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Abstract: The hydrodeoxygenation (HDO) of biomass pyrolysis oil (BPO) was evalu-
ated in the presence of two commercial alumina-supported transition metal catalysts,
NiMo/alumina-1 (NM1) and NiMo/alumina-2 (NM2). The study explored two characteris-
tic aspects: how HDO reaction conditions affected the oxygen content, density, and boiling
point distribution of BPO with varying temperature and HDO reaction time, and the roles
of catalysts. Characterizations of HDO-treated oils included elemental analysis, GC-MS,
SIMDIS, 13C NMR, and 'H NMR, and characterizations of catalysts included NH;3-TPD,
XRE, and TPO-MS analysis. The results show that both NM1 and NM2 catalysts removed
oxygenated compounds effectively, which led to decreases in density and shifts toward
higher boiling point distributions of BPO. Compared to the NM1 catalyst, NM2 had a higher
acidity and enhanced HDO activity. The best HDO reaction performance was achieved
in the presence of the NM2 catalyst at 300 °C. Furthermore, HDO reactions showed a
significant amount of CO,, CHy, C;Hg, and C3Hg, which suggests that HDO reactions
proceeded via a series of reactions of decarboxylation, water—-gas shift, and methanation.
In addition, hydrocarbon fraction tests suggested a favorable potential for the blending of
HDO-treated biomass pyrolysis oil (HDO-BPO) with petroleum-derived fractions.

Keywords: hydrodeoxygenation; NiMo/alumina; sulfidation; biomass pyrolysis oil (BPO);
hydrocarbon fraction test

1. Introduction

Over the past decade, the average concentration of carbon dioxide (CO;) in the atmo-
sphere has increased by approximately 2.5 ppm, prompting a focus on the development of
renewable energy sources aimed at achieving carbon neutrality through the reduction of
CO; emissions. Among the various strategies available, biomass has garnered considerable
attention for its economic potential, allowing for benefits without significant alterations
to existing infrastructure [1-3]. Furthermore, the production of BPO (biomass pyrolysis
oil) has been found to reduce CO; emissions by approximately 80% compared to heavy
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oil production, marking it as a promising energy resource from an environmental perspec-
tive [4,5]. Lignocellulosic biomass, which comprises cellulose, hemicellulose, and lignin, is
a renewable resource capable of generating chemicals and fuels through physical, chemical,
and biochemical conversion technologies [6]. Commonly employed conversion methods
include combustion, gasification, and thermal pyrolysis. Among these, pyrolysis is notable
for its process of thermally decomposing biomass at high temperatures in the absence
of oxygen, which provides advantages in terms of operational simplicity and economic
efficiency [7]. Additionally, when biomass is pyrolyzed at temperatures between 400 and
800 °C, it yields a liquid form of oil that is convenient for storage and transportation [8].

BPO (biomass pyrolysis 0il) can be utilized as a substitute for fossil fuels, as well as
a feedstock for various industrial chemicals, including paints, adhesives, and plastics [9].
However, crude BPO is a complex mixture comprised of acids, alcohols, aldehydes, es-
ters, ketones, phenols, and furans. Notably, compounds like furfural, dimethylphenol,
2-methoxy-4-methylphenol, and furanones constitute significant proportions, especially
when feedstocks high in lignin content are converted [10]. Meanwhile, crude BPO has
a low heating value of 15-19 MJ/kg when compared to the heating value of petroleum
(ca. 40 M] /kg) [8,11]. The polar nature of crude BPO also complicates its blending with non-
polar fossil fuels, making it challenging to use without additional additives. During storage,
organic components may even polymerize over time, leading to increased viscosity and
instability, particularly due to the presence of oxygenated compounds [8,11]. Given these
characteristics, crude BPO needs further upgrading processes [4]. Upgrading techniques
include a series of hydrodeoxygenation (HDO) reactions, catalytic cracking, steam reform-
ing, molecular modification, the use of supercritical fluids, and esterification [12]. HDO
utilizes catalysts under high-pressure hydrogen conditions to convert oxygen-containing
compounds such as acids, aldehydes, and alcohols [13]. The HDO reaction can be broken
down into four major reactions: hydrogenation of C-O and C-C bonds, dehydration of
C-OH groups, condensation, and decarbonylation [14,15]. Catalyst selection is crucial in
the HDO upgrading process. While noble metal catalysts exhibit high activity, economic
constraints often lead to the consideration of transition metal catalysts such as NiMo or
CoMo [12,16].

The acidity of the catalyst is also a significant factor in HDO reactions. During HDO
reactions, Lewis acids primarily adsorb oxygen-containing compounds and Brensted acids
activate hydrogen to react with adsorbed oxygen species. It should be noted that excessive
acidity may accelerate coke formation. Cokes hinder the removal of adsorbed oxygen and
retard catalyst regeneration. On the other hand, insufficient acidity may impede the proper
adsorption of oxygen, thus reducing HDO reactivity [17].

To address the problems associated with BPO when used alone, various methods have
been proposed to blend BPO with conventional fuels, such as diesel. However, unlike
diesel, which is a non-polar liquid, BPO is a polar liquid, primarily composed of oxygenated
compounds that do not form stable mixtures with the hydrocarbon compounds in diesel.
This incompatibility presents challenges for effective blending and utilization [18].

