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Abstract: Effectively utilizing catalytic pyrolysis to upgrade bio-oil products prepared from biomass
has many potential benefits for the environment. In this paper, cellulose (a major component of plants
and a biomass model compound) is pyrolyzed and catalyzed with different catalysts: NipFe3, ZSM-5,
and NipFe3/ZSM-5. Two different pyrolysis processes are investigated to compare homogeneous and
heterogeneous catalysis influence on the products. The results indicate that the Ni,Fes cluster catalyst
shows the best activity as a homogeneous catalysis. It can also be recycled repeatedly, increases
the yield of bio-oil, and improves the quality of the bio-oil by decreasing the sugar concentration.
Furthermore, it also catalyzes the formation of a small amount of hydrocarbon compounds. In the case
of NiyFe3/ZSM-5 catalyst, it shows a lower yield of bio-oil but also decreases the sugar concentration
significantly. NiyFes, not only can it be used as homogeneous catalysis mixed with cellulose but also
shows catalytic activity as a supported catalyst on ZSM-5, with higher catalytic activity than ZSM-5.
These results indicate that the NiyFej catalyst has significant activity for potential use in industry to
produce high quality bio-o0il from biomass.
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1. Introduction

Current energy consumption worldwide mostly depends on fossil fuels, which will continue to
be the dominant source of energy for the next several decades [1-3]. At the same time, carbon dioxide
emissions from the use of fossil fuel increase every year [4], and the associated environmental problems
have compelled researchers to look for innovative strategies to develop renewable energy sources
and fuels.

Biofuels are an excellent candidate to replace fossil fuels and do not increase carbon emissions in the
environment. Biofuels come in several forms, i.e., bio-oil, biodiesel, solid biofuels, and biogas. Bio-oil
not only can help the economy by providing jobs but also could help reduce greenhouse gases and
emit less pollution [5]. Japan Airlines Co., Ltd. plans to build a factory to transform biomass to bio-fuel
for aircraft fuel to reduce CO, emissions [6]. However, non-upgraded bio-oil is a complex mixture of
oxygenated compounds, which reduces the energy content and density [7]. Many researchers have
been working for decades to produce higher-quality fuels, using catalytic pyrolysis, hydrogenolysis,
and other methods. Pyrolysis is a thermochemical process that decomposes organic matter under high
temperatures in an inert atmosphere without oxygen. Compared to other thermochemical processing
techniques, biomass pyrolysis is a well-established process that is a favorable renewable resource
for energy recovery. During the catalytic pyrolysis process, the catalyst plays a significant role in
the reactions for upgrading bio-fuel products. Most researchers prefer heterogeneous catalysis, the
solid catalyst will not directly react with a reactant, i.e., it is only in contact with the pyrolyzed vapors
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during the reaction process. For example, Zhang’s group studied the catalytic upgrading of corn
stalk pyrolysis vapors with the HZSM-5 zeolite catalyst. The oxygen content in organic pyrolysis
vapors was decreased with a high-temperature hydrothermal treatment of HZSM-5 zeolite [8]; the
fixed-bed reactor performance of Co/ZSM-5 catalysts in the upgrading of lignocellulosic biomass
pyrolysis vapors was also validated by Iliopoulou’s group. All ZSM-5-based catalysts (metal promoted
or not) had a significant effect on product yields and bio-oil composition, producing less bio-oil but of
higher quality [9]. The property of Ni/ZSM-5 catalysts with varied nickel loadings was investigated by
Yung’s group, the catalyst interacted with pine pyrolysis vapors. Ni addition increased the yield of
aromatic hydrocarbons and the conversion of oxygenates, while these effects are more pronounced
with increasing Ni loading [10]. However, the heterogeneous catalysis reduced the yield but improved
the quality of the oil products. Unfortunately, the catalyst lost its activity after 2-3 experimental runs,
and was difficult to regenerate [11].

