Green Energy and Resources 1 (2023) 100021

Contents lists available at ScienceDirect Green Energy

and Resources

aennnRE )

Green Energy and Resources

ELSEVIER

journal homepage: www.journals.elsevier.com/green-energy-and-resources

Research Article

Investigation on in-situ deoxygenation performance of bio-oil model R

Check for

compound guaiacol over Ce-Fe/Al,03 catalyst

Meiling Yang ?, Yanming Chen?, Yong Wang ", Laishun Yang®, Weiwei Cui?, Yanhui Liu",
Cuiping Wang® , Qun Chen*
2 Clean Energy Lab, College of Civil Engineering and Architecture, Shandong University of Science and Technology, Shandong Province, 266590, China

Y Qingdao DANENG Environmental Protection Equipment Incorporation Company, Shandong Province, 266300, China
€ School of Food and Advanced Technology, Massey University, Palmerston North, 4410, New Zealand

ARTICLE INFO ABSTRACT

Keywords: The investigation of the low-cost deoxygenation of guaiacol (GUA, a model bio-oil compound) is of importance for

Guaiacol » upgrading bio-oil. At present, common sulfide catalysts for GUA deoxygenation reactions cause contamination of

FDe'based caFalySt modified by Ce the liquid product, and noble metal catalysts are economically disadvantageous. In this study, four reduced Fe-
eoxygenation

based oxides with different Ce doping ratios were prepared and their effects on the in-situ deoxygenation per-
formance of GUA in aqueous/methanol hydrogen donor solvents were explored. The results based on the deox-
ygenation degree, conversion degree, and higher heating value (HHV) of the products showed that the oxide
catalyst with a Fe/Ce molar ratio of 2:1 in the methanol solvent performed very well. After selecting an excellent
catalyst and a better hydrogen donor solvent, four factors (reaction temperature, reaction time, volume ratio of
GUA dosage and methanol dosage, and the ratio of catalyst dosage at the bottom of the reactor to that at the top)
in the deoxygenation degree of GUA were investigated using an orthogonal experimental method to further
explore the performance of the catalyst. The results showed that the reaction temperature and time greatly
influenced GUA deoxygenation. Under optimal experimental conditions, the deoxygenation degree and conver-
sion degree of GUA could reach 34.36% and 92.56%, respectively, based on the relative peak area of gas chro-
matography-mass spectrometry, and the HHV of the liquid product was 32.27 MJ/kg. Although Fe/Ce catalysts
mainly promote demethoxylation, demethylation, and methylation, the stability and quality of the liquid products
were improved compared with GUA owing to the reduction in phenolic hydroxyl and ether content. The reduced
catalyst in the process of GUA in-situ deoxygenation reactions in methanol maintained a steady performance, as
revealed by X-ray diffraction and X-ray fluorescence.

Reaction temperature
Reaction time

1. Introduction important components of bio-oil (Dang et al., 2020), and guaiacol (GUA)

is apt to coke due to its difficulty of deoxygenation (Graca et al., 2013;

Global energy demand is increasing annually, and bio-oil, a renew-
able energy source obtained from biomass pyrolysis, has wide application
prospects. However, crude bio-oil has high viscosity, high acidity, and
low higher heating value (HHV) (Zhang and Zhang, 2019; Hu and Gho-
lizadeh, 2020), which hinder its industrial application as a fuel or
chemical raw material. Deoxygenation is the primary method used to
improve the quality of crude bio-oil (Wang et al., 2016; Hu and Gholi-
zadeh, 2019).

