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ARTICLE INFO ABSTRACT

Keywords: Pyrolysis oil comprises compounds with a broad range of functional groups making its thermal/catalytic
Simulated pyrolysis oil upgrading challenging due to the formation of undesired char. In this context, the current contribution addresses
Stabilization

the thermal and catalytic hydrotreatment of a simulated pyrolysis oil containing all the representative groups of
compounds under bio-oil stabilization conditions (180-300 °C, 60 bar, 4 h) using sulfided NiMo/Al;03. The
effect of reaction conditions and different oxygenated organic compounds on the yields and properties of
products was compared thoroughly. Interestingly, a correlation between the presence/absence of oxygenated
furan and sugar compounds was found to significantly affect the yield of liquid product containing stabilized
compounds. The presence of such compound groups significantly enhances the solid formation via oligomeri-
zation and polymerization reactions. To gain further insight, the solid products were analyzed/characterized in
detail to elucidate their characteristics by extracting them into a dimethyl sulfoxide (DMSO) soluble and
insoluble solid fraction. It was found that in the presence of NiMo/Al;Os3, increasing temperature from 180 to
300 °C enhances the formation of liquid product due to transformation of some of the soluble solids, while for
experiments without the catalyst, the formation of solids was significantly higher. Oppositely, during heating up
to 180 °C, no solids were found in the case without the catalyst, however the presence of the catalyst during
heating resulted in solid formation due to various catalytic reactions that promoted char formation. Analysis of
solids revealed that the structure of soluble solids at lower temperatures (180 °C) using the catalyst was closely
related to sugar derivatives, whereas the corresponding insoluble solids with higher molecular weight were not
fully char-like developed. However, at higher temperatures, the soluble and insoluble solid compositions were
found to contain aliphatic compounds and fully developed char, respectively. Therefore, the stabilization of furan
particularly with attached carbonyl groups and sugars derivatives in pyrolysis oil is of great importance to
improve upgrading efficiency.

Catalytic hydrotreatment
Solid product nature
Sulfided NiMo/Al,03 catalyst

1. Introduction phenols) and up to 30 wt% water which leads to its high thermal

instability and propensity for polymerization and consequently forma-

The usage of renewable resources and developing efficient processes
for converting them into renewable fuels and bio-based chemicals has
become of great interest in recent years [1]. Biomass is one of the main
renewable resources which is processed through various thermochem-
ical techniques, e.g., fast pyrolysis, leading to a bio-oil, so-called py-
rolysis oil [2]. Pyrolysis oil obtained from biomass does not resemble a
typical crude oil and is an extremely complex mixture that contains
hundreds of organic compounds including oxygen-containing organic
groups (e.g., aldehydes, ketones, furans, sugars, carboxylic acids, and
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tion of solids/char. Therefore, it needs to be upgraded and hydro-
deoxygenation (HDO) is the most promising method for this purpose.
However, the conversion of pyrolysis oil to biofuels via reduction of its
excessive oxygen content requires it to be heated [3]. HDO is typically
performed at elevated temperatures with high hydrogen pressure and in
the presence of a suitable catalyst [4].

During hydrotreatment process, solid/char formation is a major side-
reaction causing a lower yield of desired liquid products and deactiva-
tion of the catalyst [5-7]. To tackle this issue, a two-stage process can be
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used that applies an additional stabilization step under milder condi-
tions (150-300 °C) intended to suppress the solid/char formation by
stabilizing the pyrolysis oil via conversion of reactive compounds into
more stable compounds. This mild treatment is then followed by further
hydrotreatment at more severe conditions (300-500 °C) aiming at full
deoxygenation [6,8-15].

Stabilization of pyrolysis oil involves a complex network of
numerous different reactions originating from the complicated compo-
sition of bio-oil, including hydrogenation, deoxygenation, esterification,
dehydration, etc. [6,16-20]. On the other hand, unfavorable cross-
linking and polymerization reactions [21,22] cause the formation of
heavy oligomeric compounds and ultimately char which makes it diffi-
cult to gain insight into the reaction pathway of individual compounds,
and in particular their role on solid formation. Accordingly, the mild
hydrotreatment of mixed model compounds, intended to simulate py-
rolysis oil, has been studied in recent years to provide information about
how composition affects selectivity, which helps to reveal the reaction
mechanisms involved in real pyrolysis oil mild hydrotreatment
[3,23-27]. Boscagli et al. [24] studied the mild hydrotreatment of the
light fraction of straw derived-pyrolysis oil containing oxygenated
compounds with low molecular weight, such as sugar derivatives,
phenol derivatives, furans, ketones, aldehydes, acids, and alcohols. All
experiments were conducted at 250 °C and 8 MPa hydrogen pressure
using various catalysts, NiCu/Al;03, Ni/ZrOg, Ni/SiOg, Ni/TiO2, Ni/
Al,Os. Significant decrease in the oxygen content of stabilized oil (20 wt
%) with better performance of NiCu/Al,03 due to hydrodeoxygenation
reactions were reported. It was also observed for all nickel-based cata-
lysts, a good selectivity for the hydrogenation of olefinic groups, but not
for the ketones. Han et al. [3] studied the mild hydrotreatment of a
mixture of hydroxyacetone, furfural, and phenol as a simulated pyrolysis
oil and the interactions among them using a Ni/SiOy catalyst at
160-240 °C and 3.5 MPa Hj. According to their observations, the con-
version of hydroxyacetone and especially phenol was inhibited by
furfural due to its strong adsorption on the surface of the catalyst [3]. In
another work performed by Wan et al. [23], a mixture of acetic acid and
p-cresol was used to mimic pyrolysis oil using Ru/C at 300 °C and 48 bar
Hs in which hydrogenation of acetic acid was suppressed by the pres-
ence of p-cresol. Although, HDO of p-cresol was promoted via dehy-
dration and high selectivity for methylcyclohexane [23]. Chen et al.
[25] elaborated on the hydrogenation behaviors of some typical com-
pounds including guaiacol, phenol, acetic acid, furfural, and hydrox-
yacetone over bimetallic catalysts (Pt-Ni, Pt-Fe, Pd-Ni and Pd-Fe,)
supported on SiO3 at 240-300 °C with ethanol which acts as a hydrogen
donor. The distribution of liquid products indicated that hydrogenation
of the aldehyde group in furfural occurred initially. It was followed by
the furan ring hydrogenation, while phenol and guaiacol, the repre-
sentative phenolic compounds, underwent hydrogenation of their
methoxy group first and then the phenol ring to produce alcohol
(cyclohexanol). This alcohol was an intermediate to produce ketone
(cyclohexanone) via keto-enol tautomerism as well. In addition, hy-
drogenation of hydroxyacetone and condensation of acetic acid and
produced alcohols resulted in the formation of their corresponding
alcohol and ester, respectively [25]. Ni/CMK-3 catalyst was used by Xu
et al. [26] for in-situ hydrogenation of mixed model compounds
(acetone, acetic acid, furfural, o-cresol, ethanediol and water) of py-
rolysis oil using various hydrogen donor solvents, including methanol,
ethanol, and formic acid at 230 °C. It was found that solvents affect the
conversion of model compounds and the course of reaction, where
esterification reactions occurred between acetic acid and the alcohol
hydrogen donors. However, in the case of formic acid, the phenol con-
version increased from 21 to 66% whereas the conversion of acetic acid
was significantly reduced (64 to 12%). Also, another observation was
that the increase in conversion of model compounds coincided with
increasing methanol concentration and thus the solvent mixture of
water and methanol was selected for better conversion due to hydro-
genation as well as esterification reactions. In another study [27], the
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mixture of eugenol, guaiacol, phenol, furfural, acetic acid, and water (a
simulated pyrolysis oil) and a mixture of phenolic compounds were
evaluated during mild catalytic hydrotreatment using a Ru/SBA-15
catalyst in combination with the isopropanol solvent. The results
showed effective conversion of phenolic compounds into alcohols
(cyclohexanol and its derivatives) at 120 °C. Furthermore, catalyst
deactivation was observed during only stabilization of real pyrolysis oil
but not simulated pyrolysis oil. Evaluation of the above-mentioned
studies indicates that not all the main oxygenated compounds simulta-
neously present in a pyrolysis oil has been considered in these simulated
pyrolysis feedstock mixtures and the composition of stabilized oils was
mainly highlighted.