When compared to the heterogeneous catalysis, limited research has actually investigated
homogeneous catalysis, in which the solid phase catalyst is directly mixed with the solid biomass
feedstock for pyrolysis to produce bio-oil, the solid catalyst reacts with the solid reactant directly.
Zhang's group studied the pyrolysis of corncobs with and without the H-ZSM-5 catalyst and observed
that the catalyst decreased the liquid and char yields [12]; Uzun’s group studied different zeolite
structures (ZSM-5, H-Y, and USY) for the catalytic pyrolysis of corn stalks. The highest oil yield was
observed with ZSM-5 zeolite and the lowest with USY. The problem is these catalysts reduce the bio-oil
yield and are hard to separate from the bio-char for recycling [13]. Especially, when these two different
catalysis types are compared together [14,15].

The cluster catalyst has the potential to be an effective catalyst for pyrolysis due to a large specific
heat capacity and thermal conductivity coefficient (a cluster is an ensemble of bound atoms or molecules
that are intermediate in size between a molecule and a bulk solid). The absence of broad bulk phases
leads to a high surface-to-volume ratio, which is advantageous in any catalyst application as this
maximizes the reaction rate per unit amount of catalyst material. The metal cluster catalyst shows
better properties than in the reported literature, such as Fes [16], Ni@Ni;;Fe [17], etc. Our previous
experimental results showed that the metal cluster catalyst can be recycled and showed excellent
catalytic properties even after repeated catalytic experiments [18].

In this study, cellulose was chosen as the feedstock for pyrolysis, because it is a major component
of biomass and is often used as a biomass model compound. It should be noted that cellulose
does not melt to form a liquid phase at the pyrolysis temperature used in these experiments (see
TG-DTA spectrum of cellulose with/without catalyst in Figure S1.) NiyFes cluster metal, ZSM-5, and
NipFe3/ZSM-5 were selected as catalysts. Based on our previously published results, the Ni,Fes catalyst
has shown great potential, like increasing the yield of bio-oil, improving the quality of oil and it can be
recycled many times [18]. In contrast, ZSM-5 is a common catalyst used in the literature to upgrade
bio-oil [12]. NiyFe3/ZSM-5 was synthesized in order to compare it to ZSM-5 and to test the potential
catalytic activity of NipFes. In order to investigate the potential of NiFe catalysts for industrial use, this
study compared NiFe metallic particles, NiFe particles on supported ZSM-5 catalysts and high surface
area zeolite catalysts. The metallic particles have a low surface area, which is expected to help the
heat transfer to the biomass whereas the zeolite catalyst is expected to catalyze the gas phase reactions.
Hence, we distinguish these two types of two catalysis as homogeneous (NiFe) and heterogeneous
catalysis (zeolite) to examine the overall bio-oil upgrade process in a fixed bed reactor at temperatures
under 723.15 K.

2. Results and Discussion

2.1. XRD and SEM Analysis

X-ray diffraction patterns of selected prepared catalysts powder samples and the symbols were of
standard pattern peaks are shown in Figure 1. It indicates that the experimental XRD pattern agreed
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well with the peaks shown in the standard patterns. Meanwhile, there were not any spurious diffraction
peaks found in the samples, indicating no other impurity component. The sol-gel and co-mixing
methods were reliable for producing Ni,Fe; and NiyFes/ZSM-5 supported catalysts. It should be noted
that previous literature on the bimetallic catalysts (Ni and Fe) only exhibited a single peak indicating
the formation of a Ni-Fe solid solution [19]. The intensity of XRD peaks of the sample in Figure 1
reflected that the formed particles were crystalline and broad diffraction peaks indicate very small
size crystallites.
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Figure 1. XRD analysis of prepared catalysts.

The SEM results in Figure 2a shows the image of the NiyFe; catalyst particle with an uneven
surface. A powdered structure usually exhibits better catalytic properties as indicated in the published
literature [20]. Figure 2b shows the image of NiyFe3/ZSM-5 catalyst particle and energy-dispersive
X-ray spectroscopy (EDS) results. The EDS spectrum indicates that Ni,Fes particles covered the ZSM-5
surface well, and Si/Al, O, Ni, and Fe elements were detected. Si/Al and O were the major components
of ZSM-5, whereas Ni and Fe were from the NiFe; catalyst particles. The results indicated the
co-mixing method was reliable for producing supported catalysts.
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Figure 2. SEM images of (a) NipFej; catalyst particles and the (b) Ni,Fe3/ZSM-5 supported catalyst
(including the energy-dispersive X-ray spectroscopy (EDS) spectrum).

