to the higher hydrogen pro-
ductivity and low price of methanol [30], methanol was used as
both of coke inhibitor and hydrogen donor in the following exper-
iments. A blank experiment showed that if methanol was added
into the feedstock with no catalyst, almost no furfural was con-
verted, and no gas or liquid product or coke could be detected at
220 °C, confirming the inertness of the reactor material.
2. In-situ HDO of Furfural

Repetitive experiments at 220 °C using 5 wt% Ni/ALO; as cata-
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Fig. 2. H,-TPR analysis for the catalyst precursor of 5wt% and 10 wt%Ni/Al,O;.
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lyst illustrated that the relative standard deviation (RSD) of furfu-
ral conversion was no higher than 4%. The mass balance and carbon
balance for all experiments in this work were less than 10% devia-
tion, indicating the qualified reliability of the experimental system.

2-1. Catalyst Characterization

The catalyst precursor of 5wt% Ni/ALO; before reduction treat-
ment was analyzed by H,-TPR as shown in Fig. 2. The first-stage
reduction happened in the range from 100 °C to 380 °C, which could
be attributed to the reduction of the remaining Ni(NO,), after cal-
cination [31]. Another wide reduction peak appeared in the range
of 380-680 °C, which indicated the reduction of bulk NiO to Ni.
Though the end of the reduction finished at 680 °C, the reduction
treatment of the catalyst could still be completed at 550 °C by pro-
longing the reduction time to 2 hours [17], since the strongest peak
appeared at 525 °C. An overly high temperature would readily lead
to aggregation of particles and therefore deteriorate the catalyst activ-
ity. The practical and the theoretical hydrogen consumption were
calculated and the difference was no higher than 10%, ensuring the
relative high reduction degree.

To evaluate the influence of Ni loading on the temperature of
reduction, another catalyst precursor with higher loading amount
of Ni (10 wt%Ni/ALO;) was also analyzed by H,-TPR method, as
shown in Fig. 2. There is no remarkable difference between the
curves of 5wt% Ni/ALO; and 10 wt% Ni/ALO;, They both have
two broad peaks with similar peak positions at around 250 °C and
525 °C respectively. It indicates that the loading amount of Ni did
not exert significant influence on the reduction of catalyst precur-
sor, which is accordant with the result that reported by some other
researchers [32].

XRD analysis of Ni/ALO; with different Ni loading amounts is
presented in Fig. 3. It can be seen that the pure ALO, had three
main peaks at 37.6° (311), 45.8° (400) and 67.0° (440), with some
other weak peaks [17]. Ni had three characteristic peaks appear-
ing at 44.5° (111), 51.6° (200) and 76.4° (220) [13]. Though the first
peak of Ni (111) overlapped with the ALO; (400) peak, an increas-
ing tendency of the peak intensity could still be observed with the
increase of the Ni loading amount. Likewise, the other peaks of Ni

Ni-ALO -20% 4 baLo,
. i ] 273
Ni-ALO -15% r & Ni
—— Ni-ALO-10%
- Ni-ALO -5%

——ALO,

Intensity(a.u.)

10 20 30 40 50 60 70 80 90

2Theta/(degree)

Fig. 3. XRD analysis for Ni/Al,O; with different Ni loading amounts.

August, 2019

Table 1. Surface area and pore size of Ni/ALO; with different load-

ing amounts of Ni
Sper Shicro SExfemalh Pore size’
Catalyst (i) (mUg)  (mUg) (nm)
5 wt% 192 20 172 8.0
10 wt% 176 15 161 7.8
15 wt% 165 27 138 7.3
20 wt% 110 10 100 7.0

“Syteiro: Micropore area calculated through t-Plot model
¥S, o €xternal surface area calculated through t-Plot model
“Pore size: BJH desorption average pore diameter

Table 2. Surface area and pore size of 10 wt% Ni catalysts with dif-

ferent supports
SBET SMim)u SExternulb P ore SiZeC

Catalyst

atalys (m’/g) (m’/g) (m’/g) (nm)
Ni/ALO, 176 15 161 7.8
Ni/SiO, 109 15 94 13.1
Ni/ZSM-5 142 106 36 0.43¢
Ni/MCM-41 767 43 724 2.7
Ni/SBA-15 629 53 576 5.8

“Syiiro: Micropore area calculated through t-Plot model

Y8 ormait €Xternal surface area calculated through t-Plot model
“Pore size: BJH desorption average pore diameter

%0.43: calculated by HK method

(200) and Ni (220) showed a similar tendency as well, confirming
an effective loading of Ni.