In terms of reaction temperature, HDO reactions using precious metal catalysts typi-
cally occur at temperatures exceeding 200 °C (Supplementary Information S1). However,
zeolite catalysts have been reported to facilitate reactions below this threshold, while
alumina catalysts operate effectively within a higher temperature range of 300-500 °C.
Furthermore, carbon-based supports have demonstrated improved HDO reactivity when
compared to alumina, zeolite, and zirconia-based catalysts. Among carbon-supported
noble metal catalysts, the order of hydrogenation activity is Ru/C > Pd/C > Pt/C. For
zirconia-supported catalysts, those containing Ru exhibit superior HDO and hydrogenation
activity at both high and low temperatures, and they have high reactivity towards guaiacol.
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The conversion rates for guaiacol have been reported as 88% for Pd-WO /y-Al,O3 and 90%
for Pt/H-MFI-90. Such results indicate that phenol exhibits moderate reactivity in model
reactions; however, following non-model reactions involving crude BPO, the resulting oil
contained elevated levels of phenolic compounds, along with increased concentrations
of aromatic and aliphatic hydrocarbons. Transition metal catalysts, including nickel (Ni),
cobalt (Co), and molybdenum (Mo) in both single and mixed metal forms, as well as their
sulfides and phosphides, have been also investigated (Supplementary Information S2).
Generally, Ni outperforms Co in the conversion rates of guaiacol and anisole, demonstrat-
ing significant reactivity with acidic supports. Mixed metals such as NiMo, along with
their sulfides and phosphides, have proven effective for oxygen removal. In contrast to
the carbon-supported noble metal catalysts, transition metal catalysts typically employ
alumina as a support material. This choice has shown higher effectiveness in oxygen
removal compared to carbon, zeolite, zirconia, and silica supports. Alumina-based catalysts
exhibit good performance not only in decarboxylation, decarbonylation, and hydrogenation
reactions but also in esterification; however, they demonstrate lower reactivity toward
phenolic compounds.

This study aims to investigate HDO reactivity and mechanisms of crude BPO using
two types of commercially available alumina-based transition metal catalysts. The two
catalysts used have the same bimetals (Ni and Mo) but different distributions of acid sites.
Furthermore, we will discuss carbon deposition over catalysts and changes in gas com-
position generated from different HDO reaction conditions. To evaluate the potential for
blending HDO-treated BPO (HDO-BPO) with petroleum-derived fractions, we conducted
LCO (light cycle oil) soluble tests.

2. Results and Discussion
2.1. Properties of Crude BPO and Fresh Catalysts

The elemental analysis of crude BPO and HDO-BPO were presented in Table 1. The
sample was named by the existence of catalysts, HDO reaction temperatures, and HDO
reaction times. Three notations of NC (non-catalyst), NM1, and NM2 were used for three
different reaction conditions of no catalyst, NM1 catalyst, and NM2 catalyst, respectively.
Reaction temperatures and times were followed to label samples. For instance, for the
HDO reaction at 250 °C for 6 h in the presence of the NM1 catalyst, the sample was named
HDO-NM1-250-6. At first, the sulfur contents were less than 0.1 wt.% for all samples. In
terms of nitrogen (N) contents, the initial amount of nitrogen (0.89 wt.%) within crude
BPO was not reduced even after HDO treatments. The results showed a slight increase in
nitrogen content, at a range of 0.96 to 1.27 wt.%. Here, it is noticeable that the initial oxygen
content (20.4 wt.%) within crude BPO was dramatically decreased down to 6.3 wt.% when
the NM2 catalyst was used for 6 h of HDO treatment at 300 °C (HDO-NM2-300-6). Overall,
the oxygen reduction was improved when the HDO reaction temperature was increased,
as well as when the HDO reaction time was extended from 1 h to 6 h.

In Table 2, the qualitative and quantitative analyses of crude BPO are summarized
(the compositions were determined by gas chromatography—mass spectrometry (GC-MS)
analysis). The GC-MS analysis data without the catalyst are summarized in Supplementary
Information S4. The BPO appears to contain 27 different compounds based on two catego-
rizations of alkyl phenols and oxygenated compounds. A significant portion, accounting
for 83.6%, is comprised of alkyl phenols (2-methylphenol and 3-methylphenol), and 5.5% is
identified as 3-pentadecyl phenol.
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Table 1. Elementary analysis of crude BPO and HDO-BPO.
Liquid Sample N [wt%] C [wt%] H [wt%] S [wt%] O [wt%]
Crude BPO 0.89 69.7 8.5 <0.1 20.4
HDO-NC-200-6 1.09 72.3 8.4 <0.1 17.2
HDO-NC-250-6 1.046 73.28 8.82 <0.1 16.5
HDO-NM1-200-6 1.08 72.6 8.8 <0.1 16.6
HDO-NM1-250-1 0.96 74.8 8.9 <0.1 15.2
HDO-NM1-250-6 1.16 75.3 9.2 <0.1 13.8
HDO-NM1-300-1 0.97 76.9 9.2 <0.1 12.4
HDO-NM1-300-3 1.02 78.5 94 <0.1 10.3
HDO-NM1-300-6 1.27 80 10 <0.1 8.7
HDO-NM2-200-6 1.00 73.3 8.8 <0.1 16
HDO-NM2-250-1 0.97 74.6 8.6 <0.1 15.3
HDO-NM2-250-6 1.11 744 9.2 <0.1 154
HDO-NM2-300-1 0.99 77.8 9 <0.1 11.6
HDO-NM2-300-3 1.05 82.6 9.7 <0.1 6.6
HDO-NM2-300-6 1.23 82.5 9.9 <0.1 6.3

Table 2. GC-MS analysis of crude BPO.