2.2. Pyrolysis Results

2.2.1. Comparison Among Different Catalysts for Homogeneous Catalysis

Figure 3 shows the bio-oil, gas, and char/coke mass yields of the different catalysts. Three grams
of the ZSM-5, NiyFe3/ZSM-5, and NiyFe; catalyst were separately mixed with 6 g of cellulose and
placed in the reactor for pyrolysis experiments in order to compare different catalysts” influence on the
homogeneous catalysis. The bio-oil yield from uncatalyzed cellulose pyrolysis was 39.2% and had a
standard deviation near 1.0%. The yields with all catalysts in the following order ZSM-5: 31.2% =+ 0.6%
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< NizFey/ZSM-5: 34.3% + 0.7% < No catalyst: 39.2% + 1.0% < NiyFes: 46.7% =+ 0.5%. It should be noted
that the NiyFe3 metal catalyst usage improved the yield of bio-oil. However, other catalysts decrease
the bio-oil yield typically as shown in previous studies that used ZrO, and TiO; and silica [21,22]. The
reason for the bio-oil yield increase is attributed to differences in thermal conductivity coefficient and
specific heat capacity. The specific heat capacity is the amount of heat energy required to raise the
temperature of a substance per unit and the thermal conductivity coefficient is used to measure the
property of transferring heat. The specific heat capacity is 0.38 kcal/kg-K for cellulose, 0.11 kcal/kg-K
for Ni, and 0.11 kcal/kg'K for Fe [23], respectively, which means nickel and iron both can transfer heat
to the cellulose and increase the cellulose temperature quickly.
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Figure 3. Bio-oil, gas, and char/coke yields from the pyrolysis of cellulose without/with the ZSM-5,
NipFe3/ZSM-5, and Ni,Fejs catalysts (homogeneous catalysis) and None: without catalysts.

In addition, the thermal conductivity coefficient is different, 0.23 W/mK for cellulose, 73.3 W/m-K
for Ni, 61.6 W/m-K for Fe, and 22.2 W/m-K for Ni,Fe3 mixed with cellulose [18,24]. Ni and Fe are nearly
120 times higher than that of cellulose, which means for cellulose without a metallic catalyst being
present, heat transfer from the reactor furnace to the cellulose is relatively poor. Some places or hot
spots may develop in the cellulose when heated to a high temperature in a short time, which tends
to produce gas. However, after adding a NiFe catalyst, the heat conductivity coefficient is enhanced
50 times, which can help transfer heat well in order to raise the bio-oil yield. It is also possible that
some other reactions took place during the experiment impacting the yield, they will be investigated in
future work.

Unlike the NipFe3 metal catalyst, ZSM-5 or NipFe3/ZSM-5 catalyst had lower bio-oil yields because
the thermal conductivity coefficient of ZSM-5 was only 1.1 W/m-K and the specific heat capacity
was 0.23 kcal/kg-K. When compared to Ni,Fes catalysts, the lower specific heat capacity and thermal
conductivity coefficient of ZSM-5 could not transfer heat very well from the furnace to the cellulose.
In addition, the catalyst aggregated with cellulose, which was also observed by Zhang’s group. They
studied the pyrolysis of a corncob with and without the H-ZSM-5 catalyst and observed that the
catalyst increased the yields of non-condensable gas, while it decreased the liquid and char yields [12].
The reason is that the sieve catalysts aggregate with the reactant, impeding part of the reactions for
producing liquids and promoting reactions for gas. Moreover, Ni,Fe;/ZSM-5 shows a slightly higher
bio-oil yield than ZSM-5. The possible reason is the metal can increase the thermal conductivity
coefficient of the reactant, which enhances the bio-oil yield. Further experiments will be conducted in
the future to clarify possible mechanisms.