Owing to the high complexity of bio-oil components, the choice of a
bio-oil compound model and its deoxygenation research have become
popular in recent years (Zhang et al., 2022; Si et al., 2017). Phenols are
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Furimsky, 2000) and has become the most representative model for
deoxygenation among phenolic compounds. Noble metal catalysts (such
as Pd (Wang et al., 2020; Hong et al., 2014), Pt (Lee et al., 2016; He et al.,
2018; Li et al., 2022), and Ru (Dwiatmoko et al., 2017; Ishikawa et al.,
2016; Xiang et al., 2021)) and sulfide catalysts are often used to improve
the deoxygenation effect of GUA. Nimmanwudipong et al. (2011) applied
the prepared Pt/Al,O3 catalyst to the deoxygenation of GUA, which
played a good catalytic role under the experimental conditions of
hydrogen partial pressure of 140 KPa and conventional temperature of
300°C and demonstrated that the Lewis acid center of y-Al;03 promoted
methoxy bond breaking and methyl transfer in GUA. Mukundan et al.
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(2020) used reduced CoMoS,/C in a high-pressure reactor (300°C, 50 bar
Hy) as a deoxygenation catalyst for GUA, and observed that GUA
completely reacted within 8 h, and the selectivity of deoxygenation
products could reach 80% (phenol and benzene were the main products,
with a selectivity of 41% and 39%, respectively). Although the above
catalysts showed excellent deoxygenation effects on GUA, the noble
metal catalysts are at a disadvantage in terms of economy, liquid yield,
and high Hy consumption (Raikwar et al., 2021), whereas hydrotreated
products under the action of conventional sulfide catalysts are always
contaminated with sulfur (Gutierrez et al., 2009). In recent years, some
transition/post-transition metal-based catalysts, such as Fe (Li et al,,
2022; Yan et al., 2021), Ni (Yan et al., 2021; Gutiérrez-Rubio et al., 2020;
Lopez et al., 2020; Jahromi and Agblevor, 2018), and Co (Xiang et al.,
2021; Laurenti et al., 2011), have been gradually used in GUA deoxy-
genation reactions. Olcese et al. (2013) investigated the GUA deoxy-
genation reaction in a fixed bed/fluidized bed and under optimal
conditions (superficial gas velocity of 1.5 h™?, temperature of 400°C, and
H, partial pressure of 0.9 bar), Fe/SiO, catalyst converted 74% of GUA to
benzene/toluene/xylene. Tian et al. (2022) tested the catalysis of NiC-
0/Si05-ZrO5 on GUA at 240°C and 1 MPa Hs. The results revealed that
GUA was completely converted, with cyclohexane selectivity of 99.9%.
Owing to their low price and excellent reactivity (Chen et al., 2021;
Ubando et al., 2020), Fe-based oxides are widely used in the preparation
of functional particles, such as catalysts. However, their use in the GUA
deoxygenation reactions without external hydrogen consumption has not
yet been reported in detail. The exceptional performance of Ce oxides has
a synergistic effect with Fe (Hu et al., 2018), which was investigated on
Fe-based catalysts in this study.

Hydrodeoxygenation (HDO), in which hydrogen donors or zero-
valent metals and water replace high-purity hydrogen, has great eco-
nomic and safety benefits (da Costa et al., 2022). Tai et al. (2022)
demonstrated the feasibility of in-situ HDO in a Zn-H50 redox system for
the deoxygenation of GUA. Moreover, hydrogen donor solvents can act as
co-reactants in bio-oils (Oh et al., 2015). Jin et al. (2021) found that
Ho-free HDO processes could be achieved using H,O as the reaction
medium in a GUA upgrading system. Free radicals, such as -C3Hs and -H,
released by isopropanol, which were selected as the hydrogen donor
during the pyrolysis process, play an important role in GUA deoxygen-
ation (Fan et al., 2020). Therefore, both HyO and alcohol can break their
O-H bonds to form free hydrogen as internal hydrogen donors for GUA
deoxygenation.

This study aims to find an economical and efficient way to upgrade
bio-oil models in-situ. Using GUA as the bio-oil model, Ce-modified
Fe304 as the catalyst, and deionized water and methanol as hydrogen
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donors, the deoxygenation reactions of GUA were carried out in a high-
pressure reactor. There was no external hydrogen or expensive metal
catalyst consumption during the GUA deoxygenation reaction, and the
catalyst particles were placed in the upper and lower layers to ensure a
sufficient touch reaction between the liquid-solid and GUA vapor-
—solid. Water solvent experiments were used for the primary under-
standing of the in-situ hydrogenation mechanism and for the
determination of the Ce/Fe ratio range in the catalyst. Furthermore, the
methanol solvent was used for a higher degree of deoxygenation and
the application of the deoxygenation mechanism. The degree of deox-
ygenation and HHV of the liquid products are the main evaluation
indices for the reactions.