Compound Names

Molecular Formulas

Relative Content (%)

(Alkyl) phenols 83.6083
Phenol, 2-methyl- CyHgO 59.1285
Phenol, 3-methyl- C;HgO 15.4287
Phenol, 3-pentadecyl- Cy1H360 5.4924
1,4-Benzenediol, 2-methyl- C7HgO, 0.7683
Phenol, 2,6-dimethoxy- CgH1003 0.6044
Phenol, 2-methoxy-4-(1-propenyl)- C10H120, 0.5282
Phenol, 3-ethyl- CgH;pO 0.4292
Phenol, 2,6-dimethoxy-4-(2-propenyl)- C11H1403 0.4273
Phenol, 4-ethyl-2-methoxy- CoH12,0, 0.3395
Mequinol CyHgO, 0.1718
Phenol C¢HsO 0.1533
Phenol, 3-pentyl- C11H160 0.1367
Oxygenated compounds (including acids, excluding 16.3917
phenol)) ’
Benzenemethanol, alpha.-2-propenyl- C1oH120 3.8354
(2-cyclohexenyl) propargyl oxide Cy10H140 3.2222
1,6-Anhydro-.beta.-D-glucopyranose (levoglucosan) CeH1905 2.4530
d-Allose C6H1206 1.4433
2-propyl-2-cyclohexenone CoH;60 1.1360
n-Hexadecanoic acid C16H3,07 0.8975
9-Octadecenoic acid Ci1gH340, 0.7279
1,2 4-Trimethoxybenzene CyH17,05 0.6160
Propanenitrile, 2-hydroxy- C3H5NO 0.4661
2,4-Dimethyl-3-(methoxycarbonyl)-5-ethylfuran CgH1903 0.3395
Valeraldehyde, 2,2-dimethyl-, oxime CyH15NO 0.3116
2-Cyclopenten-1-one,2-hydroxy-3-methyl- CeHgOy 0.2997
17 beta.-Acetoxy-1.alpha.-carboethoxymethyl-5.alpha.- CoyHapOs 0.2752
androstan-3-one

Desaspidinol C11H1404 0.1937
Phenoxyacetamide CgHoNO, 0.1746
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The XRF results for the catalysts are presented in Table 3. The two catalysts exhibit
differences mainly in the contents of the promoters, nickel (Ni) and molybdenum (Mo).
NM1 (NiMo/alumina-1) contains 1.67% Ni and 3.44% Mo (Ni/Mo ratio = 0.49). In contrast,
NM2 (NiMo/alumina-2) contains 3.25% Ni and 13.85% Mo (Ni/Mo ratio = 0.24).

Table 3. XRF analysis of HDO catalysts, NM1 and NM2.

NM1 NM2
Component mass% mass%
C 3.02 6.73
o 48.4 48.6
Al 41.8 25.8
Si 0.013 0.0196
P 1.59 1.66
Cr 0.0121 -
K - 0.022
Fe 0.0262 0.017
Ni 1.67 3.25
Ga 0.0047 0.0051
Mo 3.44 13.8
Nb 0.0053 -
\ - 0.104

The NH3-TPD analysis results for the catalysts are shown in Figure 1 and Table 4. In

the literature [19], the desorption temperatures were categorized by three regions: weak
acid sites (<200 °C), medium acid sites (200-400 °C), and strong acid sites (>400 °C). NM1
exhibits peaks between 150 and 400 °C, indicating the presence of weak and medium acid
sites. In contrast, NM2 demonstrates a variety of peaks from 150 to 1000 °C, suggesting
that it possesses weak, medium, and strong acid sites on its surface. The acidity of NM1
was measured at 1.585 mol/g, while for NM2 it was 12.027 mmol/g. The values show that
NM2 has approximately eight times higher acidity than NM1.

15,000 —
NM1 NM2

10,000 —

5,000 —

Temperature (°C)

Figure 1. NH3-TPD curves for NM1 and NM2 catalysts.

Table 4. NH;-TPD.

Area mmol mmol/g

NM1 3,663,196 0.162 1.585
NM2 28,484,714 1.260 12.027
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It was reported that a higher amount of Ni over Mo inhibits H; activation and sup-
presses HDO activity because MoOx can cover the outer surface of the Ni, whereas if the
Ni/Mo ratio is less than 1, most of the Ni surface cannot be modified by MoOy and C-C
hydrogenation activity and ring hydrogenation activity can be sustained [20]. In another
case, Mo acted as a Brensted acid in the form of Mo-OH, and Ni catalysts with a high MoOx
content exhibited higher activity in HDO reactions [21]. Returning to our case, the Ni/Mo
ratios of NM1 and NM2 are below 1, and NM2 shows a wider NH3-TPD peak area and a
greater quantity of NHj per unit mass. Based on this, we claim that NM2 possesses higher
acidity and a greater number of acid sites, which leads to the enhancement of HDO activity
compared to that of NM1.

2.2. HDO Reactivity

The two catalysts (NM1 and NM2) were subjected to reactions at temperatures ranging
from 200 to 300 °C, and for reaction times of 1 to 6 h under 60 bar (as shown in Table 1). In
the case of the non-catalyzed reaction, the oxygen content was determined to be 17.2 wt%
at 200 °C (HDO-NC-200-6) and 16.5 wt% at 250 °C (HDO-NC-250-6). Meanwhile, at
300 °C, rapid gasification of water within BPO occurred, resulting in an increase in the
internal pressure of the reactor, which brought safety concerns and subsequently halted
the experiment. This infers that the gasification of moisture contributed to the removal of
oxygen during the non-catalyzed reactions at 200 °C, as well as at 250 °C.