The surface area and pore size of the catalyst varied with Ni load-
ing amount and the type of support were listed in Table 1 and Table
2, respectively.

The result shows that the external surface area contributed the
most to the total surface area, which could be ascribed to the rich
mesopores of ALO;. With the increase of Ni loading amount, the
external surface area was occupied remarkably, while the pore size
just showed a slight decrease, indicating that the pore channels were
not severely blocked by Ni particles.

Table 2 shows that except for ZSM-5, all other supports were of
mesoporous structure in the pore size order of Ni/SiO,>Ni/ALO;>
Ni/SBA-15>Ni/MCM-41>Ni/ZSM-5. Among them, Ni/MCM-41

Table 3. NH,-TPD analysis of the 10wt% Ni catalysts over differ-

ent supports
Acidity (mmol/g)
Catalyst Weak Moderate Strong Total
(100-230°C)  (230-450°C)  (>450°C)
Ni/ALO; 0.292 0.677 - 0.969
Ni/SiO, - 0.376 - 0.376
Ni/ZSM-5 0.117 0.180 - 0.297
Ni/MCM-41 0.066 0.116 0.023 0.205
Ni/SBA-15 0.123 0.283 - 0.406




In-situ hydrodeoxygenation of furfural to furans over supported Ni catalysts in aqueous solution 1239

40

30

20

10 4

Gas amount (mmol)

0-
60 - 100

ROy

- 80

40 -
- 60

- 40
20

Liquid yield (mol%s)
(05[0MW) UOISIAAU0D TV

» o 9"
Pl s N 2 i
. \_ -:.\\.

Fig. 4. Product yield and furfural conversion over 10 wt% Ni cata-
lyst on different supports. Reaction conditions: furfural=2g,
water=10 g, methanol=36 g, reaction time=2 h, reaction tem-
perature=260 °C. ‘Others’ consisted of furfuryl alcohol, cyclo-
pentanol, tetrahydrofuran, and butanol.

and Ni/SiO, had the biggest and smallest surface area, respectively.

The acidities of the catalysts with different supports were char-
acterized by NH,-TPD analysis, as shown in Table 3. The acid sites
could be divided into three categories: the weak (100-230 °C), the
moderate (230-450°C), and the strong (>450°C) acid sites [17].
Comparatively, the catalyst of Ni/ALO; had the most total acids
and mainly moderate acidity.

2-2. Effect of Catalyst Support

The effect of catalyst support, including ALO;, SiO,, ZSM-5,
MCM-41, and SBA-15, was studied. The gas and liquid yields are
shown in Fig. 4. As can be seen, the support material had a very
weak influence on gas product distribution, and the two compo-
nents of H, and CO were most abundant in all systems. For lig-
uid products, furan and 2-methylfuran were most abundant. The
AlLO; supported catalyst exerted the best performance on furfural
conversion (90.6%) and on the summary yield of furan and 2-meth-
ylfuran (77.8%). By contrast, a lowest conversion appeared in the
system with SBA-15. The catalyst with ZSM-5 gave the lowest yields
of furan and 2-methylfuran due to the formation of much etherifi-
cation product, which could be generated from the reaction be-
tween furfuryl alcohol and methanol. Based on the summary yield
of furan and 2-methylfuran, the performances of the supports could
be ranked as Al,0,>Si0,>MCM-41>SBA-15>ZSM-5, indicating
that a higher pore size was beneficial to the improvement of the
catalyst performance.

The acidity of the support could be influential too. As Table 3
illustrates, ALO; had the most moderate acids. According to the
amounts of moderate acids, the supports could be ranked as ALO;>
SiO,>SBA-15>ZSM-5>MCM-41, similar to their performance rank-
ing order. In general, a mesoporous support with larger pore size
and more moderate acids like Al,O; was most favorable to the
conversion of furfural and to the formation of furan and 2-meth-
ylfuran, and thus ALO; was selected for further study in the fol-
lowing work.
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Fig. 5. Effects of reaction temperature over 5wt% Ni/Al,O; on fur-
fural conversion and product distribution. Reaction condi-
tions: furfural=2 g, water=10 g, methanol=18 g, reaction time=
4h. ‘Others’ consisted of butanol, cyclopentanol and tetrahy-
drofuran.