However, the knowledge about how pyrolysis oil converts to solids at
low temperatures is also indispensable. The molecular structure of the
oxygenated compounds plays a decisive role in their tendency to poly-
merize. To elucidate the reaction mechanism for polymerization, some
studies have been investigated using model compounds [21,28-31]. The
effect of sugar on solid/coke formation under mild conditions by adding
levoglucosan into a pyrolysis oil has been reported to result in severe
coke formation due to cross-linking with other compounds in the
absence of a catalyst. However, the presence of a sulfided NiMo/Al,03
catalyst could prevent the formation of additional coke [28]. The pres-
ence of carboxylic acids in a pyrolysis oil mixture has been shown to
behave as acid catalysts for promoting polymerization during thermal
hydrotreatment. However acetic acid, due to its weak acidity was found
to have an insignificant influence on enhancing polymerization [29-31].
The cross-polymerization between furfural and phenolics during ther-
mal treatment at 200 °C, and 30 bar Ny, was boosted by the presence of
stronger acids (H2SO4 and benzoic acid), as reported by Xu et al. [29].
Observations by Sun et. al [21] illustrate that cross-polymerization be-
tween furans and phenolics occurred even during a transient heating
process taking 0.5 h up to 200 °C with higher reactivity of furans to-
wards polymerization. Cross-polymerization between furans and car-
bohydrates occurring during thermal treatment at 200 °C and 40 bar N,
was also investigated and confirmed. The polymer from the sugars was
more aliphatic than that from furans and the presence of acetic acid
promoted the formation of the insoluble polymer [30]. In another study
[32], Hydroxy methyl furfural (HMF) and furfural were found to be the
most effective polymerization agents compared to vanillin, guaiacol,
xylose, methanol, hydroxyl acetone, furan, and furfuryl alcohol for
significantly enhancing the solid yield when added individually to py-
rolysis oil. But, there is still a lack of understanding regarding the solid
product characterization and the contribution of different oxygenated
groups individually to form heavy compounds and thereby solids/char
during both thermal and catalytic hydrotreatment.

In most studies of processes for stabilization of pyrolysis oil and its
model compounds noble metal catalysts are employed due to their high
hydrogenation efficiency to eliminate the highly reactive compounds
under mild conditions [6,8,15,25,33-37]. Despite their good perfor-
mance, their high cost may restrict their application in some cases.
Furthermore, they are easily poisoned by sulfur in conventional crude
oils. As a result, their use can be impractical in processes that co-process
conventional crude and bio-oils [38]. Sulfided NiMo catalysts are well-
established, cost-effective, and sulfur-resistant catalysts, typically used
at high temperatures (greater than350 °C), but still could be sufficiently
active at lower temperatures [8]. Kadarwati et al. [28] employed typical
HDO catalyst (sulfided NiMo/Al,O3 catalyst) for stabilization of pyrol-
ysis oil at low temperatures (150-300 °C). It was found that the catalyst
plays an important role in reducing the solid formation and oxygen
content by ca. 55.5% at 300 °C compared to the catalyst-free experi-
ment. However, their study did not reveal detailed information about
the effect of the pyrolysis oil composition on solid/char formation as
well as their characteristics in the presence of such catalyst [28].

As a step toward gaining further insight into solid/char formation in
stabilization process, in this study, a detailed investigation of pyrolysis
oil during mild hydrotreatment using a sulfided NiMo/Al,O3 catalyst
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has been explored. Accordingly, to simulate pyrolysis oil more realisti-
cally, a comprehensive mixture containing a representative from each
main oxygenated group comprising the different functional groups has
been opted and to the best of our knowledge for the first time a set of
experiments by removing the reactants from the mixture one by one,
were carried out to be able to probe their roles in the product distribu-
tion in different phases and particularly their conversion to char/solid. A
mixture of guaiacol, levoglucosan, acetic acid, Hydroxymethylfurfural
(HMF), benzaldehyde, and hydroxyacetone was adopted as a simulated
pyrolysis oil representing phenols, sugars, carboxylic acids, furans, al-
dehydes, and ketones, respectively. In addition, for the first time ac-
cording to our knowledge we are examining the effect of the heating
period on product selectivity in the presence and absence of catalyst. It is
very important to understand how the heating process should be
designed in order not to form char that could plug the tubing or catalyst
bed and increase the pressure drop. Furthermore, the yields and prop-
erties of the solid product were determined by extracting them further
into soluble and insoluble (char-like material) fractions to study their
chemical structure distribution as a key factor for developing the sta-
bilization process. To determine the mechanisms of the thermal con-
version of simulated pyrolysis oil components, experiments in the
absence of the catalyst (blank) under identical reaction conditions were
also conducted. Liquid and solid/char products obtained from both
catalytic and blank experiments were analyzed by GC-MS, Karl Fischer,
MALDI-TOF, HSQC-2D-NMR, and CHOS elemental analysis. The prod-
uct properties were used to determine the hydrogenation activity of the
sulfidled NiMo/Al,O3 catalyst in comparison with blank exper-
iments-NH3-TPD, BET, SEM, TEM and ICP analysis were also applied for
the characterization of the catalyst used in this study.

2. Experimental
2.1. Catalyst synthesis

A Nickel-Molybdenum (NiMo) catalyst supported on ¥-alumina was
applied for the mild hydrotreatment study. It was prepared through a
conventional incipient wetness co-impregnation of ¥-alumina (Puralox
SCCA 150/200, Sasol) with an aqueous solution containing the required
amounts of Ni(NO3)2-6H20 and (NH4)eMo7024-4H20 (Sigma-Aldrich).
First the v-alumina support was calcined at 550 °C for 8 h, followed by
its impregnation with 3.6 and 13.2 wt% loadings of Ni and Mo,
respectively (determined by ICP analysis). Thereafter the catalyst was
dried first at 60 °C overnight for 12 h and then at 110 °C for 12 h, with
subsequent calcination at 550 °C for 12 h using a heating rate of 2 °C
min~!. The prepared NiMo/¥-alumina catalyst was sulfided with
dimethyl disulfide (DMDS) at 340 °C and 20 bar hydrogen for 4 h in a
Parr autoclave reactor to activate it before starting the reaction. The
resulting sulfide ¥-alumina-supported Ni and Mo catalyst will here on be
abbreviated as NiMo/Al,O3. Details regarding catalyst characterization
techniques and all materials used in this study are given in the supple-
mentary Sections 2.1 and 2.2.

2.2. Hydrotreatment experimental protocol

The catalytic and thermal mild hydrotreatment experiments were
conducted in a 450 ml Parr autoclave reactor system. In each experi-
ment, 150 ml of hexadecane (>99%, Sigma-Aldrich) and a solution
containing the mixture of each 1 g of acetic acid, hydroxyacetone,
benzaldehyde, guaiacol, HMF, and levoglucosan was introduced into the
reactor along with 1 g of presulfided catalyst (or without catalyst). The
same amount of each oxygenated compound was used in the mixture
(simulated pyrolysis oil) to enable a comparison of the effect of each
oxygenated group at the same concentration, even though in a real
pyrolysis oil the ratio of these groups can differ greatly. The H/C and O/
C molar ratio for the simulated pyrolysis oil is 1.3 and 0.5, similar to real
fast pyrolysis bio-oils (1.3 and 0.4, respectively). 166 uL. DMDS was also
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added to sustain the catalyst in its sulfide state during the reaction. After
evacuating the reactor by pressurizing/depressurizing it (three times
first with nitrogen and then with hydrogen gas), the reactor was charged
with 30 bar of hydrogen gas and heated to the reaction temperature
(180-300 °C) at an average heating rate of 12 °C/min while stirring at
1000 rpm. The effect of the replacement of Ny atmosphere by using Ho
on catalytic upgrading of a pyrolysis oil has been studied earlier [39].
The total replacement of Ny atmosphere with Hy decreased the product
molar O/C ratio, due to the Hj-atmosphere promoting hydro-
deoxygenation and hydrocracking of oxygenated compounds present in
the pyrolysis oil. Accordingly, in our study, the mild catalytic hydro-
treatment of simulated pyrolysis oil was conducted in the presence of Hy
gas to effectively decrease the O/C ratio of the stabilized oil. To analyze
the effect of the heating process, after reaching the setpoint, 180 °C, the
reaction was stopped by rapid cooling to room temperature which took
about 11 min. However, for other experiments, it was maintained at the
final temperature for a duration of 4 h. During heating up to reach the
specific setpoint, the pressure gradually increased from 30 bar to 45.2,
45.5, 47.8, and 51.4 bar at the final reaction temperatures of 180, 210,
250, and 300 °C, respectively. To maintain the same pressure in all
experiments for the final 4 h reaction stage at set temperature, addi-
tional hydrogen was fed to reach 60 bar while continuously stirring,
after the final setpoint temperature was reached. For comparison, blank
experiments without the catalyst (all other conditions identical) were
conducted. After the pre-set reaction time (4 h), the reactor was rapidly
cooled down to room temperature and then depressurized. The vessel
containing the hydrotreated simulated pyrolysis oil was weighed and
compared with the weight of the feed solution and empty vessel. The
residual difference from this comparison was about 1.3-1.8 wt%, indi-
cating that any losses and/or gas formation were small. The detailed
information regarding liquid and solid product extraction methods can
be found in the supplementary Section 2.3.