For NM1 (60 bar for 6 h), the oxygen content was observed to be 16.6 wt% in
HDO-NM1-200-6, 13.8 wt% in HDO-NM1-250-6, and 8.7 wt% in HDO-NM1-300-6. This
indicates that the oxygen content of HDO-BPO decreased as the reaction temperature
increased. When comparing reaction times at 300 °C, the oxygen content was 12.4 wt% in
HDO-NM1-300-1, 10.3 wt% in HDO-NM1-300-3, and 8.7 wt% in HDO-NM1-300-6. These
showed the successive decreases in oxygen content as the HDO reaction progressed.

Comparing the oxygen contents for NM2-catalysed HDO reactions at various tem-
peratures (60 bar for 6 h), the results were 16.0 wt% in HDO-NM2-200-6, 15.4 wt% in
HDO-NM2-250-6, and 6.3 wt% in HDO-NM2-300-6. Even though the decreases in oxygen
content were observed as expected, a more sharp decrease was noticed at 300 °C. When
comparing reaction times at 250 °C, the oxygen content was 15.3 wt% in HDO-NM2-250-1
and 15.4 wt% in HDO-NM2-250-6. For 300 °C, the oxygen contents were 11.6 wt% in
HDO-NM2-300-1, 6.6 wt% in HDO-NM2-300-3, and 6.3 wt% in HDO-NM2-300-6. The
progress of deoxygenation was gradually observed at 200 and 250 °C, whereas a sharp
decrease was achieved at 300 °C.

It is interesting that NM2 did not show a significant dependence on reaction times up
to HDO-NM2-200-6 and HDO-NM2-250-6. Nonetheless, a sharp decrease in oxygen content
was achieved for HDO-NM2-300-6. Furthermore, when considering HDO reaction times at
300 °C, NM1 showed gradual decreases in oxygen contents as the reaction progressed: 12.4%
in HDO-NM1-300-1, 10.3% in HDO-NM1-300-3, and 8.7% in HDO-NM1-300-6. In an unlikely
result, NM2 showed a different reaction progress; that is, 11.6% in HDO-NM2-300-1, 6.6%
in HDO-NM2-300-3, and 6.3% in HDO-NM2-300-6. The results indicate that the HDO
reaction was almost complete during the first 3 h. Since NM2 demonstrated lower reactivity
at 200 °C and 250 °C but high reactivity at 300 °C, it can be presumed that NM2 showed
significant dependence upon reaction temperature.

In order to investigate reactivity as a function of reaction temperature, NMR analysis
was conducted. Both 'H NMR and *C NMR results are presented in Figure 2. The 'H NMR
results show the gradual removal of internal and terminal double bonds and ether/alcohols
within crude BPO when compared before and after HDO treatments in the presence of
NM1 and NM2 catalysts (Figure 2a). Each HDO-BPO reaction product was collected after
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6 h. With the NM1 catalyst, internal double bonds and ether/alcohols within crude BPO
were progressively removed as the HDO reaction temperature increased from 200 °C to
250 °C. In addition, the internal double bonds and ether/alcohols were completely removed
at 300 °C. In case of NM2, a small amount of internal double bonds and ether/alcohols
remained in reactions up to 250 °C, but were removed completely at 300 °C. It is noticeable
that both NM1 and NM2 worked effectively to entirely remove internal double bonds
and ether/alcohols at 300 °C. Although there were differences in reactivity between NM1
and NM2, both catalysts demonstrated similar trends in the order of earlier reactivity to
remove terminal double bonds, and gradual reactivity to remove internal double bonds and
ethers/alcohols, as the HDO reaction temperature increased. The reduction in the amount
of double bonds suggests that unsaturated hydrocarbons reacted with hydrogen (H,) and
resulted in the formation of saturated hydrocarbons. The decrease in ether and alcohol
content could indicate that oxygenated compounds were effectively removed in advance
through the HDO process in the presence of either NM1 or NM2. 3-pentadecyl phenol
shows characteristic peaks in the range of 1-2 ppm [22]. Following the HDO reaction, a
significant enhancement of the 3-pentadecyl phenol peak was observed, which is consistent
with the GC-MS data.

Tl

[rev]

Intemal Double bond  pyper. Alconor ¥ cutadecylphenol

\ v

Intemal Double bond  Egher. Alcohol

Crude BPO Crude BPO

Terminal Double bond

/ A
’ | mo-xvz-2006 LL{_@_L/JJ\U |
b _|mpoNz2506 w \
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Figure 2. Chemical analyses after HDO treatments in the presence of NM1 and NM2 catalysts using
(a) 'H NMR spectroscopy and (b) *C NMR spectroscopy.

The '3C NMR analysis results are presented in Figure 2b. Sugar molecules like d-allose
and levoglucosan in BPO were decomposed by the HDO reaction over the Ni catalyst at
temperatures above 180 °C, transforming into compounds that are not visible in 3C NMR
analysis [23]. For NM1 at 200 °C, aldehydes, esters, and alcohols were effectively removed.
At 250 °C and 300 °C, all oxygen functional groups except phenolics were eliminated. It
should be noted that phenolics still remained after the HDO reaction at 300 °C. In the
case of NM2, all oxygen-containing functional groups remained after HDO treatment at
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200 °C and 250 °C. Then, at 300 °C all oxygen-containing groups were finally removed,
except phenolics. The existence of phenolics is the same as in the NM1 results shown
above. As shown in the 'H NMR results, gradual reactivity was shown throughout HDO
temperature ranges in NM1, but a sudden reactivity leap was examined at 300 °C in NM2.
Overall, both NM1 and NM2 catalysts exhibited the highest reactivity towards aldehydes, a
satisfied reactivity over esters, ethers, and alcohols, but the lowest reactivity over phenolics.
3-pentadecyl phenol exhibits peaks in the range of 20-40 ppm [24] in the '3C NMR spectrum.
After the HDO reaction, these peaks in BPO were more pronounced compared to crude
BPO, further confirming the formation of 3-pentadecyl phenol during HDO.