2-3. Effect of Reaction Temperature

Fig. 5 illustrates the influence of temperature on furfural conver-
sion, gas amount and liquid yield over 5wt% Ni/ALO;. The conver-
sion of furfural increased from 41.7% to 92.0% in the range of
220°C-280°C, and the promoting effect of temperature was more
distinct at low temperatures. For gas product, H, was more gener-
ated with rising temperature, from 5.7 mmol at 220°C to 58.1
mmol at 280 °C, as the methanol conversion to H, was an endother-
mic process [33]. The amounts of other gas components increased
with rising temperature as well, and particularly CO increased
sharply from 1.3 mmol at 220 °C to 31.9 mmol at 280 °C. Four major
products were detected in the liquid: furan, 2-methylfuran, furfu-
ryl alcohol (FOL), and cyclopentanone (CPON). Furan, with the
highest yield of 57.2% at 280 °C, was the predominant product from
decarbonylation of furfural, a typical endothermic reaction [10],
which was in accordance with the sharp increase of CO. The increase
of temperature was generally promotive to the formation of furan
and 2-methylfuran, but the product distribution became more com-
plex;, because of the appearance of some ring-opening products such
as butanol and pentanediol at higher temperatures over 260 °C.
Considering that there was just a slight change after 260 °C, no mat-
ter for furfural conversion or liquid product yield, 260 °C was selected
as the proper temperature in the following researches.
2-4. Effect of Catalyst Metal Loading

The furfural conversion, the gas amount, and the liquid yield
varied with loading amount of Ni are shown in Fig. 6. As can be
seen, a higher Ni loading amount was beneficial to the conversion
of methanol to give more H,, but the undesired Fischer-Tropsch
synthesis or methanation of CO was promoted simultaneously; with
a remarkably augmented yield of CH, which would lead to the waste
of hydrogen source. An increased Ni loading amount facilitated the
conversion of furfural gently, but changed the liquid product com-
position distinctly. The yield of furan was reduced from 56.6%
(over 5wt% Ni/ALQO;) to 25.5% (over 20 wt% Ni/Al,O,), while more
deep hydrogenated products such as tetrahydrofuran and butanol

Korean J. Chem. Eng.(Vol. 36, No. 8)
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Fig. 6. Effects of metal loading over Ni/ALO; on furfural conversion
and product distribution. Reaction conditions: furfural=2 g,
water=10 g, methanol=18 g, reaction time=4h, reaction tem-
perature=260 °C. ‘Others’ consisted of furfuryl alcohol, cyclo-
pentanol.

were generated, due to the increased metal sites. Therefore, Ni-based
catalyst had a catalytic effect on both aldehyde group and furan
ring of furfural. Considering that 10 wt% Ni/ALO; provided a higher
turtural conversion with a higher yield of furan and 2-methylfu-
ran, it was selected as the optimal loading amount of Ni and applied
in the following research.
2-5. Effect of Feed Ratio

By changing the added amount of methanol, the effect of feed
mole ratio of methanol to water (0.5, 1, 1.5, 2) on the conversion
of furfural and on product yields was investigated, as shown in Fig.
7. For gas product, the maximum H, amount appeared at a ratio
of 1: 1, which is consistent with the reported result that the proper
mole ratio of methanol to water was around 0.8-1.0 for maximiz-
ing the yield of hydrogen [34,35].

40 4
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0.5 1.0 1.5 20
Mole ratio (MeOH/H_0)
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100

- 80

- - 60
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(250U ) UDISIDAUDD TV 4

Fig. 7. Effect of methanol to water ratio on furfural conversion and
product distribution over 10 wt% Ni/Al,O;. Reaction condi-
tions: furfural (FAL)=2 g, water=10g, reaction time=4h, reac-
tion temperature=260 °C. ‘Others’ consisted of furfuryl alcohol,
cyclopentanol.
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Fig. 8. Effects of reaction time on furfural conversion and product
distribution over 10 wt% Ni/AlLQO;. Reaction conditions: fur-
fural=2 g, water=10 g, methanol=18 g, reaction temperature=
260 °C. ‘Others’ consisted of furfuryl alcohol, cyclopentanol.