The GC/MS detectable liquid product yields were measured by an
internal standard calibration method. Experiments were carried out in
triplicates, to ensure the reproducibility of the data. Accordingly, the
measured weights of the light liquid product, total solid product,
insoluble solid, and water were used for product yield calculations (%w/
w), according to Eq. (1-4).

Yield GC/MS detectable liquid product(%)

_ Mass of hghF products detcted‘ by F}C /MS  100% a
Mass of simulated pyrolysis oil feed

Mass of solid product
Yield Solid product (%) =
feld Solid product (%) Mass of simulated pyrolysis oil feed

x 100 % 2

Mass of insoluble solid

Yield Insoluble solid (%) = 100 %
feld Insoluble solid (%) Mass of simulated pyrolysis oil feed x 0
3
Mass of water

Yield Water (%) = 100 % 4
¢ ater (%) Mass of simulated pyrolysis oil feed X ’ )

Yield unreacted simulated pyrolysis 0il(%)
_ Mass of remain reactants detected by GC/MS < 100 % )

Mass of simulated pyrolysis oil feed

In addition, GC/MS undetectable compounds, consisting of high
molecular weight oligomers soluble in the reaction solution, were pro-
duced which from here on will be referred to as the ‘liquid oligomeric
products’. Their yield was calculated from difference of the yield of
other products, according to Eq. (6):
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Yield liquid oligomeric products(%)
=100 — Yield GC/MS detectable liquid product — Yield solid product
— Yield water
(6)

Various analytical methods including gas chromatography-mass
spectroscopy (GC-MS), volumetric Karl Fisher titration, two dimen-
sional heteronuclear single-quantum coherence (HSQC)-NMR, Matrix
Assisted Laser Desorption lonization Time of Flight Mass Spectroscopy
(MALDI-TOF MS) and CHOS elemental analysis were applied for anal-
ysis of the different product phases obtained from the mild hydrotreat-
ment process. Their details are discussed in the Supplementary Section
2.4.

The activity/reusability of freshly and regenerated sulfided NiMo/
Al,O3 catalyst was compared via two consecutive experiments at iden-
tical reaction conditions (180 °C, 60 bar Hy for duration of 4 h using 1 g
catalyst). The catalyst regeneration involved oxidizing the insoluble
solid/char along with the catalyst obtained from first experiment in air
at 500 °C for 5 h to combust the solid. Due to small loss of catalyst
material during filtration, 0.9 g of spent catalyst was recovered from the
original 1 g of catalyst charged. Therefore, to provide 1 g of spent
catalyst for a second consecutive experiment, another run at identical
conditions with fresh catalyst after sulfidation was conducted and the
same procedure for regeneration was followed. The two identical runs
using fresh catalyst demonstrated a high level of reproducibility with
solid yields of 13.6 and 14.1 wt%, respectively. The catalyst reusability
was evaluated by a subsequent experiment with the regenerated catalyst
(1 ) using the same conditions described for the fresh catalyst earlier.

3. Results and discussions
3.1. Catalyst characterization

In this study the effect of adding a NiMo/Al,O3 catalyst during mild
hydrotreatment was studied. The NiMo/Al,O3 catalyst was character-
ized and the specific surface area, pore volume, and mesopore sizes are
illustrated in Table S1. XRD was performed and all peaks corresponding
to Al,O3 were also observed in the NiMo/Al;O3 catalyst (Fig. S2). No
peak for NiO was found, indicating a good dispersion of the Ni or due to
the low loading of Ni. However, a noticeable peak for MoOs3 at 20 =
26.7° was visible because of the higher loading of Mo on the support
(Fig. S2) [40]. The acidity of the catalyst sample was measured using
NH;3 TPD and the results are shown in Fig. S3 and Table S1. The
morphology of the sulfided NiMo/Al,O3 catalyst was examined from
SEM and TEM images, as depicted in Fig. S4. The SEM image of NiMo/
Al,03 demonstrates microspheres with particle sizes ranging from 0.1 to
2.0 pm. The TEM image shows the dispersion of typical layers of Ni
promoted MoS; crystallites [41] with an interlayer distance of 0.62 nm
corresponding to the (002) basal planes of MoS,.

3.2. Effects of reaction temperature

3.2.1. Conversions and product distribution yields

At first, mild hydrotreatment of simulated pyrolysis oil was per-
formed to obtain stable intermediates/products. The effect of tempera-
ture on the hydrotreatment was examined with the NiMo/Al;03 catalyst
at 180, 210, 250, and 300 °C and keeping all other conditions constant
(60 bar Hy in a batch reactor for 4 h). For comparison, blank experiments
were conducted without the catalyst, but under the same conditions to
study the thermal, non-catalytic reactions in detail. The evolution of
simulated pyrolysis oil conversion and product distribution as a function
of temperature in catalytic and thermal hydrotreatment (blank) exper-
iments are illustrated in Fig. 2 and Table S2, respectively.

The NiMo/Al;03 catalyst mainly affected the conversion and distri-
bution of products in different fractions compared to the blank
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experiments. In the presence of the catalyst, HMF, levoglucosan, and
hydroxyacetone were nearly converted to 100% at 180 °C. The con-
version of other reactants (acetic acid, benzaldehyde, and guaiacol)
showed an increasing trend with elevated reaction temperature. Benz-
aldehyde conversion remarkably improved from 17.5% at 180 °C to
93.5% at 210 °C and became fully converted at 250 °C. These obser-
vations are in agreement with previous studies reporting 100% con-
version of aldehydes and small ketones in pyrolysis oil hydrotreatment
at 250 °C using a Pd/C catalyst [42] and at the temperature range lower
than 180 °C for ketone using Ni-Cu/SiO-ZrO; catalyst [5]. From
180 °C, acetic acid conversion increased slowly and reached the
maximum conversion at 300 °C (97%). The phenolic compound
(guaiacol) in the simulated pyrolysis oil mixture showed the lowest
conversion at mild conditions, 17% at 180 °C to 31% at 300 °C, which is
in line with previous literature [28].

In addition, in the presence of the catalyst with the temperature
increment, the yield of the liquid product increased coinciding with a
decreasing fraction of unreacted simulated pyrolysis oil. The formation
of liquid products is favored up to 250 °C accompanied by a reduction in
solid yield (Fig. 2). The water content first slightly decreased in the
temperature range of 180-210 °C, which might be ascribed to a higher
rate of hydrolysis reactions at up to 210 °C [20].

The liquid product is composed of GC detectable and undetectable
compounds corresponding to light and heavy oligomeric compounds
produced during hydrotreatment (red-box inserted inside each figure).
Since GC/MS is limited to detecting only low molecular weight com-
pounds with high volatility, heavy compounds formed due to conden-
sation and subsequent oligomerization reactions were not detected by
GC/MS.

In presence of the catalyst, increasing the temperature from 180 °C to
300 °C ameliorated the yield of GC detectable liquid products resulting
in a more than 2-fold increase, whereas it reduced the liquid oligomeric
product yield. The lowest fraction of oligomeric liquid products (1.2 wt
%) was obtained at the highest temperatures i.e., 300 °C. This is due to
the catalyst promoting not only more dehydration and hydrogenation
reactions [43], giving a high amount of water and hydrocarbons, but
also hydrocracking reactions rather than polymerization and conden-
sation reactions at higher temperatures (will be evaluated further in
Section 3.2.2).

The experimental data, in agreement with literature, shows that the
solid product was formed under all reaction temperatures during mild
hydrotreatment [6] and reduced at higher temperatures with and
without the catalyst (Fig. 1 and Table S1). However, the solid formation
was more intense in the absence of the catalyst and particularly at lower
temperatures. The solid product will be further discussed and charac-
terized in Section 3.2.2.

Moreover, it could be concluded that the conversion of simulated
pyrolysis oil to liquid product is nearly inversely related to the solid
yield. Increasing the liquid product yield at elevated temperature, is
accompanied by the reduction in solid product content as decomposi-
tion, hydrogenation, and HDO reactions become increasingly dominant.
Hence, the solid precursors are converted to more stable compounds
instead. However, a slightly higher solid yield was obtained at 300 °C
compared to 250 °C in presence of the catalyst (Fig. 2) which might be
due to further polymerization of more stable phenolic compounds at this
temperature contributing to solid formation. Studies by Kadarwati et. al
on mild hydrotreatment of pyrolysis oil using sulfided CoMo/Al,O3
catalyst reported a similar decreasing trend for solid yield by elevating
the temperature [28]. However, an increasing trend for solid yield was
obtained using a sulfided NiMo/Al;O3 catalyst under the same reaction
conditions [28]. This contrasting report is probably due to the different
reaction conditions (3 h and 100 bar Hy), ratios of masses of feed intake
to catalyst (10 compared to 6 in our study), and the lower H; pressure in
this study. It could also be related to the different ratio of certain
selected oxygenates present in simulated pyrolysis oil compared to the
real pyrolysis oil used in the literature study. For this enhancement in
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the solid content with temperature, the secondary polymerization of the
intermediate fragments produced from the cracking reactions clearly
dominates [44,45]. The conversion of simulated pyrolysis oil and
product distribution during thermal hydrotreatment are given in the
Supplementary Section 3.1.