GC-MS equipment was used for analyzing all bio-oil samples. The identified peaks are presented
in Table 1 and the specific compounds in the bio-oil are listed in Table S1. The main compounds
were acids, furan, ketone, and sugars for all samples specifically, acetic acid, furfural, 2-propanone,
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1-hydroxy, and -beta.-D-Glucopyranose, 1,6-anhydro-, were also present respectively. On average,
3% of the peaks were unidentified. Pyrolysis of cellulose resulted in bio-o0il containing hundreds of
different compounds. For the purpose of making the comparison easier between different catalysts, the
compounds were classified into different groups based on their functional group. These groups were
classified as acids, alcohols, esters, furans, ketones, phenols, sugars, hydrocarbons (HC), and others.
Table 1 indicates the major products of uncatalyzed cellulose products consisted of sugars (48.8% +
1.7%), ketone (17.0% =+ 2.6%), furans (20.7% = 0.7%), and acids (4.8% =+ 0.2%). In this study, phenolic
compounds were also found in uncatalyzed cellulose pyrolysis products, the same as other researchers
have reported [21]. The other main components of the bio-oils derive from non-catalytic and catalytic
pyrolysis of cellulose were in good agreement with the literature results [25-27].

Table 1. Composition of cellulose pyrolyzed products with different catalysts (peak area% of identified
peaks, unidentifiable compounds are lumped together in the others category).

Acid% Alcohol% Esters% Furans% Ketones%  Phenols% Sugar% HC% Others%

None 48+02 23+01 20+01 207+07 17.0 £ 2.6 1.6+04 488 +1.7 0.0 21+12
ZSM-5 11.8+0.3 07+01 21+01 133+04 258 +0.5 0.0 433+12 0.0 3.0+0.1
NiyFe3/ZSM-5  12.6 £0.3 0.8+0.1 24 +0.1 157+ 0.9 283 +1.2 0.0 38.2+0.1 0.0 20+0.1
NiyFe; 46+03 23+01 24+02 259x07 279+0.8 22+02 315+£06 05+04 26+04

For the purpose of investigating how the different catalysts change the composition of the bio-oils
with homogeneous catalysis, details are discussed below. Firstly, HC compounds were formed only in
the presence of the NiyFe; metal catalyst, which is an excellent component and indication that this
compound is effective to improve the quality of bio-oil although the composition was only 1%.

Secondly, reducing sugar concentration could improve the quality of bio-oil. Figure 4 shows
how the different catalysts influence bio-oil sugar concentration and Table 1 shows the different sugar
content in bio-oil with/without catalysts. Typically, all catalysts reduced the sugar content, and the
NiFe3 metal catalyst shows excellent activity to remove it. Not only because the catalyst has a unique
cluster structure and reactive surface, but also because the composition of the Ni and Fe element,
all show catalytic activity. The NiFe cluster catalyst is shown to be effective for removing sugar
composition based on our previous study [28]. From Table 1, Ni,Fes, ZSM-5, and Ni,Fe3/ZSM-5
decreased by 17.3%, 5.5%, and 10.6% sugar concentration, respectively.

I None
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45 I NioFes/ZSM-5
30
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Acid Alcohol Ester Furan Ketone Sugar HC  Others

Figure 4. Chemical relative compositions of the organic phase of bio-oil without/with the ZSM-5,
NipFe3/ZSM-5, and Ni,Fejs catalysts (homogeneous catalysis) and None: without catalysts.

Thirdly, the three catalysts show different influences on the furan and ketone concentrations
as shown in Figure 4. The NiFej catalyst had a significant effect on increasing ketone and furan
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concentrations by improving the conversion efficiency of cellulose decomposition, especially by
decreasing the sugar concentration. The first step is the cellulose decomposed into sugar, and then the
sugar decomposed into furan and ketone. Asshown in Table 1, the bio-0il component with NiyFes shows
the sugar concentration decreasing while both furan and ketone concentrations increase. The GC-MS
results show that the major reaction was levoglucose decomposed into 5-Hydroxymethylfurfural,
Furfural, 5-methyl-, 1,2-Cyclopentanedione, 3-methyl-, 1,2-Cyclopenten-1-one, etc. The situation
for ZSM-5 and NiyFe3/ZSM-5 is a little different. They do not affect the furan concentration but
only show selectivity to enhance ketone compositions. The levoglucose decomposes into 5-methyl-,
1,2-Cyclopentanedione, 3-methyl-, 1,2-Cyclopenten-1-one, etc. The reason why we focused on the ketone
and furan composition is many different methods can further transform them into HC compounds to
improve the quality of bio-oil with additional chemical reactions.