As for liquid, the conversion of furfural generally remained con-
stant under varied methanol-to-water ratios, while the product distri-
bution changed remarkably. The yield of 2-methylfuran distinctly
increased with rising methanol-to-water ratio, and the highest value
of 36.4% was achieved at the highest ratio of 2 : 1. Additionally, the
summary yield of furan and 2-methylfuran accounted for 86.7%
of the total liquid product at the methanol-to-water ratio of 2: 1,
while the corresponding hydrogen yield was the lowest, indicating
a high efficiency of hydrogen utilization. Beyond the utilization of
the generated H, gas, the hydrogenation and the hydrogenolysis
reactions may also occur through hydrogen radicals as well, due to
the initial existence of methanol rather than gaseous H, [36].

2-6. Effect of Reaction Time

The influence of reaction time was studied as shown in Fig. 8.
The gas amount and liquid yield as well as the conversion of furfu-
ral changed faster before 2 hours, and then the changes became
much slower. Comparatively, the variation extent of gas product
was relatively higher than that of liquid product after 2 hours, indi-
cating that the reactions such as methanol reformation and F-T
synthesis proceeded continuously thereafter. For liquid products,
the primary decarbonylation of furfural to furan was generally com-
pleted in 2 hours, which was consistent with other reports [17,37].
However, as time went on, some minor reactions such as the for-
mation of tetrahydrofuran (from 7.8 mol% after 2 hours to 9.5 mol%
after 6hours) from furan ring hydrogenation and butanol (from
6.3 mol% after 2 hours to 8.3 mol% after 6 hours) from ring open-
ing reaction could still proceed slowly.

3. Mechanism Discussion

The reaction mechanism was speculated as follows. Methanol
worked as a hydrogen donor in this system. It adsorbed on the metal
sites first, and then decomposed to CO and H, and/or H radical,
which would participate in following hydrogenation and/or hy-
drogenolysis of furfural. Additionally, the water-gas shift reaction,
methanation of CO, and F-T synthesis reactions might happen in
the system to generate CO, and light hydrocarbons. The carbon
atom in the aldehyde group of furfural adsorbed on Ni sites, while
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Fig. 9. Reaction mechanism for furfural to furan and 2-methylfuran with methanol as hydrogen donor over Ni/ALO;.

the oxygen atom of the aldehyde mainly adsorbed on acid sites of
the support as illustrated in Fig. 9. If the carbon atom on the ring
structure linked with carbonyl group was attacked by H atom, the
decarbonylation product of furan and CO would be obtained. If
the adsorbed carbon and oxygen atom in carbonyl group was both
attacked by H atom, alcohol would be generated, and would fur-
ther convert to 2-methylfuran by hydrogenolysis.
4. In-situ HDO of Synthetic Bio-oil

In-situ HDO of an eight-component synthetic bio-oil over 4 g
10 wt% Ni/ALO; was tested at 260 °C for 4 h with the addition of
36 g methanol. The amount of gas components was: CH: 31.1 mmol,
H,: 20.0 mmol, CO: 14.2 mmol, CO,: 35.0 mmol. The liquid prod-
uct composition is shown in Table 4 (the components with peak
area percentages less than 1% were neglected). As can be seen, form-
aldehyde and formic acid disappeared completely. Combined with
the much generated H,, CO, CO,, CH in gas product, it could be
deduced that the small oxygenates like formaldehyde and formic
acid were readily converted to gas products. Acetic acid got a sharp
decrease and simultaneously a large amount of methyl acetate was
generated from esterification of acetic acid with methanol, which
was beneficial for reducing the acidity of bio-oil. The component
of 1-hydroxy-2-propanone was largely transferred to propanone
by hydrogenolysis of hydroxyl group under Ni/AlL,O; catalyst. The

Table 4. The components of synthetic bio-oil before and after conversion

content of ethanol did not change obviously just with 10 mol%
ethanol methyl ether yield, which would not exert negative influ-
ence to the quality of bio-oil.