3.2.2. Liquid product compositions

The light organic compounds produced during mild catalytic and
thermal hydrotreatment of simulated pyrolysis oil were qualitatively
quantified using GC-MS analysis. For simplicity, oxygen-free com-
pounds (hydrocarbons), and oxygenated compounds in the liquid
products were classified into 8 groups, namely oxygen-free, ketone, acid,
phenol, alcohol, furan (furan-ring compounds), ester, and other oxy-
genates that contained multiple oxygen groups. Hydrocarbons (or
oxygen-free) mainly included benzene derivatives (e.g., toluene), how-
ever, compounds containing multiple oxygen groups primarily featured
sugars, phenolics, and aldehyde derivatives or their combinations. De-
tails regarding the different detected components can be found in
Tables S3-S6. During mild hydrotreatment, the simulated pyrolysis oil,
and reactive intermediates underwent condensation reactions giving
multiple oxygen group compounds detected by GC (Tables S3-56) and
likewise, secondary reactions formed heavy oligomers in the liquid
phase, which also was observed by Xu et al. [31]. Fig. 3 compares the
liquid product distribution in the presence and absence of the catalyst
based on the quantification of the GC-MS identified light products as a
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function of temperature. The catalyst had a strong influence on the
course of hydrocracking, hydrogenation, esterification, and HDO re-
actions of reactive compounds, and indeed stabilization of the simulated
pyrolysis oil compared to the same blank experiments. This was re-
flected by the formation and increase of alcohol, hydrocarbon, and ester
products when increasing the temperature. In addition, the increased
temperature also resulted in the reduction in the yield of multiple oxy-
gen group compounds as precursors for formation heavy compounds in
the catalytic hydrotreatment (Fig. 3 and S5, and Tables S3-S6). More-
over, the yield of liquid oligomer compounds underwent a sharp
decrease due to their formation being prevented or hydrocracking
converting them to lighter compounds, particularly at 300 °C (Fig. 2).
In the blank experiments, almost no HDO reactions occurred,
resulting in a very low yield of oxygen-free products compared to the
catalytic reactions at the same reaction temperature (see Fig. 3).
Moreover, compared to the catalytic experiments less selectivity to-
wards light liquid products at all reaction temperatures was seen. It can
be inferred that in the absence of the catalyst, the reaction pathways
forming heavy compounds via cross-polymerization of reactive free
radicals is favored [21], in line with the higher yield of the liquid olig-
omer fraction (defined as liquid not detectable by GC-MS). Herein, the
rate of hydrogenation is low compared to the rate of polymerization
reactions leading to a rise in the formation of higher molecular weight
compounds and eventually char. Kadarwati et. al also reported the
occurrence of undesirable side reactions e.g., cross-linking and
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Fig. 3. Light (GC detected) product distribution (wt%) via thermal and catalytic hydrotreatment of simulated pyrolysis oil using NiMo/Al,O3 catalyst, a) 180 °C b)
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polymerization during pyrolysis oil stabilization using Ru/C at 250 °C
[46]. Moreover, no reactive aldehyde intermediates were detected in the
light fraction of the liquid product, indicating either this group is easily
stabilized by hydrogenation in the presence of the catalyst [42] or they
strongly contribute to condensation reactions [5]. The results in Fig. 3
also indicates that esterification reactions occurred at lower temperature
and particularly 210 °C, due to a reaction between acid and alcohol. In
addition to acetic acid, acid intermediates (mostly consisting of benzoic
acid in Tables S3 and S4) were produced as well, which then can also
react with alcohols to form corresponding esters. The reason for acid
formation at a lower temperature will be further discussed in the next
paragraph based on the GC-MS data of liquid products. At the low
temperatures (180 and 210 °C), the light phenolic compounds were not
detected by GC-MS (Tables S2 and S3) which indicates the presence or
absence of the catalyst practically does not affect the light phenolic
compound formation. However, at the highest temperature of 300 °C, in
the presence of the catalyst, guaiacol conversion via demethoxylation,
direct HDO, and dehydration produced phenol, catechol and aromatic
hydrocarbons (Fig. S2 and Table S6). Meanwhile, at 300 °C, the NiMo/
Aly,O3 catalyst actively catalyzes deoxygenation with the highest
oxygen-free yield, and full conversion of reactive intermediates (ketones
and aldehydes) mainly into light fractions, thus, avoiding extensive solid
formation. A strong correlation exists between temperature and the
oxygen content of the light liquid product. At 250 °C instead, a hy-
pothesis is that hydrolysis reactions are favored that would likely take
place concurrently with esterification, therefore the rate of hydrolysis is
higher than the oligomerization reactions as evident from the GC-MS
results with a higher yield of esters in the light liquid phase and lower
solid and water yields. These results are in line with the work by
Gunawan et al. who observed simultaneous hydrolysis and esterification
of fast pyrolysis oil during mild hydrotreatment at 70-170 °C using the
acidic Amberlyst-70 catalyst [20]. Furthermore, hydrocarbon yield
approximately doubled as the temperature was raised from 250 to
300 °C, whereas alcohol yield declined. These GC-MS results could be
presumably related to the increase of water content by alcohol dehy-
dration and HDO reactions. Another important observation and obvious
difference among the reactions with and without the catalyst is the yield
of furan group products. The NiMo/Al,O3 catalyst could effectively
catalyze the transformation of HMF at lower temperatures (180, 210,
and 250 °C), into products with furan rings but with mostly hydroge-
nation of the attached oxygen-functional groups particularly at 250 °C
(Tables S3-S5) and eventually converting them to hydrocarbons at the
highest temperature of 300 °C (Fig. 3 and S2, and Table S6). It should be
noted that at 180 and 210 °C, very reactive furan ring compounds with
carbonyl functional groups are predominant. However, by increasing
temperature up to 250 °C, the furan group products were more stable
and mostly consisted of a furan ring free of functional groups, indicating
that in the presence of the catalyst the furan ring is most recalcitrant to
deoxygenation compared to its attached carbonyl groups
(Tables S3-S5). These results are in agreement with Nolte et al. [47] who
observed that furan ring deoxygenation in HMF is more resistant
compared with its carbonyl and hydroxyl groups. It should be noted
that, the higher content of unsaturated groups in the liquid product
could be due to limited Hj activation by NiMoS particularly at 180 °C.
Also, accordingly fewer sulfur vacancies are generated to carry out HDO
[48]. This explanation is in line with more unsaturated compounds
being observed at low temperature (180 °C) compared to less of the
various unsaturated compounds at higher temperatures (300 °C).
Interestingly though, in the absence of the catalyst, the yield of the
furan group products was not comparable to that in the presence of the
catalyst at the same reaction temperatures. The lack of furan group
products is likely due to polymerization reactions during thermal
hydrotreatment leading to the opening of the furan ring [21,32] and/or
formation of humin [49-51]. It results in the production of reactive
intermediates as a key initiator for the cross-polymerizations, which
facilitate the polymerization reactions and thus could be a potential/
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possible reason for increasing the solid yield and the oligomers not
detected by GC-MS (Fig. 1). However, since the consumption of furans
only occurred in the absence of the catalyst, their opening and subse-
quent reaction apparently occurs by reaction with other reactive
oxygenate intermediates that are more prevalent without the catalyst. A
correlation between the distributions of light compounds in the liquid
product via GC-MS data and the physical appearance of the liquid
product was also found. Among all tested temperatures, the liquid
product with catalyst at 300 °C was clearest and comparable to petro-
leum fuels as illustrated in Fig. S6a. This result could pertain to the
absence of furan group compounds, and the highest yield of oxygen-free
compounds, as well as the lack of large oligomeric compounds con-
taining furan and sugar groups at the highest temperature, since the
color of hydrotreated/upgraded pyrolysis oil with a high degree of
hydrodeoxygenation and hydrocracking is almost transparent [52].
While at lower temperatures (180 and 210 °C), the liquid phase was rich
in furans, particularly the catalytic experiment products. In addition,
different sugar compounds (classified as multiple oxygen group prod-
ucts) were also seen which could be attributed to the yellow color of the
liquid product sample [49].