2. Material and methods
2.1. Reduced deoxygenation catalysts preparation

Ceramic particles loaded with Fe/Ce at molar ratios of 1:0, 1:1, 2:1, and
3:1 were prepared by the impregnation method and were named Fe;Cey/
AlyO3, Fe Cej/AlpO3, FepCei/AlpOs, and FesCe;/AlyOs, respectively.
Fig. 1 shows the preparation of the deoxygenated catalysts. The prepara-
tion materials and catalyst dosages are listed in Table S1. A metal salt
solution was prepared using Fe (NO3)3-9H,0 (Tianjin Damao, 98.5%) and
Ce (NO3)3-6H20 (Shanghai MacLean, 99.5%). A ceramic pellet (particle
size 1-2 mm; the main component is Al;03) was soaked in the solution for
12 h. After being filtered by a vacuum suction pump for 2 h at —0.1 MPa,
the pellet was completely impregnated with the solution, transferred to a
105°C drying box, and baked until the sample weight was constant, fol-
lowed by calcination at 800°C for 4 h in the muffle furnace. After cooling to
room temperature, the sample was reduced in a tubular furnace with an
atmosphere of 5% Hy/95% N> at 550°C for 4 h.

2.2. Experimental procedures

The deoxygenation experiment was performed in a high-pressure
reactor (TCFYF-3, Jiangsu, China) and characterized using gas chroma-
tography-mass spectrometry (GC-MS), Gas chromatograph (GC), X-ray
diffraction (XRD), X-ray fluorescence (XRF) and calorimetry. Fig. 2 shows
a schematic diagram.

First, the 8 + 0.05 g catalyst was placed in a barbed wire mesh bag
and fixed on the reactor agitator in order to keep it in full contact with
GUA vapor. In addition, 2 + 0.05 g deoxygenation catalyst was placed at
the bottom of the reactor to ensure the catalyst particles touched the GUA
liquid.

SHZ-D(III)

@ Calcination temperature=800°C
Calcination time=4h

Fig. 1. Schematic diagram of catalyst preparation procedures.
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Fig. 2. Schematic diagram of experimental procedures.

Thereafter, 5mL of GUA (Shanghai Maclean, 99.0%), and 10 mL of HoO/
methanol (Tianjin Fuyu, 99.5%) were poured into the bottom of the reactor.
The reactor (250 mL in volume) was assembled and flushed with N5 three
times to remove the residual O in the reactor and check gas tightness.

Finally, the reactor was heated to 350°C and kept for 30 min (Zhang
et al., 2021). Thereafter, the reactor was allowed to cool naturally to
room temperature. The non-condensable gas and solid products were
collected directly, and the liquid products were extracted by cleaning the
reactor wall and the catalyst with dichloromethane (Tianjin Yongda,
99.5%) three times. The liquid products were heated to evaporate in the
rotary evaporator (RE-52, Shanghai) at 45°C to ensure the complete
removal of dichloromethane until the weight of the liquid products was
constant.

The orthogonal experimental method can accurately and efficiently
realize a multifactorial investigation of the GUA deoxygenation reaction
and determine the experimental significance and optimal combination of
the involved factors (Jin et al., 2021). In this study, the reaction tem-
perature, reaction time, ratio of catalyst dosage at the bottom to that at
the top (the total catalyst mass was maintained at 10 g), and ratio of GUA
to methanol dosage were selected as influencing factors to evaluate the
GUA deoxygenation reactions. The orthogonal experimental design was
based on the typical orthogonal test array L9 (4%). Table S2 lists the
factors and levels. The analysis of the influence laws K; j, and range R; is
as follows:

K= (Zjla> / 3 €]

Ri =max(K;;) — min(K;;) 2

where K; j represents the value of index o containing a factor, and the
range R; refers to the difference between the maximal and minimal values
of the calculation results (Jin et al., 2021).

2.3. Characterization methods

The pyrolysis gas was analyzed using a gas chromatography (GC;
979011, Fuli, China) equipped with a flame ionization detector for Ny, Ha,
CO, CO,, and CHg.

The crystallographic structure of freshly treated oxygen carriers (OC)
was evaluated using an X-ray diffractometer (MiniFlex600, Tokyo,

Japan) equipped with a Cu anode at 40 kV and 15 mA. Peak intensities
were recorded every 0.01° at a sweep rate of 2°/min in the range of
20~80°.

X-ray fluorescence (XRF) spectrometry has wide applications in the
identification of chemical elements ranging from sodium to uranium in
the materials studied. Therefore, an XRF spectrometer (PANalytical
Axios, Almelo, Netherlands) was used to quantify the elemental com-
positions of the catalyst samples.