As to the conversion of furfural, the generation of tetrahydrofu-
ran and 2-methylfuran from conversion of furfural was much im-
proved while the formation of furan was inhibited, compared with
that from conversion of a single furfural. The reason could par-
tially be attributed to the additional generation of H, from conver-
sion of formic acid and formaldehyde, and also may be partially
attributed to the interactions and competitive adsorptions of the
components.

Phenol was highly effectively converted to benzene, cyclohexa-
none, cyclohexanol, and cyclohexane, demonstrating that the cata-
lyst of Ni/ALO; and the corresponding reaction conditions could
be adapted to the upgrading of bio-oil through the in-situ HDO
process without gaseous hydrogen addition.

To estimate whether cokes were remarkably generated on the
catalyst surface, the catalyst 10 wt%Ni/ALO; after reaction was dried
and weighed, for comparison with the mass of fresh catalyst before
usage. Seen from the outside, there was no obvious change of the
catalyst surface after reaction. The mass deviation of the catalyst
before and after usage was 3.25%, which indicated that no severe
coking happened on the catalyst surface during reaction.

Synthetic bio-oil Conversion (mol%) Upgraded bio-oil Yield (mol%)
Formaldehyde 100 - -
Formic acid 100 - -
Acetic acid 100 Methyl acetate 100
Ethanol 10 Ethanol methyl ether 10
1-Hydroxy-2-propanone 100 Propanone 95
Furfural 95 Furan 11
Furfural alcohol 9
Tetrahydrofuran 5
2-Methylfuran 68
Phenol 80 Benzene 14
Cyclohexanone 12
Cyclohexanol 10
Cyclohexane 36

Korean J. Chem. Eng.(Vol. 36, No. 8)
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CONCLUSION

In-situ hydrodeoxygenation of furfural, as a representative com-
ponent in bio-oil, was investigated. It was found that when the
reaction temperature was higher than 140 °C, obvious coke would
be generated from the condensation or polymerization reaction of
turtural, while the addition of methanol, ethanol or isopropanol
could effectively inhibit the coke formation. The support of ALO;
in large pore size with high percentage of moderate acids favored
the conversion of furfural and the formation of furan and 2-meth-
ylfuran. A high reaction temperature or a high Ni loading amount
in Ni/ALO; was beneficial to the conversion of furfural, but was
accompanied with a more complex product distribution, attributed
to the occurence of more reactions. The methanol-to-water ratio
exerted a very weak influence on the conversion of furfural but
had a strong impact on product distribution, which could be reflected
by the much generated 2-methylfuran. The decarbonylation of
turtural to furan was generally completed in 2 hours, while a lon-
ger time was necessary for deep hydrogenation reactions. The in-
situ HDO of an eight-component synthetic bio-oil over Ni/ALO;
was tested at 260 °C for 4 h with the addition of methanol, and the
results confirmed the adaptation of the method in upgrading of
bio-oil without gaseous hydrogen addition.
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Adsorption and desorption curves for the catalyst of Ni/ALO, 15%Ni/ALO;:
with different Ni loadings:
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Adsorption and desorption curves for different supported cata-
lysts with 10%Ni:
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The BJH desorption pore size distributions of catalysts:
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The pore size of 10%Ni-ZSM-5 calculated by Horvath-Kawazoe
model:
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The NH3-TPD curves of catalysts:
10%Ni-ALO;:

10%NI/AI203
S
8
©
=
2
(%)
| | | | | |
100 200 300 400 500 600 700 800
Temperature (°C)
10%Ni-SiO,:
10%Ni/Si02
S
8
©
=
2
(%
| | 1 | | 1
100 200 300 400 500 600 700 800
Temperature (°C)
10%Ni-ZSM-5:
10%Ni/ZSM-5
3
&
©
=
(=]
2
| 1 | | | |
100 200 300 400 500 600 700 800

Temperature (°C)

10%Ni/MCM-41:

Signal (a.u.)

| | | |

10%Ni/MCM-41

100 200 300 400 500
Temperature (°C)

10%Ni/SBA-15:

Signal (a.u.)

| | | |

10%Ni/SBA-15

100 200 300 400 500
Temperature (°C)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