A van Krevelen plot serves as a beneficial visual tool for under-
standing how the elemental composition of the liquid products is
influenced by catalyst and process conditions. The physicochemical
properties of the liquid products obtained from thermal and catalytic
hydrotreatment at 180 °C and 300 °C, such as elemental composition
and higher heating value (HHV) were evaluated, and the results are
provided in Fig. 4 and Table S7. Fig. 4 reveals two noticeable regions
corresponding to the mild hydrotreated liquid products in the presence
and absence of catalyst. In the case with catalyst, the liquid products
exhibited moderately lower H/C ratios compared to the feedstock. This
indicates that hydrogen was consumed primarily to achieve consider-
ably lower oxygen contents, particularly at higher temperature (300 °C),
with an O/C ratio of 0.04 compared to 0.27 without catalyst at 300 °C.
These observations are in good agreement with expectations, consid-
ering the higher deoxygenation activity in the presence of the catalyst as
well as at higher temperatures (300 °C). Wildschut et al. [53] as well as
Neha et al. [54] reported higher H/C ratio values (1.2-2) for stabilized
real pyrolysis oil obtained at 250 °C and 200 °C using sulfided NiMo/
Al,03 and reduced NiMo/zirconia catalysts, respectively. However, they
observed higher O/C ratios ranging from 0.2 to 0.4 in the obtained oil.
Without catalysts lower O/C ratios were also achieved, but also at the
expense of much lower H/C ratios (Fig. 4).

For comparison, the elemental compositions, HHV of feedstock
(simulated pyrolysis oil), and liquid products are also provided in
Table S7, calculated according to the detected compounds by GC-MS
analysis. The HHV was calculated by Channiwala and Parikh’s corre-
lation [55]. It was found that the HHV values from mild hydrotreatment
at 180 °C and 300 °C catalyzed by NiMo/Al,O3 catalyst as well as in the
absence of catalyst were 30.8, 40.5, 26.7, and 29.1 MJ kg’l, respec-
tively. Among the liquid products investigated, the stabilized pyrolysis
oil catalyzed by the NiMo/Al,O3 catalyst at 300 °C gave the highest
HHV; however, at 180 °C the values were only slightly different in the
presence and absence of catalyst. According to the results, NiMo/Al;O3
catalyst in mild hydrotreatment at 300 °C was the most promising
catalyst as well as condition that produced deoxygenated liquid product
with a markedly high energy ratio where HHV was improved by 58.2%
compared to the feedstock. This observation is in line with the results
observed in earlier studies [54]. Another interesting observation herein,
is some leaching of sulfur (almost 3 wt%) from the catalyst in the cat-
alytic experiment at 180 °C (Table S7). However, sulfur leaching was
prevented at 300 °C, where the catalyst apparently had better desul-
furization activity. Sulfur leaching makes a sulfided NiMo/Al,O3 cata-
lyst more appropriate during co-processing when sulfur is present.

3.2.3. Solids formation
The yields of solid products and char-like material (insoluble solid)
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Fig. 4. Van Krevelen plot for the elemental compositions of the liquid products obtained from thermal (blank) and catalytic mild hydrotreatment of simulated

pyrolysis oil at 180 °C and 300 °C.

obtained by mild hydrotreatment of the simulated pyrolysis oil are
shown in Fig. 5. A comparison of solid yields without and with the
catalyst over the reaction temperature range of 180-300 °C reveals a
remarkable superiority of the catalyst for reducing the solid yield,
particularly at the intermediate temperature of 250 °C with 5.7 wt%
solid yield with the catalyst versus 22 wt% in the absence of the catalyst.
This solid-suppressing efficiency of the catalyst, corresponding to an
almost four-fold reduction in solid yield at higher temperatures, clearly
indicates its effect on stabilizing the simulated pyrolysis oil by enabling
hydrogenation of reactive free radicals into more stable compounds [56]
and thus causing a higher yield of the desired liquid products (Fig. 1d
and 2d). However, the higher solid yield mainly at a lower temperature
of 180 °C and in the absence of the catalyst (27.4 wt%) provides insight
into a lack of means during thermal hydrotreatment to dissociate the
hydrogen for hydrogenation reactions to stabilize highly reactive and
unstable oxygen-functional groups that are prone to polymerization
(Fig. 5a). The solid products were separated into soluble and insoluble
fractions using DMSO as an extraction solvent to track the trans-
formation of soluble solids, as an elementary product of polymerization,
that could be further polymerized to form insoluble solids. The DMSO
soluble solids should be of lower molecular weight compared to the
insoluble fraction. Fig. 5b indicates that under catalytic mild hydro-
treatment, total solid and insoluble solid yields followed the same
descending trend with temperature. Moreover, at all temperatures and
in presence of the catalyst, a larger portion of the solid product is DMSO
insoluble, particularly at 250 °C where 91% of the solid is made up of
insoluble solids. However, at 180 °C the solid consists of close to a 1:1
soluble to insoluble fraction ratio. This reveals that at 250 °C, the
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catalyst could likely transform the soluble oligomers further into light
fractions in the liquid phase and thus suppress its further condensation
to a lighter soluble polymer (solid). Therefore, the yield of soluble
polymers in the solid product were at a minimum, while at the lower
temperature (180 °C) the solubilities of the solid/polymer formed were
much higher than those produced at higher temperature. Accordingly,
deeper evaluation was performed for the soluble and insoluble fractions
to gain a better understanding of their composition. MALDI-TOF and
NMR analyses have been applied to determine the average molecular
weight (My) and structure of the soluble fraction, respectively.
Elemental analysis also has been carried out to complement the struc-
tural evaluation of the heavier insoluble solid.

3.2.3.1. DMSO soluble solids. The soluble solids were investigated by
MALDI-TOF, scanning from 200 to 2000 m/z. Their average molecular
weight was measured to realize the extent of the polymerization.
Furthermore, the average molar mass of one monomer unit from the
feedstock mixture is 109 Da, and this is used to estimate the structure of
the soluble solid (Table S8). As illustrated in Fig. S7 and Table 2, it is
closely associated with the temperature during the mild hydrotreatment
as a wide distribution of molecular weights has been found in the soluble
solids. The MALDI-TOF analysis presents signals in the ranges 300, 500,
600, 700, 800, 900, and over 1000 m/z that corresponded to trimers,
pentamers, hexamers, heptamers, octamers, nonamers and macromol-
ecules, respectively (Table S8).

It could be seen in Table 2 that by elevating the temperature, the
average M,, of the soluble solid fractions obtained from catalytic
hydrotreatment declined from 915 g/mol at 180 °C to 522 g/mol at
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Fig. 5. Effect of temperature on solid product formation in thermal and catalytic hydrotreatment over the NiMo/Al,O3 catalyst. Reactions were performed under 60
bar H, for 4 h. a) total solid product yield during blank and catalytic experiments. b) The yield of soluble and insoluble solid extracts in presence of the catalyst.
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Table 2

Properties of soluble and insoluble solids obtained from the conversion of
simulated pyrolysis oil at various temperatures (180-300 °C), 60 bar H,, and
reaction time t0 after 13 min ramp to setpoint temperature, t4: temperature
ramp and 4 h at constant temperature, in the absence and presence of the NiMo/
Al,03 catalyst.

Experiment Catalyst ~ Temperature Soluble Insoluble solid
(Time, h) “Q) solid
Average Molar Yield
My (g/mol)  ratio C/ (wt%)
H
t0 NiMo 180 640 0.4 3.2
t4 Blank 180 854 1 23.3
t4 NiMo 180 915 0.7 7.5
t4 NiMo 210 585 0.9 7.9
t4 NiMo 250 564 0.9 5.2
t4 NiMo 300 522 1 5.8
t4 Blank 300 - 1.1 21.5

300 °C. They also have a relatively higher molecular weight compared to
that without adding the catalyst, e.g., 854 g/mol at 180 °C, which is
probably linked to the effect of the catalyst in producing more solid
product rich in soluble polymers rather than char during mild hydro-
treatment. Hence apart from temperature, the catalyst also had some
effect on the structure and the molecular weight of the soluble fraction.
Also, of interest is to characterize differences in the molecular weight
distributions of the soluble solid fractions. As shown in Fig. S7, MALDI
results obtained by adding the NiMo/Al,O3 catalyst implies that at low
temperature (180 °C), there is a very broad My, distribution from 500
and greater than 1000 in which the main compounds in the soluble solid
are pentamers (551.3 m/z), heptamers (713.6 m/z), and nonamers
(995.5 m/z), as well as macromolecules (over 1000 m/z). However, at
higher temperatures, the M,, distribution shifts towards lower M,
compounds so that no macromolecules are observed, and most com-
pounds are less than M, of 500, thus mainly trimers. Instead, in the
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absence of the catalyst, at 180 °C the soluble solid is rich in groups of
hexamers, heptamers, octamers and nanomers but with less intensive
signals compared to that with the catalyst.