The carbon deposition on the catalyst surface was evaluated by a
synchronous thermal analyzer (STA 449, NETZSCH), in which the reac-
tion temperature was kept constant after heating from 35°C to 650°C.
The carrier gas (N5 or air) flow was set to 50 mL min~?, and the heating
rate was 20 °C-min .

The chemical compositions of the liquid products were tested by
GC-MS (Thermo Scientific, Massachusetts, United States of America).
The experimental setup was the same as that previously reported (Yang
et al., 2023). The conversion degree and deoxygenation degree of GUA
was calculated using the following equations (Silva et al., 2021):

conversion degree (%) = (Wti, — Wtoy) / Wty X 100% 3)

deoxygenation degree (%) = (Wto—in — Wto_ou) / Wlo—in X 100% 4)

where wt;j, and wt,, represent the relative peak areas of the liquid-phase
reactants and products, respectively, and wtq.i, and wto.qyt represent the
calculated oxygen mass fractions based on the relative peak areas of the
liquid phase reactants and products, respectively.

The HHV of the liquid products was measured using an automatic
calorimeter (ZDHW-4000, Henan, China), and the test results were the
averages of three tests.

3. Results and discussion

3.1. Effect of Ce/Fe catalyst on GUA in-situ deoxygenation reaction in the
aqueous phase

Based on GC-MS analysis, the deoxygenation and conversion degrees
of GUA in the aqueous phase are shown in Fig. S1. The results showed
that the deoxygenation degree of GUA over Fej;Ce;/Al;03 was the
highest (5.31%), followed by 3.00% for Fe;Cey/Al;03 when deionized
water was used as the solvent, indicating that the appropriate introduc-
tion of Ce promoted the deoxygenation of GUA. However, the conversion
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degree of GUA was highest at 78.71% with Fe;Cey/Al,03 deoxygenation
catalysts, indicating that the introduction of Ce hindered the conversion
of GUA to some extent.

Fig. S2 summarizes the product distribution after GUA deoxygenation.
The liquid products were predominantly benzene and phenolic compounds.
Moreover, most of the organic compounds obtained in the liquid products
contained a benzene ring, confirming that Fe and Ce had little effect on the
hydrogenation of the benzene ring (Ubando et al., 2020). Notably, the levels
of compounds containing both methoxy and hydroxyl groups in the liquid
products decreased to 23.56% (Fe;Cey/Alx03), 40.73% (Fe;Ce1/Alx03),
36.71% (FexCey/Aly03), and 39.02% (FegCe;/Al03), respectively. There-
fore, the stability and quality of the liquid products were improved
compared to those of GUA (Graca et al., 2013), i.e., Ce/Fe-based catalysts
have a certain significance for the GUA deoxygenation reaction.

The selectivity of the catalyst for organic compounds (except GUA)
based on the relative peak areas obtained by GC-MS is presented in
Fig. S3. In the aqueous phase, the removal of hydroxyl groups from
organic compounds was not obvious, whereas the removal of methoxy
groups and transfer of methyl groups in GUA were facilitated. Liu et al.
(2014) verified this result through thermodynamic and kinetic calcula-
tions. Catalysts also affected the selectivity of the liquid products. On the
one hand, the catalysts showed the highest selectivity (up to 30.95%) for
catechol (Fe;Cey), followed by 15.40% (Fe;Ce;) for 2,3-dihydroxyto-
luene. On the other hand, except for the same organic compounds with
more liquid phase products (catechol; 1,2-benzenediol, 3-methyl;
-phenol; and 1,2-benzenediol, 4-methyl-), the four catalysts showed
selectivity for 2-methoxy-5-methylphenol (4.25%), 2-methoxy-6-methyl-
phenol (5.50%), 1,3-benzenediol (5.99%), and 2,5-dimethyl- (5.01%).

3.2. Effect of methanol on GUA deoxygenation reaction

Although Fe;Cey/Al;03 and Fe;Ce;/Al;03 exhibited better catalytic
effects on the GUA deoxygenation reaction in the aqueous phase, the
conversion and deoxygenation degrees of GUA required further
improvement. Therefore, a GUA deoxygenation experiment was per-
formed using methanol as the hydrogen source (Asadieraghi and Daud,
2015). As shown in Fig. 3, the addition of Ce to the methanol phase had a
more significant effect on the conversion of GUA. With an increase in the
cerium dosage, the conversion and deoxygenation degrees of GUA
showed increasing and then decreasing trends. In particular, the con-
version and deoxygenation degrees of GUA reached 92.89% and 25.44%,
respectively, over FepCe;/AlyOs.