Finally, all catalysts did not significantly affect the other compound concentrations. Based on the
above results, NiFes was selected as the most active homogeneous catalysis when compared to other
catalysts, because it increased the bio-oil yield, but also shows the highest activity to remove sugar
content. Moreover, it is easy to separate the NiyFe3 catalyst from char by magnetic separation, and the
“new” (unused) catalyst shows the same catalytic activity when compared to the used catalyst based
on previously reported results [18].

2.2.2. Comparison Between Different Catalysts for Heterogeneous Catalysis

Figure 5 shows the bio-oil, gas, and coke mass yields of two different supported catalysts with
and without metal clusters. For ZSM-5 and Ni,Fe3/ZSM-5, the catalyst had a large surface area, which
will enhance reaction with vapors. The surface area of the ZSM-5 used in the present study was
310 mz/g, and the surface area of NipFe3/ZSM-5 was lower (278 mz/g). Ni,Fe3 was not as effective
as a heterogeneous catalysis because of its low surface area (2m?/g). Three grams of ZSM-5 and
Ni,Fe3/ZSM-5 were put on a metal net for pyrolysis experiments to catalyze pyrolyzed vapor in
order to compare different catalysts for heterogeneous catalysis. The bio-oil yield from uncatalyzed
cellulose pyrolysis was 39.2% and had a standard deviation near 1.0%. The yield was 33.8% =+ 0.5%, for
ZSM-5 and 31.0% =+ 0.3% for NiyFes/ZSM-5, respectively. From the results, ZSM-5 and Ni,Fe3/ZSM-5
reduced the bio-oil yield by 5% and 8%, respectively. The result was the same as the Iliopoulou group’s
result [29], where the liquid yield decreased after introducing the Ni modified ZSM-5. The reason is
the added metal to the surface decreases the surface area of the original ZSM-5, allowing less vapor to
enter the porous catalyst.
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Figure 5. Bio-oil, gas, and char/coke yields from pyrolysis of cellulose without/with the ZSM-5 and
NipFe3/ZSM-5 catalysts (heterogeneous catalysis) and None: without catalysts.
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GC-MS was used for analyzing all bio-oil samples in order to determine the composition of the
bio-oils. The results of the identified peaks are presented below in Table 2 and the specific compounds
are listed in Tables S1, S5 and S6. The main compounds of acids, furan, ketone, and sugars for
all samples, specifically acetic acid, furfural, 2-propanone, 1-hydroxy, -beta.-D-Glucopyranose, and
1,6-anhydro- were also present respectively. These supported catalysts did not have a strong influence
on the major products. The compounds were also classified into different groups based on their
functional groups. In order to find how the different catalysts impacted the composition of the bio-oils
by heterogeneous catalysis, some important activity will be discussed in detail below and data shown
in Figure 6.

Table 2. Composition of cellulose pyrolyzed products with different catalysts (peak area% of identified
peaks, unidentifiable compounds are lumped together in others category).

Acid% Alcohol%  Esters% Furans% Ketones%  Phenols% Sugar% HC% Others%
None 48+02 23+01 20+01 207+0.7 17.0 £2.6 1.6+04 488 +1.7 0.0 21+1.2
ZSM-5 12.3+0.5 1301 49+02 207+16 30.1+0.8 2.8+0.3 25.6 0.9 0.0 23+0.1

NipFe3/ZSM-5  11.2+0.3 20+01 36+04 203+13 37.6 2.7 1.7+03 191+£02 04+01 41+01

I None
[ 17ZSM-5
I NipFe3/ZSM-5

Chromatogram Area%o

Acid Alcohol Ester Furan Ketone Phenol Sugar HC Others

Figure 6. Chemical relative compositions of the organic phase of bio-oil without/with the ZSM-5 and
NiyFe3/ZSM-catalysts (heterogeneous catalysis) and None: no catalyst.

Typically, both catalysts reduced the sugar content when compared to bio-oils produced without
catalysts. Table 2 shows that ZSM-5 and NijFe3/ZSM-5 decreased by 23.2% and 29.7% sugar content,
respectively. The reason is their large surface area can improve vapor reactive efficiency. While ZSM-5
surface modified by NiyFez improves the catalyst activity by reducing the sugar concentration similar
to Cheng’s results [30]. They used the Ni and Fe element to modify the HZSM-5, and found that the
modified catalyst decreased the bio-oil yield, but increased the quality of bio-oil by removing more
oxygen (sugar).