Density is a key characteristic of fuels. The results of density measurements of HDO-
BPO are presented in Figure 3a. The density of crude BPO was found to be 1.0953 g/mL.
For NM1, the density was measured to be 1.0598 g/mL at 200 °C, 1.0441 g/mL at 250 °C,
and 0.9999 g/mL at 300 °C. The density measurements varied with reaction time, reporting
1.0519 g/mL at 1 h, 1.0395 g/mL at 3 h, and 0.9999 g/mL at 6 h. For NM2, the densities were
1.0646 g/mL at 200 °C, 1.0519 g/mL at 250 °C, and 1.0013 g/mL at 300 °C. The time-specific
densities were 1.0503 g/mL at 1 h, 1.0305 g/mL at 3 h, and 1.0013 g/mL at 6 h.

1.2
NMl1 NM2

1.0953

1.0646

Density(g/ml)

Crude BPO  200°C

—Crude BPO

800 4 300 —HDO-300-1
—HDO-300-3
—HDO-300-6
700 700
. 600 o 600
O
<
(3 00 - 500
£
£
:le)‘ 400 4 400 -
=
3
= 300 4 300
00 00
100 4 100
NM1 M
o T T T 1 o T T
] 0 40 60 80 100 . 0 0 40 60 80 100
Ratio(%)

()

Figure 3. Physical properties of HDO-BPO; (a) density data and (b) boiling point distribution.

The results of the SIMDIS analysis are presented in Figure 3b. In the case of NM1,
the proportion of high boiling point materials increased when compared to crude BPO.
The trends observed at 1 h and 3 h were similar, with the proportion of high boiling point
materials increasing at 300 °C and 6 h. For NM2, the proportion of high boiling point
compounds increased after all HDO reactions, while substances with boiling points ranging
from 0 to 400 °C decreased as the reaction time increased. Both NM1 and NM2 showed a
trend of decreasing density and increasing boiling points as the HDO reaction increased in
temperature and time.

Generally, with longer carbon chains, the space occupied by each molecule increases,
and if intermolecular forces are strong, the molecules tend to be closely packed, thereby
reducing the distance between them and leading to an increase in density (Figure 4).
Two major components in crude BPO are 2-methylphenol and 3-methylphenol (Table 5).
Specifically, pentadecyl phenol, which has a longer chain than methyl phenol, occupies
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Q ' l hydrogen bond

more molecular space (Table 5). Additionally, pentadecyl phenol has a longer non-polar
hydrocarbon chain compared to the shorter chain of methyl phenol, resulting in weaker van
der Waals forces predominating over hydrogen bonding interactions between molecules,
thus increasing the distance between them. For these reasons, it can be inferred that HDO-
BPO experiences a decrease in density as the HDO reaction progresses, resulting from the
reduction of lighter compounds and the concomitant increase in heavier products due to
condensation or additional reactions.

@ Carbon
@ Oxygen
Hydrogen

Figure 4. Schematic illustration to show how hydrogen bonds of either smaller molecules or larger
molecules affect density reduction.

Table 5. GC-MS analysis of HDO-BPO (60 bar).

Relative Content (%)

Phenol, 2-Methyl-  Phenol, 3-Methyl- 3-PIeJrl:f::i()eléyl- 4-Meﬁlc;1t;;§;;T’Ester
Liquid Samples OH OH OH 0 o
oL, L0 B
CHj
CHs CHj

Crude BPO 59.129 15.429 5.492 -
HDO-NM1-200-6 0.450 1.902 8.617 75.564
HDO-NM1-250-6 0.317 7.430 80.981 -
HDO-NM1-300-1 0.564 0.732 87.615 -
HDO-NM1-300-3 0.502 0.791 80.184 -
HDO-NM1-300-6 0.488 0.875 67.834 -
HDO-NM2-200-6 2.401 5.100 9.214 69.516
HDO-NM2-250-6 2.351 2411 75.988 -
HDO-NM2-300-1 3.022 1.246 78.898 -
HDO-NM2-300-3 0.971 1.091 53.015 -
HDO-NM2-300-6 0.292 0.978 58.549 -

HDO-BPO exhibits somewhat inferior characteristics compared to coal and petroleum-
derived fuels, such as heating values and compatibility with other fuels. To address
this limit, subsequent evaluations were conducted to determine the feasibility of mixing
the oil with petroleum-derived fractions, including assessments of oil stability and the
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hydrocarbon fraction test (HFT). The results related to the LCO solubility, oxygen content,
and carbonyl content as a function of reaction conditions are presented in Figure 5. As
the degree of the HDO process became more severe, both oxygen and carbonyl contents
decreased, while LCO solubility increased. Overall, the carbonyl content was reduced
more significantly in NM1-catalysed reactions than in NM2-catalysed reactions. Both
HDO-NM1-300-6 and HDO-NM2-300-6 demonstrated over 90% solubility in the blends.
The HFT measurements of HDO-BPO confirmed a zero-level detection, indicating a high
potential for mixing with petroleum-derived oils.
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Figure 5. LCO solubility data of HDO-BPO.