The component distributions of the liquid products in the methanol
phase are shown in Fig. 4. The level of benzene cyclic hydroxyl group in
the liquid product decreased relative to that in the aqueous phase from
67.01% to 60.62% over the catalyst FeoCe;/Al;03, but the phenolic

l] Conversion degree of GUA

100 —%— Deoxygenation degree of GYA 426

\

Conversion degree of GUA/wt%
Deoxygenation degree of GUA/wt%

18

Fe,Cey/AlL, O,

Fe,Ce/ALO;  Fe,Ce/ALLO;  FeyCe /Al O,

Catalyst type

Fig. 3. GUA deoxygenation reaction over different catalysts in the meth-
anol phase.
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content in the liquid products was still high, indicating that the hydroxyl
group in methanol could inhibit their dehydroxylation to generate aro-
matic hydrocarbons (Jiao et al., 2018). As shown in Fig. S4,
FepCe1/Al;03 with better performance showed high selectivity for 2,
5-dimethylresorcinol (14.36%) and trimethylhydroquinone (10.06%).
Similar to the catalytic mechanism in the aqueous phase, the Ce-Fe/Al,03
catalysts promoted benzene cyclohydroxylation (derived from methanol)
and methyl group transfer, and the removal of methoxy groups was more
significant because methanol provided more active hydrogen, indicating
that the deoxygenation degree of GUA in methanol was higher than that
in the aqueous phase. Generally, an increase in the degree of deoxy-
genation macroscopically manifests as an increase in the HHV of the
liquid phase. The HHVs of liquid products were 30.96 MJ/kg
(Fe;Cep/Al303), 29.95 MJ/kg ((Fe;Cei/Aly03), 31.61 MJ/kg
(FeyCeq/Al303), and 31.05 MJ/kg (Fe3Ce;/Aly03), respectively, which
greatly improved compared to the HHV of GUA (24.58 MJ/kg). Addi-
tionally, the HHV of the liquid products over Fe;Ce;/Al;03 was higher,
which confirmed the higher degree of deoxygenation of GUA.

3.3. Analysis of the orthogonal test scheme

The influence laws and ranges of each factor are presented in Fig. 5
and Table 1. A greater value of K; j indicates an obvious effect on the GUA
deoxygenation degree; therefore, it was used to determine the optimal
experimental conditions for the deoxygenation degree. The R; was used
to determine the degree of influence of each factor on the deoxygenation
degree (Jin et al., 2021). According to the assessment index (conversion
degree and deoxygenation degree of GUA), the extent of the influence of
the four factors on the degree of deoxygenation of GUA was ranked as C
(reaction temperature) >A (GUA dosage (ml): methanol dosage (ml)) >D
(reaction time) >B (catalyst dosage (g) at the bottom: catalyst dosage (g)
at the top). Conversely, as shown in Fig. 5(a) and (b), the deoxygenation
degree and conversion degree of GUA decreased with an increase in A
and a decrease in C. The GUA deoxygenation and conversion degrees first
decreased and then increased with increasing D, reached their maximum
at the second stage, and first remained unchanged and then increased
with increasing B. In contrast, the conversion degree of GUA first
increased and then decreased with an increase in B and reached its
maximum at B2, as shown in Fig. 5(b). The highest index scheme
(deoxygenation degree: A1 =10 ml, B3 =8 g, C3 = 350°C, and D2 = 30
min; and conversion degree: A1 = 10 ml, B3 = 5 g, C3 = 350°C, and
D2 = 30 min) was determined. The results implied that with an increase
in temperature, GUA produced a large number of free radicals, the
reactivity of the organic compounds gradually increased, and they
reacted with free hydrogen from the thermal decomposition of methanol
with prolonged residence time. However, the synergistic effect of