Various functional groups in the soluble solid fractions obtained at
two temperatures, 180 and 300 °C were characterized based on the
chemical shift distributions. Two dimensional-lH—13C-HSQC NMR was
used to avoid overlapping peaks, occurring for some compounds via
spreading of the signals into two dimensions (Fig. 6). Initially, the
feedstock (simulated pyrolysis oil) was characterized through 2D-HSQC-
NMR analysis (Fig. S8) for comparison to the products. Yu et. al applied
the same method to characterize real pyrolysis oil derived from pine
wood via dividing the NMR spectra into several chemical shift regions
[57]. The HSQC spectrums derived from soluble solids are assigned to
different C-H bonds. The aliphatic C-H bonds, sugars, aromatic C-H
bonds, and esters give signals at approximately 5C/6H 5-55/0.5-3.8,
48-105/3-5.5, 110-125/6.2-7.5, and 122-135/6.7-7.8 ppm respec-
tively. For the aliphatic region, methyl carbons on the aromatic rings
typically appear from 10 to 25 ppm, whereas the region from 25 ppm to
38 ppm is related to —-CHy— groups on aromatic side chains attached to a
keto-ending group. In addition, for the sugar region, from 5C/8H regions
of 45 to 80/3-4, 65 to 90/3.5-5, and 95 to 115/4.2-5.5 can be assigned
to complex saccharides, oligosaccharides, and disaccharides respec-
tively [58-60]. The possible structures in each group are indicated in
Fig. 6. Different functional groups were distinguished by marking the
chemical shift regions in the specific area obtained on the basis of our
experiments and previous studies [57,61-63]. Comparing Fig. 6a and 6b
shows that the soluble solid structure at low temperature (180 °C) is
quite different from that of higher temperature (300 °C). At lower
temperature (180 °C), the soluble solid products contained sugars,
aliphatic and aromatic compounds which were rich in sugar derivatives
(Fig. 6a) in accordance with the sugar region in 2D-HSQC-NMR analysis
done on fast pyrolysis oil previously [57]. Kadarwati et al. also reported
the contribution of sugars in polymerization and thereby formation of
solids during stabilization of fast pyrolysis oil using Ru/C [46]. The
sugar products comprise disaccharides, oligosaccharides, and complex
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saccharides and the intensity of their peaks is remarkably higher than
that of the feedstock (simulated pyrolysis oil), illustrated in Fig. S8. It
thereby confirms the occurrence of polymerization reactions during
mild hydrotreatment leading to the formation of heavy sugar derivatives
which are mainly made up of complex saccharides. However, at 300 °C,
the soluble solid product is predominantly in the form of aliphatic hy-
drocarbons (8C/6H 5-38/0.5-2.5). These results are in line with the
MALDI experiments that show that the molecular weight of the soluble
solids is higher for 180 compared to 300 °C (Table 2). Moreover, the bio-
liquid products mainly consist of oxygen-free compounds at 300 °C.
However, at 180 °C the liquid product are mainly furans (Fig. 3), likely
originating from the HMF conversion (Fig. 2). Thus, the reactive levo-
glucosan and hydroxyacetone that have high conversion at 180 °C are
presumably contributing both to the large quantity of undetected olig-
omers in the bio-liquid as well as the large amount of oligosaccharides,
and complex saccharides in the soluble solids. It is possible that the
Lewis acid sites on both alumina and NiMo might contribute to these
reactions. At higher reaction temperature (300 °C), the sugar derivatives
and aromatic C-H bonds can decompose through hydrocracking and
hydrotreatment [64] and consequently, they completely disappeared
from the HSQC spectra. Another possibility could be that their formation
is prevented at higher temperature. This leads to a considerable reduc-
tion in molecular weight (see MALDI in Table 2) and also a considerably
lower amount of aliphatic groups are obtained in the soluble solid
product. It reveals sugar chain structures were more sensitive than
aliphatic structures to increasing reaction temperature.

3.2.3.2. Insoluble solids (char). The carbon/hydrogen (C/H) ratios of
insoluble solids from catalytic experiments are reported in Table 2. The
C/H ratios are quite similar for the experiments at 180 °C and at 300 °C
without catalyst and are around 1-1.1. This is in agreement with Sun
et al. [21] that reported a high carbon content of the insoluble polymer
obtained from mild thermal treatment of mixed model compounds of
furan and phenol in the absence of a heterogenous catalyst. Different
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compositions of the insoluble solids obtained from experiments with and
without catalyst suggest that the catalyst could effectively stabilize
reactive compounds, such as furanic compounds which are a potential
group for forming heavy compounds, particularly at higher tempera-
tures. The catalyst facilitates stabilization of radical compounds, thus
improving formation into light GC detectable liquid and/or soluble solid
products (Fig. 7) via hydrocracking, as well as hydrogenation forming
less reactive molecules (alcohols, hydrocarbon) which are less prone to
char formation. These explanations are consistent with the GC-MS re-
sults (Fig. 3). This resulted in lower char yield as well as lower C/H ratio
with the catalyst. According to the elemental analysis data, the char
composition depends on the reaction temperature in the presence of a
catalyst. Along with the temperature increment from 180 °C to 300 °C,
the C/H molar ratio of the insoluble solids increased from 0.7 to 1.
However, in the catalyst free (blank) experiments the C/H molar ratio
was in the range of 1-1.1 at 180 and 300 °C. This suggests that the char
consists of highly polymerized (e.g. polyaromatic) species for all blank
experiments and increasingly so for catalytic experiments at higher
temperature [64-66]. Furthermore, the hydrogen deficiency in the
insoluble fractions resembles that expected for the formation of fully
developed char.

The study on mild hydrotreatment of simulated pyrolysis oil at
180-300 °C showed that at higher temperature (especially at 300, but
also at 250 °C) a deep hydrogenation occurred forming mostly oxygen-
free compounds. Since the aim of this study was to examine milder
pretreatment for stabilizing the pyrolysis oil, we have further studied the
reactions at 180 °C. Accordingly, the effect of different parameters on
solids formation including reaction time and oxygenated compounds
present in the simulated pyrolysis oil have been assessed at this tem-
perature and will be discussed in the next sections.

b)
Acetic acid ° .
100 1 o m Hydroxyacetone 180°C - NiMo - t4
Benzaldehyde jo—————-—-———mcemmqy ,
80 guaiacol H E
H Levoglucosan mdetectable;
) = HMF moligomers |
s i
= 42.7 :
0 | 4 B B/ s !
20 10.7
0 |

Conversion Liquid Solid Water Unreacted
Product Product yield simulated

d) yield yield pyrolysis oil
Acetic acid o
o | ® Hydroxyacetone ________° 1 g?_f_'_ Blank - t4
I Benzaldehyde E GC/MS |
80 guaiacol ! lde_tectablei
M Levoglucosan i moligomers |
260 B HVIF ; |
= | |
40 33.1 2'}‘.21‘“““““"'" 30.9
21 I I 8.6

O -

Conversion Liquid Solid  Water Unreacted
Product Product yield simulated
yield vyield pyrolysis oil

Fig. 7. Effect of heating process on the conversion of oxygenated compounds in simulated pyrolysis oil and product yields (wt%). Reactions performed by first with
heating at 12 °C/min from room temperature to 180 °C (t0), followed by 4 h at 180 °C and 60 bar H, (t4). a) t0, b) t4 with 1 g NiMo/Al,03 catalyst, c) t0 d) t4

without catalyst.