2.3. TPO-MS

To investigate the carbon deposition patterns on the catalysts after the reaction,
temperature-programmed oxidation-mass spectrometry (TPO-MS) analysis was conducted,
as suggested elsewhere [25]. The analysis of spent catalysts was performed following the
reactions of HDO-250-6, HDO-300-3, and HDO-300-6, with the results presented in Figure 6.
Generally, the CO, generation behavior varied similarly across the different reaction temper-
atures for each catalyst. However, there were distinct differences in CO, generation (TPO)
behavior between the two catalysts. Specifically, the reaction mechanisms for NM1 and
NM2 are clearly different, yet their reaction mechanisms at varying temperatures appear
to be quite similar. Commonly, all used catalysts showed an increase in CO, production
as the reaction temperature rose, with a tendency for the corresponding spectra to shift to
higher temperatures. This observation suggests that HDO reactivity becomes more active
at elevated temperatures, leading to stronger interactions between the catalyst surface and
carbon groups. In terms of specific deposition mechanisms, the NM1 catalyst showed the
detection of carboxyl groups solely in the form of WA on its surface. In contrast, the spent
NM2 catalyst exhibited the formation of carboxyl (SA and WA) and carboxyl anhydride (CA)
groups, as well as lactones (LD and LC) on its surface. Among these, the content of CA was
highest, progressively increasing with the reaction temperature (250 °C: 65%, 300 °C: 75%,
350 °C: 84%). This suggests that adjacent carboxyl groups undergo dehydration condensation
reactions, resulting in the formation of carboxyl anhydride.
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Figure 6. TPO profiles for released CO, of spent NM1 and spent NM2 (SA: strongly acidic carboxyls,
WA: weakly acidic carboxyls, CA: carboxylic anhydrides, LD and LC: lactones).

2.4. Analysis of Off-Gas

The gases present within the reactor after the HDO reactions were collected and
analyzed. The results are presented in Table 6. For both NM1 and NM2, as the reaction
temperature and time increased, Hj levels decreased, while CO,, CHy4, CoHg, and C3Hg
concentrations increased. Notably, while the amounts of methane, ethane, and propane
rose, ethylene and propylene were not significantly detected in the off-gas. In the case of
Hj, a marked decrease was observed for NM2 at 300 °C. The composition of the off-gas
suggests several possible reactions. The CO, generated through decarboxylation is likely
converted to CO via a water—gas shift reaction (CO, + Hy <+ CO + H,O), followed by
methanation (CO + 3H; ++ CHy + H0), leading to the formation of methane [26,27].

Based on these results, several possible pathways are presented in Figure 7. Two major
components in crude BPO are 2-methylphenol and 3-methylphenol (Table 5). It is also
noticeable that the amount of 3-pentadecylphenol is about 8%. After HDO treatments
at 200 °C for 6 h in the presence of either NM1 or NM2, two major products were acetic
acid and 4-methylphenyl ester (4-tolyl acetate). Nevertheless, this component was not
detected in our GC-MS analysis later when HDO treatments were performed at 250 and
300 °C in the presence of both NM1 and NM2 catalysts. In specific, reaction times (1-6 h) at
250 and 300 °C did not provide any clues as to whether the reaction begins from methyl
phenols, generates acetic acid and 4-methylphenyl ester, and finally terminates to produce
3-pentadecyl phenol. In other words, the reaction of Figure 7(b) does not occur, but the
reverse reaction of Figure 7(a) may occur because steam (H,O) can react with acetic acid
and 4-methylphenyl ester to form methyl phenols [28]. If this is true, then this pathway to
generate 3-pentadecyl phenol should be proposed, such that it may be generated from a
certain supply of Cy alkyls to generate 3-methyl phenol. It can be persuadable if the HDO
reaction and hydrogenation could “partly” generate C; alkyls. Figure 7(c) presents an HDO
reaction and hydrogenation pathway from 3-methyl phenol [29]. Unfortunately, we have no
evidence to support this hypothesis. Nonetheless, the pathway of Figure 7(c) was proposed
to generate 3-pentadecyl phenol through the serial reactions of HDO of 3-methyl phenol
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to toluene, hydrogenation of toluene to methyl cyclohexane, and ring opening of methyl
cyclohexane to Cy alkyl. Returning to Table 5, it is clear that the existence of 3-pentadecyl
phenol is dominant when HDO treatments are performed at 250 and 300 °C. This is also
supported by '*C NMR (Figure 2). Even though it is complicated to generate 3-pentadecyl
phenol reaction pathways, methyl phenols may be converted to Cy alkyls. Therefore, it
looks as if there are some correlations in how Cy5 has selectively (and dominantly) survived,
because methyl phenols have a methyl group (C;) and partly converted methyl phenols
would be Cy7 alkyls. The Cj5 can be formed by one C; and two C; alkyls. Of course,
further study into these mechanisms would be needed to verify this hypothesis, with
the model chemicals in our system of methyl phenols, acetic acid, 4-methylphenyl ester,
and 3-pentadecyl phenol. As crude BPO is composed of a lot of chemicals, the HDO
reactions were very complicated. Meanwhile, it is particularly interesting that the major
product, 3-pentadecyl phenol, has a Cy5 alkyl group. However, as mentioned previously,
there are no clues in our work this time. Further experiments would be required to verify
this hypothesis. The 3C NMR analysis confirmed the removal of various other oxygen-
containing functional groups, including aldehydes, esters, ethers, and alcohols, following
the HDO reaction. Thus, while the aldehydes, esters, ether, alcohols were eliminated, it is
inferred that ethylene and propylene, generated through cracking reactions facilitated by
the catalyst, reacted with methyl phenol (present in the crude BPO) to form 3-pentadecyl
phenol. Consequently, olefins such as ethylene and propylene participated in addition
reactions under hydrogen conditions, which likely contributed to their minimal detection
in the off-gas.