E:l:i Hc-Hydrocarbonu Phenols Ether Esters
Carboxylic acids KetoneE Alcohols
100 -
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Fig. 4. Compounds distribution in the methanol phase.
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Table 1
Orthogonal experimental design of GUA deoxygenation reaction.
Experimental numbers factors index
GUA dosage (ml): methanol Catalyst dosage (g) at the Reaction Reaction Deoxygenation Conversion
dosage (ml) bottom: catalyst dosage (g) temperature time degree (%) degree (%)
hy
at the top ) (min)
1 1:1 1:4 250 0 5.92 30.26
2 1:1 1:1 300 30 16.18 82.83
3 1:1 4:1 350 60 33.67 98.20
4 1:2 1:4 300 60 7.64 65.44
5 1:2 1:1 350 0 17.89 81.70
6 1:2 4:1 250 30 6.99 35.30
7 1:3 1:4 350 30 21.41 81.09
8 1:3 1:1 250 60 0.98 22.72
9 1:3 4:1 300 0 4.93 41.72

methanol and GUA was negatively correlated with the addition of high
amounts of methanol, which might be due to the high concentration of
hydroxyl groups decomposed from methanol, which inhibited the
deoxygenation of GUA. Moreover, the catalyst at the bottom of the
reactor still played a catalytic or oxygen-carrying role when the organic
gas molecules condensed into liquid products.

Taking the degree of GUA deoxygenation as the main index, the
deoxygenation of GUA under optimal conditions was verified through
orthogonal experiments. As shown in Table 1, the conversion degree and
deoxygenation degree of GUA were 92.56% and 34.36%, respectively,
under the optimal conditions. Furthermore, the content of liquid prod-
ucts containing both phenolic hydroxyl groups and ether groups
decreased to 25.27%, which emphasizes the need for the orthogonal
experimental design method as a useful tool for selecting experimental
conditions. After dichloromethane extraction, the HHV of the liquid
products with good fluidity was 32.27 MJ/kg.

Based on Fig. 6, although GUA could not complete the hydrogenation
of the benzene ring with the Ce-Fe/Al;03 deoxygenation catalyst under
optimal experimental conditions, the significant transfer of the methyl
group increased the oxygen content of organic compounds, showing
good selectivity for 2,3,6-trimethylphenol (13.01%) and 2,3,4,6-tetrame-
thylphenylene (10.79%). Based on the product distribution, the possible
reaction pathways for the deoxygenation of GUA are shown in Fig. 7. The
liquid products obtained from the GUA under the action of the deoxy-
genation catalyst consisted of methoxy transfer compounds (such as 1,3-
dimethoxy benzene and phenol), methyl transfer compounds (such as 2-
Methoxy-6-methylphenol and 4-ethylguaiacol), and hydroxyl transfer
compounds (such as hydroquinone). The Ce-Fe/Al;O3 catalyst mainly
acted on the GUA deoxygenation through the demethoxylation (DMO),
demethylation (DME), dehydroxylation, and methylation (MET) pro-
cesses, which played a positive role in the removal of methoxy groups
and the addition of methyl groups of GUA because the methoxy group

displayed a smaller activation energy than the hydroxyl group. The
methoxy groups of GUA decompose into free methyl groups and water,
and the free methyl groups form CHy4 in a hydrogen atmosphere. In
addition, CO; is produced by decarboxylation reactions, whereas CO is
produced by carbonization reactions (Tran et al., 2021). Therefore, the
collected non-condensable gas, though its amount was less overall,
contained more CHy4 (61.99%) and H; (14.61%), as well as CO (9.90%)
and CO3 (11.61%). The high methane content also confirmed the release
of methane when GUA methoxy groups were removed (Fig. 7), whereas
the C-H bond was broken with the release of Hy during the pyrolysis of
methanol, providing a hydrogen source for GUA deoxygenation.

100
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40
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The top five substances in liquid products

20+ “
0 L | | o | L —

Relative peak area/%
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Fig. 6. Distribution of compounds and selectivity of catalysts under optimal
experimental conditions.
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3.4. Stability of FexCe;/Al;03 catalyst

The crystalline structure of the deoxygenated catalyst was charac-
terized using XRD (Fig. 8). The peaks at 37.5°, 45.7°, and 66.6° were
ascribed to the characteristic Al;O3 absorption peaks. The peaks at 30.4°,
35.8° and 43.5° corresponded to the Fe3O4 species characteristic ab-
sorption peaks. Prominent reflections at 28.5°, 33.1°, and 47.5° associ-
ated with CeO, were also observed. The characteristic peaks of CeO,
were significantly stronger than those of Fe-containing substances
because not only Fe species were present in the form of Fe3O4 in fresh
catalysts, but also the characteristic peaks of Fe;O3/FeO were obscured
by CeOy/Al;03 or because Fe3O4 was well dispersed on the catalyst
surface (Wang et al., 2016). XRF was used to further characterize the
elemental composition of the catalyst by comparing the catalyst com-
ponents before and after the reaction. There was no apparent change in
the content of elements, and only the content of oxygen decreased by
0.18% (from 44.18% to 44.04%).