ZSM-5 and NiyFe3/ZSM-5 catalyst show the same reaction selectively, for sugar and ketone.
As indicated in Table 2, sugar content decreased while ketone concentration increased the
sugar decompose into different types of ketone, like 5-methyl-, 1,2-Cyclopentanedione,3-methyl-,
1,2-Cyclopenten-1-one, etc. As mentioned above, ketone is an important product for upgrading the
quality of bio-oil.

In summary, using Ni,Fe; to modify typical ZSM-5 support is a useful strategy to synthesis a new
supported catalyst to upgrade bio-oil. It can help reduce sugar and increase the ketone concentration
in bio-oil without changing other components.
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After comparing the different catalyst types, the results indicate that overall the catalysts do not
have a strong impact on the major products of the bio-oil. The Ni,Fejs catalyst shows the best property as
a homogeneous catalysis, which could be recycled repeatedly but also increased the yield of bio-oil, and
improved the quality of the bio-oil, especially when compared with the other catalysts that decreased
the bio-oil yield, like ZSM-5, and other groups” works [21,22]. These results indicate the potential of
the NiFe cluster catalysts to lower the oxygen content of bio-oil. NipFe3/ZSM-5 shows a lower yield of
bio-oil but also lower sugar content. ZSM-5 and NijFes/ZSM-5 improved the quality of bio-oil but also
had lower bio-oil yields. Further work is underway to clarify the corresponding mechanisms.

3. Experimental Method

3.1. Catalyst Preparation

The biomass feedstock was powdered cellulose (38 um) from Wako Pure Chemical Industries Ltd.
(Osaka, Japan). The ZSM-5 catalyst was purchased from Tosoh Corporation (Tokyo, Japan).

The NipFe; catalyst was prepared by the sol-gel method [31,32]. The chemicals were citric acid,
Fe(NO3)3-9H,0, ethylene glycol, and Ni(NO3),-6H,O, purchased from Wako Pure Chemical Industries
(Osaka, Japan). The mol ratio between metal ion (Ni and Fe) and citric acid was 1:1.2. The preparation
of catalysts was performed at room temperatures: 5.8 g Fe(NO3)3-9H,0 and 12.1 g Ni(NO3),-6H,O
was dissolved in 30 mL of distilled water and stirred for 5 h. Then 5 mL of ethylene glycol and 11.1g of
citric acid were added in a beaker. Then the transparent solution was stirred for 15 h at which time the
solution became uniform. The transparent sol was dried at 110 °C in an oven for 20 h and calcined at
700 °C to burn off hydrocarbons under 95% N, and 5% H; mix gas. Finally, the catalyst was crushed
into a powder in a mortar and pestle. After repeating this process many times, enough catalyst was
obtained. The 5 wt % NipFe3/ZSM-5 catalyst was prepared by the co-mixing method [33,34] using
NipFe; and ZSM-5. The mass of NiyFes in the ZSM-5 used for 5 wt % loading was 0.5 g. After mixing,
the sample was dried at 90 °C for 1 h and then calcined in 95% N, and 5% H; mix gas at 700 °C for 5 h.

3.2. Catalyst Preparation

In order to compare different properties between homogeneous and heterogeneous catalysis,
special pyrolysis equipment was designed as shown in Figure 7. For homogeneous catalysis, cellulose
(6 g) was loaded in a 310 mm length and 50 mm diameter quartz reactor with 3 g of catalyst. The inner
diameter of the electric furnace was 50 mm, and the length was 330 mm. Then the entire system was
purged with flowing nitrogen gas for 10 min in order to expel all air. Afterward, the reactor was heated
to the set temperature (450 °C) with a heating rate of 45 °C/min. Then the nitrogen gas carried the
pyrolyzed vapors from the reactor to the condenser. The vapors were condensed using cold water by
the condenser. For heterogeneous catalysis, cellulose (6 g) was loaded in a 50 mm diameter quartz
reactor alone and 3 g of catalyst was loaded on the metal net near the bottom of the tube, then the
process was the same as the above reaction. The reaction time was 10 min after reaching the target
temperature for each experiment. The bio-oil was removed from the flask and collected after the
furnace temperature dropped below 300 °C, then the samples were filtered by filter paper (pore size
30-50 um, 70 mm diameter) to remove any particles and also by a syringe filter (0.45 um) for the
GC-MS analysis pretreatment, finally, all samples were analyzed by GC-MS. The amount of bio-o0il and
char and coke were weighed, and then the amount of gas was calculated by subtracting the amount of
bio-oil and char and coke from the initial feed.
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Figure 7. Experimental set-up for the pyrolysis experiment.