Table 6. Off gas contents after HDO treatments in the presence of NM1 and NM2.

HDO-NM1- HDO-NM1- HDO-NM1- HDO-NM1- HDO-NM1-

Gas Sample 200-6 250-6 300-1 300-3 300-6
Co+ 0.05 0.05 0.08 0.15 0.27
Hydrogen 92.61 78.18 82.24 76.85 50.95
Carbon 3.43 9.87 8.32 11.32 24.38
dioxide
Methane 0.38 491 3.52 5.32 13.45
Ethane 0.04 0.73 0.41 0.88 5.27
Ethylene 0.01 0.07 0.05 0.13 0.05
Propane 0.01 0.19 0.14 0.26 1.95
Propylene 0.03 0.12 0.09 0.12 0
Gas Sample HDO-NM2- HDO-NM2- HDO-NM2- HDO-NM2- HDO-NM2-
P 200-6 250-6 300-1 300-3 300-6
Co+ 0.04 0.11 0.15 0.24 0.18
Hydrogen 92.59 86.74 80.76 54.93 50.07
Carbon 3.69 6.69 9.73 19.88 22.04
dioxide
Methane 0.62 35 422 11.43 12.94
Ethane 0.06 0.45 0.8 4.95 6.22
Ethylene 0.01 0.02 0.06 0.08 0.08
Propane 0.02 0.12 0.22 1.76 2.08

Propylene 0.02 0 0 0.09 0
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Figure 7. Possible pathways to produce 3-pentadecyl phenol: HDO reaction and hydrogenation of
3-methyl phenol, with ring-opening conversion of methylcyclohexane to alkyl compounds (a) methyl-
phenol — 4-methylphenyl ester acetic acid, (b) 4-methylphenyl ester acetic acid — 3-pentadecyl-
phenol, (c) methyl-phenol — 3-pentadecyl-phenol.

3. Experimental
3.1. Sulfidation of Catalysts

Two commercial catalysts were used after sulfidation under identical conditions. A
controlled rotary tube furnace (TR-1000 series, RX Engineering, Anyang-si, Republic of
Korea) was used for sulfidation treatment. Hydrogen sulfide (H,S) was introduced at a
flow rate of 100 mL/min with the temperature being increased from room temperature to
360 °C at the rate of 1 °C/min and maintained for 4 h.

3.2. Hydrodeoxygenation (HDO)

The crude BPO used in this study was a hybrid BPO (clean pine, whole-tree pine, hy-
brid poplar, and tulip poplar sourced from the Republic of Korea). Crude BPO was provided
by a commercial petroleum company located in the Republic Korea. The company also
provided commercial catalysts, NM1 and NM2. Since crude BPO is a non-homogeneous
mixture, it was placed in an oven (80 °C) and thoroughly mixed prior to the HDO reactions.
HDO reactions were performed after loading 30 g of BPO and 3 g of catalyst (weight ratio
of 10:1) into a batch reactor (Model 1803-02-Alloy600, Ilhae Systems, Daejeon, Republic of
Korea). The reference HDO reactions were arbitrarily determined and set to a temperature
of 200 °C, hydrogen pressure of 60 bar, and reaction time of 6 h. Then, the HDO reactions
were examined under various conditions of temperature (250 °C and 300 °C) and reaction
time (1 and 3 h).

3.3. Characterization of HDO-Treated BP-Oils and Spent Catalysts

After each reaction, HDO-BPO, spent catalysts, and off-gases were analyzed. In most
cases, HDO-BPO contained water and needed pre-treatment before characterization. The
pre-treatment is as follows. HDO-BPO was kept at 40 °C and centrifuged at 4500 rpm for
15 min. If a layer of water formed either in the upper or lower portions, a syringe was
used to separate the water and some oil. In cases where a water layer was present in the



Catalysts 2025, 15, 6

14 of 20

middle layer, the oil was recovered up to the water layer using a syringe, and additional
water was removed by tilting the tube to ensure complete separation of the water. After
pre-treatment, HDO-BPO underwent serial characterizations: elemental analysis, simulated
distillation (SIMDIS), gas chromatography-mass spectrometry (GC-MS), 1*C nuclear magnetic
resonance (NMR), 'H NMR, and stability evaluation techniques. The spent catalysts were
analyzed using ammonia temperature-programmed desorption (NH3-TPD) and temperature-
programmed oxidation-mass spectrometry (TPO-MS) analysis. For the off-gas and elemental
analysis measurements, gas chromatography with nitrogen chemiluminescence detection
(GC-NCD) was performed.

3.3.1. Elementary Analysis

The elemental composition was analyzed using an Automatic Elemental Analyzer
(FLASH 2000, Thermo Fisher Scientific, Waltham, MA, USA). The samples were combusted
at approximately 1800 °C, after which the resultant gases were reduced in the reaction
chamber. The gases then traversed through a gas chromatography (GC) column, where
they were separated based on their respective migration rates and subsequently detected
using a thermal conductivity detector (TCD).

3.3.2. SIMDIS

To determine the boiling point distribution of HDO-BPO, a SIMDIS analysis was
conducted using an AC Simdis Analyzer (HT750 from PAC, Bethlehem, PA, USA), covering
a temperature range of 0 to 800 °C. An Agilent 7890GC (Agilent Technologies, Santa Clara,
CA, USA) instrument equipped with a flame ionization detector (FID) and electronic
pneumatic control (EPC) was utilized, ensuring high reproducibility. Instrument control
was performed using Agilent Chemstation software (E.02.02).