During the reaction in the high-pressure reactor, the organic gas
molecules entering the catalyst micropores may condense with a
decrease in temperature, and some can even crack, generating carbon

Fresh Fe,€e /Al O,

hr .

! 1 1

() I I i

[ [l I L] !

R !

NI .

[ i | 1 '

| [

0, at th ctor after
] 1 | o | |
;3 ! R Lo g AL, PbF#SO 0741
I ! e b Lot b )
i~ | / u\i /1\ n‘\“ ! ;A i |1 u Fe,0, PDI##75 044&4
§ [ — VY M.,.A:\/ P A1l eceo, PM#M 0394
= 1 A =
= | ! [ e

\
|
|
|
1 I
| |
1 I '
1 I !
I I
IR T
. i I .
Fé,Ce,/AL O, atithe bottom of theireactor after the reaction }
! ' Co L ‘
) ' I ! 1 i 1
I ' I ' 1 i 1
\ ! [ Vo
1 ' I ' 1 i 1
i \ I ' 1 i 1
1 ‘ I ' I i 1
i | I} " 1 1 !
i \ d ' A g
i | [ Tt
| L [ 1

|

! !
I

I ' i
I

I ! I
I

I ' i
I

I ' i
I

" i |
I

| ' i
I

I i |
I

| | Lo

I T -

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
2 Theta/degree

Fig. 8. XRD patterns of the Fe,Ce;/Al,03 deoxygenation catalyst under optimal
experimental conditions.

deposits, which adversely affect the stability and activity of the catalyst
(Cobella et al., 2005). For the carbon deposit check, as shown in Fig. S5,
under the Ny atmosphere and a temperature lower than 287°C, the
weight loss was relatively slight, mainly due to the evaporation of
bio-oil light compounds and H30. As the temperature increased, the
heavy components continued to decompose and volatilize. After most of
the organic components volatilized with a relatively flat TG curve, the
atmosphere was converted into air, and the residual heavy components
or low volatile compounds released flammable gases, followed by se-
vere combustion of carbon deposits and oxidation of Fe3O4. During this
period, the sample weight was reduced by 9.177%, showing that the
carbon deposition on the surface of the catalyst was high (approxi-
mately 9.177%), which was the main cause of energy loss in the
deoxygenation of GUA. Consequently, the modification of the
anti-carbon deposition on the catalyst surface will be the next step in
this work.

4. Conclusions

From this study, the following conclusions can be drawn for the Ce-
Fe/AlyO3 catalyst and GUA in-situ deoxygenation reactions: (1) Out of
four reduced catalysts with different Fe/Ce ratios supported by Al>O3
pellets prepared using the impregnation method for GUA deoxygen-
ation in the aqueous phase, the Fe;Ce;/Al,O3 was more conducive to
the deoxygenation of GUA, which was also confirmed in the methanol
phase. (2) An orthogonal experiment was designed using the degree of
deoxygenation of the GUA as the index. The effect of reaction tem-
perature on the deoxygenation of GUA was the most significant. In
methanol solvent, the deoxygenation degree and conversion degree of
GUA under the optimal experimental conditions catalyzed by FeyCe;/
Al,03 reached 34.36% and 92.56%, respectively, and the responsible
HHV of the liquid product was 32.27 MJ/kg, which was greatly
improved compared with GUA (24.58 MJ/kg). (3) The deoxygenation
of GUA over a Ce-Fe/Al;O3 catalyst was mainly reflected in the DMO,
DME, and MET processes.

In summary, the Ce-Fe/Al;Og3 catalyst prepared in this study per-
formed well in the GUA deoxygenation reaction without external
hydrogen, which provides guidance for improving the quality of bio-oil
and the preparation of chemicals. Therefore, the research results will be
advantageous for practical applications. Nevertheless, the hydrogena-
tion capacity and carbon-deposition resistance of the catalyst must be
improved.
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