10



E. Nejadmoghadam et al.

3.3. Effect of heating process on simulated pyrolysis oil conversion and
products yield

With the reactor equipment used, increasing the reaction tempera-
ture from room temperature to 180 °C, occurred with an average heating
rate of 12 °C min " to reach the set point (approximately 13 min heating
period). The pressure increased autonomously during the heating period
from 30 bar H; to approximately 43 bar at 180 °C. Samples taken after
this heating period (and the subsequently cooling process of 10 min) will
be labelled as t0. Accordingly, to gain a better understanding of when
the solid formation was initiated and its connection to reactant con-
version and product selectivity, the mild hydrotreatment of the simu-
lated pyrolysis oil was studied following the heating period (t0) and
compared to that following prolongation of the reaction time to 4 h at
180 °C (t4), during which the pressure was set to 60 bar Hy. The tem-
perature profile is illustrated in Fig. S9. Fig. 7a shows that in the pres-
ence of the catalyst hydroxyacetone, and levoglucosan had high
conversions of 93% and 100% respectively after the temperature rose to
180 °C, whereas benzaldehyde, acetic acid, and HMF conversions still
increased with prolonged reaction time from 6, 10, and 57 % after
reaching the set point (180 °C) to 18 and 73 and 100 %, respectively
after 4 h (Fig. 7b). From t0 to t4 in the presence of the catalyst, the liquid
product yield slightly decreased (6%) accompanied by a sharp increase
in the water and solid product yields, that more than doubled. Water
even started to form during the heating period with a yield of 5.8 wt%,
while no water was detected at the same condition in the absence of the
catalyst. This can be attributed to the activation of hydrogen in the
presence of NiMo metal sites that enhances reactions with oxygenates
(hydrogenation-dehydration reactions) and thereby forms water [67].
However, acid sites on the catalyst can also cause condensation re-
actions contributing to formation of heavy oligomers. The majority of
the liquid product obtained up to setpoint (180 °C) using the catalyst
was heavy oligomeric products, however following the 4 h reaction the
heavy compounds partly decomposed into more light stable fractions,
according to the GC-MS results, causing an increase in the yield of the
light detectable liquid fraction. It can be reasonably deduced that
polymerization was initiated since (i) the acidity of the NiMo/Al,O3
catalyst could promote the cross-polymerization between reactive
components as catalyst acidity is known to strongly influence solid/char
formation [30,65]; (ii) the NiMo/Al,O3 catalyst was not effectively
active at a temperature below 180 °C to stabilize highly reactive in-
termediates by hydrogenation reactions or cleave C-O bonds by hydro-
genation and thus hydrocrack heavy oligomers [22]. Therefore, these
factors as well as a hot injection of reactants at the setpoint need to be
considered to suppress the solid formation at low temperature. The
creation of high molecular weight intermediates (GC undetectable
fraction) could also have occurred during the approximately 10 min
cooling period applied immediately after the heating to be able to
withdraw products.

On the other hand, the conversion and product selectivities were
strongly different in the absence of the catalyst particularly after the
heating period as can be observed in Fig. 7c and d. Compared to the
catalytic experiment, among the 6 oxygenated compounds in the
simulated pyrolysis oil, only guaiacol was further converted after the 4 h
reaction, while others had a comparable conversion. Interestingly, in the
absence of the catalyst, no solid formed during the heating process as
shown in Fig. 7c (and Fig. S1b), contrary to the catalytic experiment,
indicating the promoting effect of the catalyst on solids formation during
this stage. It is apparent that without the catalyst at t0, the multiple
oxygen group compounds started to form by condensation followed by
oligomerization reactions to form soluble oligomers in the liquid phase
confirmed by the high yield of heavy oligomeric products (Fig. 7c).
However, they did not undergo secondary reactions to be polymerized
and separated from the liquid phase in the form of solids. Although they
contributed to a high subsequent solid formation only after prolonging
the reaction time, reaching 27.4 wt% of solid product yield. In the
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presence of the catalyst however, the reaction network is more complex
with initiation of polymerization of heavy soluble oligomers in the liquid
phase due to the acid sites of the catalyst leading to more solid/char
formation earlier at tO (4.9 wt%). Further solid was formed (13.6 wt%)
over the 4 h reaction period, but less than for the blank experiment.
Another surprising finding was that the acetic acid conversion was
significantly lower after heating to 180 °C in the presence of catalyst
(10%) compared to without catalyst (73%). Without catalyst, the re-
actants were transformed into a large amount of oligomers that could
not be detected by GC/MS (Fig. 7c). However, no hydrodeoxygenation
occurred since no water was formed. For the case with catalyst on the
other hand, hydrodeoxygenation started resulting in some water pro-
duction. Moreover, there was less yield of oligomers in the presence of
catalyst, suggesting alternative reaction pathways, suppressing the
oligomer formation, possibly by hydrogenation of some reactive species.
Moreover, without a catalyst the furans can convert to humins [49-51]
as well as undergo ring-opening reactions, producing very reactive
species [21,30] and in the case without catalyst this caused a higher
conversion of the HMF during heating to t0 (Fig. 7a and 7c). A hy-
pothesis is that in the case without catalyst, the acetic acid reacted with
some of the reactive species from HMF decomposition or possibly with
the formed oligomers resulting in higher conversion of acetic acid.

The composition of the liquid products according to GC-MS are
shown in Fig. 8 for the case without (Fig. 8a) and with (Fig. 8b) the
catalyst. According to Fig. 8b, the GC-MS results for light liquid prod-
ucts show that in the presence of the catalyst during the heating process,
apart from some partial stabilization reactions via deoxygenation and
dehydration, a considerable amount of undesirable condensation re-
actions also occurred and yielded a large quantity of compounds with
multiple oxygen groups due to condensation reactions. The lack of al-
cohols and low yield of oxygen-free compounds indicate slower hydro-
genation activity. The catalyst catalyzes the formation of solid products
via liquid heavy oligomers as intermediates. This is evident by the
higher yield of solid products directly after heating (Fig. 7a). However,
the yield of solid products with the catalyst at t4 is limited by other
competing hydrogenation and deoxygenation reactions which become
increasingly favored as the temperature approaches 180 °C. The re-
actions are evident from the higher water yield with the catalyst
(Fig. 7a) and yields of light liquid products directly after heating (Fig. 7a
and 8b) and extended treatment (Fig. 7b and 8b), as well as the higher
yield of oxygen-free products (hydrocarbons) with the catalyst (Fig. 8b),
compared to without. On the other hand, without the catalyst, solids
form more slowly, but it is far less hindered by competing reactions. The
result is first a 74% higher yield of liquid heavy oligomers directly after
heating compared to that with the catalyst (Fig. 7c and 7a), which
eventually gives a higher yield of solid product but only after the
extended treatments at 180 °C (Fig. 7c and b).

As mentioned earlier, without the catalyst, there is higher HMF
conversion of more than 60% at t0, compared to the corresponding
catalytic experiment (Fig. 7). Therefore, the conversion of furan de-
rivatives (Fig. 8a) can partly contribute to higher yield of heavy oligo-
mers without the catalyst. Whereas with the catalyst HMF conversion is
slower and there are higher yields of furans after heating and 4 h at
180 °C and thereby conversions of HMF and furans are more likely to be
promoted in the absence of the catalyst. This can be due to reactions
with other reactants or reactive intermediates that would either other-
wise react with the catalyst or not be present respectively with the
catalyst.

Furthermore, higher conversion of guaiacol at t0 with the catalyst
and the observation of only low amounts of phenolic compounds by
GC-MS suggest the possible effect of phenolic compounds on the poly-
merization path and thus solid formation. It is followed by partial con-
version of multiple oxygen group compounds (with a 45% drop in the
yield) and heavy soluble oligomers in the liquid phase into more
favorable products (e.g., alcohol, oxygen-free, etc.) via hydrocracking,
hydrogenation, hydrodeoxygenation, and dehydration during the
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Fig. 8. Light product distribution (wt%) after heating process (t0) and after subsequent 4 h reaction time (t4) for mild hydrotreatment of simulated pyrolysis oil at up
to 180 °C, and 60 bar H,. a) without the catalyst, b) with the NiMo/Al,O3 catalyst.

extended 4-hour reaction. It is due to the more effective activity of the
catalyst on stabilizing reactive compounds over the 4 h reaction.
Therefore, the catalyst suppresses eventually solid formation even dur-
ing heating period due to the lower yield of heavy oligomers compared
to the corresponding blank experiment. Furthermore, it could suppress
and reduce solid formation by prolonging the reaction time due to hy-
drocracking of heavy oligomers compared to the blank experiment
under the same reaction condition. However, part of heavy soluble
oligomers in the liquid phase are difficult to crack even with the
extended (4 h) reaction time and are therefore retained in the liquid
product, which also was observed by Kadarwati et al. [46].

On the other hand in the absence of the catalyst by increasing the
reaction time, dehydration reactions also occurred that could be due to
esterification or other condensation [68]. This result was indicated by
the increased yield of multiple oxygen group compounds and sustained
high yield of the heavy oligomers in the liquid phase. As a result, among
different reactions that are competing simultaneously[5] in the initial
heating period, the polymerization path producing solids only occurred
during the catalytic hydrotreatment process.

Interestingly, the physical appearance of the two liquid samples
obtained after heating to the setpoint (180 °C) with and without the
catalyst was completely different as depicted in Fig. S6b. In the absence
of the catalyst, the liquid phase consists of a very low yield of furanic
compounds and few multiple oxygen group compounds, whereas in the
presence of the catalyst higher contents of furans and sugar compounds
were detected by GC-MS, which could explain the quite clear and the
yellow liquid solution obtained from thermal and catalytic hydrotreat-
ment respectively. Similar physical appearance was also reported for
liquid product (containing furans) obtained from hydrogenation of HMF
using Ni-Re/TiO3 in the earlier work [49]. This is also in agreement with
our previous findings regarding the color of the liquid products in Sec-
tion 3.2.2.