3.3.3. GC-MS

To analyze the composition of HDO-BPO, six case samples (60 bar, same conditions of
200 °C for 6 h; 250 °C for 6 h; 300 °C for 1 h; 300 °C for 3 h; and 300 °C for 6 h) along with
the feed were dissolved in methanol. The analysis was performed using an Agilent 6890N
GC-MS (Agilent Technologies) instrument equipped with a capillary column (HP-5MS,
5% Phenyl Methyl Siloxane). The oven temperature was increased up to 320 °C, and
the measurement was conducted under a helium flow rate of 1.0 mL/min for a duration
of 60 min. Only compounds with a quality score of 95% or higher from the GC-MS
analysis were specified and integrated. Quantitative concentrations were calculated as the
percentage of a specific signal to this sum of integrals.

3.3.4. I3C NMR and 'H NMR

13C NMR analysis was utilized to obtain information regarding the structural character-
istics and functional groups of the oil. Measurements were conducted at room temperature
using a Bruker (Billerica, MA, USA) AMX-500 spectrometer operating at a frequency of
125 MHz. Meanwhile, 'H NMR analysis was conducted using the same instrument as the
13C NMR analysis, operating at a frequency of 500 MHz. The oil samples (30 mg) were
dissolved in 0.5 mL of CDCl;3. This optimized the parameters of 'H NMR experiments (AQ
(acquisition time) = 4.52 s, d1 (relaxation delay) = 4 s) and C NMR (AQ =295, D1 =105s).

3.3.5. Light Cycle Oil Solubility

A light cycle oil (LCO) solubility test was conducted according to ASTM E3146 stan-
dards [30]. After measuring the weight of the centrifuge tube, a mixture of 95% LCO and
5% HDO-BPO was added to the tube. The tube was then placed in an oven at 60 °C for
1 h and thoroughly shaken. After centrifugation, the supernatant was carefully collected
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and separated as an HFT (hydrocarbon fraction test) sample. A pre-determined amount of
pentane was added to the remaining tube, and the mixture was shaken for cleaning before
centrifugation. The supernatant was then collected, and this washing process was repeated
twice, after which the pentane was discarded. The tube was placed back in the oven and
kept at 60 °C for 1 h to remove the residual pentane. Finally, the weight of the tube was
measured, and the content of the precipitate was assessed after 72 h.

3.3.6. NH;-TPD

To compare the acid site distributions of the fresh catalyst, NH3-TPD analysis was
performed using the BELCAT II-1 (MicrotracBEL, Osaka, Japan) catalyst characterization
system. A 0.1 g sample of the catalyst was dried at 150 °C for 1 h under a helium flow
of 30 mL/min to remove moisture. Following this, ammonia (5 vol% NHj/He) was
introduced at a flow rate of 30 mL/min for 1 h to facilitate ammonia adsorption. The
catalyst was purged in a nitrogen atmosphere for 1 h. Subsequently, the temperature was
increased at a rate of 10 °C/min to approximately 1000 °C to desorb ammonia, which was
detected using a MS detector.

3.3.7. XRF

X-ray fluorescence (XRF) analysis from boron (B) to uranium (U) was performed using
the Rigaku ZSX Primus IV (Rigaku, Cedar Park, TX, USA) instrument.

3.3.8. TPO-MS

To identify the oxygen-containing functional groups deposited on the spent catalyst,
temperature-programmed oxidation (TPO) analysis was conducted. The analysis was
performed using the TR-1000 series beads adsorption/desorption test system in conjunction
with the BELCAT (Huizhou, China) II Catalyst Analyzer and MASS. Among the ten cases
examined, three cases (250 °C for 6 h; 300 °C for 3 h; and 300 °C for 6 h) were selected
for analysis of the NM1 and NM2 spent catalysts. For the sample preparation, the spent
catalysts were thoroughly washed with toluene and then dried in a vacuum oven at 80 °C
for 12 h. After washing and drying, 0.2 g of the spent catalyst was measured and heated
at a rate of 5 °C/min to 1000 °C under conditions of an air flow rate of 30 mL/min for
CO; analysis.

3.3.9. GC-NCD

To assess the nitrogen content (NHj3) in the off-gas, gas chromatography with a
nitrogen chemiluminescence detector (GC-NCD) was employed. The NCD detector, known
for its high selectivity towards nitrogen compounds, is widely applied in the quantitative
analysis of heavy oil and heavy gas oil. The analysis utilized an Agilent 6890N GC-MS
(Agilent Technologies) instrument equipped with a capillary column (HP-5MS, 5% phenyl
methyl siloxane).

4. Conclusions

HDO-BPO was evaluated in the presence of two commercial alumina-supported tran-
sition metal catalysts, NM1 and NM2. Both NM1 and NM2 catalysts removed oxygenated
compounds effectively from crude BPO through an HDO upgrading reaction. The results
showed a significant reduction in oxygen content, a shift toward higher density, and an
increase in boiling point for HDO-BPO. This study revealed that NM2, with higher acidity,
exhibited superior HDO reactivity compared to NM1, leading to faster reaction completion
and greater oxygen removal at higher temperatures. The analysis of the off-gas composition
suggests that decarboxylation, water—gas shift, and methanation reactions are significant
processes occurring during the HDO reaction. The HFT results also highlight the potential
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for blending HDO-BPO with petroleum-derived fractions. If HDO-BPO shows a favorable
compatibility with petroleum fuels, its applications could be wider. Nevertheless, further
research is recommended to optimize the HDO process parameters, such as catalyst selec-
tion, reaction conditions, and feedstock pre-treatment, to enhance the conversion efficiency
and produce high-quality biofuels suitable for blending with conventional fuels.
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