3.3. XRD, BET, and the SEM-EDS Test

The XRD analysis of catalysts was conducted by the X-ray Diffractometer (Mini Flex 600, Rigaku
Ltd., Tokyo, Japan). For the X-ray tube operation, 46 kV and 14 mA were used. The scan range (2 theta)
of the XRD pattern was collected from 5 to 90° using filtered Cu radiation.

Specific surface areas were measured using the Brunauer-Emmett-Teller method with N, (BEL
SORP mini; Bel Japan Inc., Tokyo, Japan).

Images of catalysts were obtained by a scanning electron microscope (VE-9800, Keyence
Corporation, Tokyo, Japan) operated at 10 kV. The catalyst was firstly immersed in alcohol, and
then the samples were loaded and dried on a copper grid (carbon-coated). The elemental composition
of the Ni,Fe3/ZSM-5 was also analyzed by the energy-dispersive X-ray spectroscopy (EDS, Genesis
XM2, EDAX Corporation, Tokyo, Japan).

3.4. GC-MS Analysis Method

In order to identify organic compounds and analyze the composition of the bio-oil samples,
GC-MS equipment was used to analyze bio-oil samples. The analysis was performed on a GC-2010
Plus equipped with a GC-MS-QP2010 SE mass-detector made by Shimadzu Corporation (Tokyo,
Japan). The column type was Stabilwax-DA 30 m x 0.25 mm, 0.25 um diameter (Bellefonte, PA, USA).
The analysis was run with a 10:1 split entry. The oven temperature was held at 40 °C for 5 min and then
ramped up to 50 °C and heated at 1 °C/min. Next, it was ramped up to 130 °C at 2 °C/min. Finally, the
temperature was ramped up to 260 °C at 4 °C/min and held for 10 min. The compounds were identified
by comparing the mass spectra to NIST 11 MS library of compounds using the GC-MS software.
A similarity threshold of over 80 was used to identify the compounds. All GC-MS experiments were
conducted in duplicates, and the standard deviations were calculated.

4. Conclusions

In this study, three different catalysts were chosen to test how the homogeneous and heterogeneous
catalysis influences the pyrolyzed bio-oil compositions. For homogeneous catalysis, ZSM-5,
NipFe3/ZSM-5, and NiyFejs catalysts were directly mixed with cellulose in the reactor for the pyrolysis
experiments. The results show that the NiyFe3 metal catalyst used here improved the yield of bio-oil
from 39.2% to 46.7%, while others have previously reported a decreased yield. The Ni,Fe3 catalyst
reduced the sugar composition from 48.8% to 31.5% when compared to other catalysts. NiyFe; was the
best choice for homogeneous catalysis among those tested. Not only did it increase the bio-oil yield
and show the highest activity to remove sugar, but it also can be recycled potential saving money if
used as an industrial catalyst.
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For heterogeneous catalysis, ZSM-5 and NiyFe3/ZSM-5 were used to react with pyrolyzed vapors
in the reactor. The results indicate that either catalyst reduced the yield of bio-oil, reducing the bio-oil
yield by 5% and 8%, respectively. Based on the GC-MS analysis, NipFe3/ZSM-5 facilitated the sugar to
ketone reaction when compared to pure ZSM-5. The gas component was not analyzed in this work,
however, it was believed the heterogeneous reactions might enhance the gas composition. In the future,
analysis of the gas composition will be carried out.

In addition, future work on cluster catalysts is still needed to modify the ZSM-5 catalyst in order
to test their property. On the other hand, more elements will be chosen to build new cluster catalysts to
understand the catalytic activity in more detail.
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S4: Specific bio-oil compounds measured by GC-MS with Ni2Fe3/ZSM-5 catalyst. Table S5: Specific bio-oil
compounds measured by GC-MS with ZSM-5 catalyst. Table S6: Specific bio-oil compounds measured by GC-MS
with Ni2Fe3/ZSM-5 catalyst.
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