Further evaluation of the solid products formed in these experiments
was carried out as demonstrated in Tables 2 and 3 and Fig. S7. The solid
product formed during heating with the catalyst is rich in char and
prolonging the reaction time increases both the soluble solids as well as
the char, although the soluble solids increase more. However, the
formed insoluble char in the two cases have different properties. As
illustrated in Table 2, insoluble solids (char) obtained at tO in the
presence of the catalyst exhibited a C/H ratio of 0.4 (determined by
CHOS elemental analysis), suggesting that the char is still not fully
developed. Afterward, the C/H ratio approximately doubled by
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Table 3
Effect of heating process (t0) and subsequent 4 h reaction at 180 °C (t4) and 60
bar H, on total solids and insoluble solids (char) formation.

Time Blank- Yield (wt%) NiMo/Al,Oj3 catalyst- Yield (wt%)

h

(B Total Char Soluble Total Char Soluble
solid fraction solid solid fraction solid
product fraction product fraction

t0 0 0 0 4.9 3.2 1.7

t4 27.4 23.3 4.1 13.6 7.5 6.1

prolonging the reaction time, indicating further polymerization.
Thereby a gradual enrichment of the char with carbon was found. In the
absence of the catalyst, the char fraction was also the majority (85 %) of
the solid product after the 4 hr reaction period. The distribution of My, in
soluble solid at t0 with the catalyst shows that mainly pentamers and
hexamers formed with an average M,, of 640 g/mol and then these
compounds further grew or combined by prolonging the reaction time to
form larger structures like nanomers and even macromolecules as well,
with an average M,, of 915 g/mol (Fig. 6 and S7). According to the 2D-
HSQC-NMR analysis of the soluble solid products, as can be seen in
Fig. 6¢, the NMR spectra collected after the heating process in the
presence of the catalyst showed two main regions, aliphatic C-H bonds,
and sugars, while aromatic C-H bonds are absent. These results illustrate
that formation of soluble heavy sugar and aliphatic compounds were
initiated during the heating process. Despite reaching a higher intensity
of these two groups, by prolonging the reaction time, aromatic com-
pounds also appeared in the soluble solids (Fig. 6a). On the other hand,
in the absence of the catalyst after the 4 h reaction period, the soluble
solid largely contained tetrameric structures with an average M,, of 854
g/mol (Fig. 6d and S7). Similar groups of compounds are present with
and without the catalyst in the NMR spectra (Fig. 6a and d), however
especially the complex saccharides had higher intensity in the catalyst
experiment. In addition, only in the absence of the catalyst after the 4 h
reaction, the ferulate ester group was identified in the chemical range
7.5-8 ppm in the 'H NMR dimension and 120-130 ppm in the '3C NMR
dimension.

From this part of our study, the significant influence of the heating
process on the conversion of oxygenated compounds in simulated py-
rolysis oil and the resulting product distribution was observed. Partic-
ularly in the presence of the NiMo/Al;O3 catalyst, in which carbon loss
in the form of solids was initiated earlier, the reaction network at 180 °C
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during the 4 h reaction is complicated. Accordingly, adding more in-
formation by studying the influence of each oxygenate in a pyrolysis oil
during the stabilization process on the product distribution can be
informative. Therefore, a set of experiments with and without the
catalyst in which each reactant was removed, one by one, were
designed. The focus is on the reactions involving the different oxygen-
ated compounds and their conversion to form solids as will be discussed
further in Section 3.4.

3.4. Effects of individual oxygenated groups on product yields

3.4.1. Individual oxygenated groups and liquid product composition

To explore more about the effect of the simulated pyrolysis oil
composition and the contribution of each oxygenated group on the
product distributions during the stabilization process, catalytic hydro-
treatment experiments were performed with the NiMo/Al,O3 catalyst at
180 °C, 60 bar Hy and 4 h reaction, where one reactant was removed in
each experiment. However, in all experiments, the mass of each reactant
was 1.2 g and thus the total mass of feedstock was always constant and
equal to that for the experiment containing all 6 reactants. For com-
parison, blank experiments were also conducted at identical reaction
conditions. It is worth mentioning that the effect of removing a
component along with increasing the amounts of the remaining re-
actants should simultaneously affect the product distribution. Fig. 9
presents the product distribution in liquid, solid, and water phases for
these experiments with (on the right) and without (on the left) the
catalyst. The liquid phase consists of the light GC-MS detectable frac-
tions containing remaining reactants after reaction, different light
products, and the heavy oligomer products respectively.

Compared to the mild catalytic hydrotreatment of the simulated
pyrolysis oil containing all 6 reactants, in the experiment excluding HMF
(Fig. 9a), among the other reactants only hydroxyacetone conversion
decreased. This could be due to the stronger adsorption of other
oxygenated groups and their intermediates on the catalyst surface in its
absence or because there are interactions between hydroxyacetone and
HMF or its products that promote conversion of hydroxyacetone.
Furthermore, its absence suppressed hydrogenation probably due to a
decrease in the stabilization of ketones to corresponding alcohols and
consequently lower yields of hydrocarbons and alcohols were obtained.
Generally, the absence of HMF reduced the yield of light products,
whereas condensation and oligomerization reactions were increased,
showing higher selectivity towards multiple oxygen group compounds
and heavy oligomers. Meanwhile, it is noteworthy to mention that
compared to all catalytic experiments (with/without removing any
reactant), the highest yield of these heavy oligomer compounds in the
liquid phase was obtained by removing HMF. Last but not least, even
after removing this furan reactant from the feedstock, furanic com-
pounds in the liquid product were observed since furan can be typically
produced as an intermediate product of the catalytic dehydration of
sugars [69]. Considering the same comparison but in the absence of the
catalyst, upon removing HMF from the feed mixture, there was no
obvious change in conversion of other reactants, while like the catalytic
experiment HMF removal lowered HDO and hydrogenation reactions
and favored production of heavy oligomers. Interestingly, less solids
were formed when removing HMF suggesting that some of the formed
oligomers did not further transform to char.

The removal of levoglucosan though showed a completely different
trend. In presence of the catalyst, the highest conversion of benzalde-
hyde and hydroxyacetone was found in comparison with other sets of
experiments when the sugar was omitted, suggesting levoglucosan’s role
in inhibiting aldehyde and ketone conversion (Fig. 9b). Herein hydro-
genation, HDO, and hydrocracking were promoted, as higher yields of
alcohols, hydrocarbons, and light fractions such as esters were achieved
compared to when all 6 reactants were present. The sugar removal was
also accompanied by a reduction in the rate of condensation and poly-
merization reactions that suppressed the formation of higher molecular
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weight compounds as well as decreased the solid formation signifi-
cantly. Furthermore, the sugar removal correlated to an improvement in
aldehyde and ketone conversion, and thus the selectivity towards cor-
responding alcohol and hydrocarbon products rose. Additionally, a
higher yield of light oxygenated compounds was obtained via the
enhanced furan yield, esterification, and reduction in multiple oxygen
group compounds formed from condensation reaction. Therefore, in the
catalytic experiments, the most dramatic difference, favoring deoxy-
genated light products, was obtained in the absence of the sugar reac-
tant. In sharp contrast for the blank experiment, removing levoglucosan
resulted in more heavy oligomer compounds being produced. However,
the solid formation simultaneously decreased, although not to the same
extent as the oligomers increased. Interestingly, HMF was not fully
converted, likely due to the inhibitory effect of other reactants and/or
their intermediates.

Upon the removal of hydroxyacetone from the feedstock in the cat-
alytic experiment (Fig. 9¢), only small changes in conversions of other
reactants were observed. In the blank experiment, however, large
amount of HMF remained. Regarding the light product distribution, the
yield of furan in the liquid product was enhanced from 0.6 wt% in the
presence of all 6 reactants to 5.7 wt%, when excluding the hydrox-
yacetone, indicating the contribution of hydroxyacetone or some in-
termediates from it causing furan ring-opening reactions during thermal
hydrotreatment. The elimination of acetic acid from the feedstock in
both catalytic and blank experiments did not show any significant
changes in the product distribution (Fig. 9d). However, its removal
decreased HDO reactions with a hydrocarbon (oxygen-free compounds)
yield of 0.3 wt%, and a higher yield of heavy compounds was found. The
solid formation was quite similar when removing acetic acid, which is in
agreement with Xu et al. [30] that reported that organic acids like acetic
acid negligibly affect the cross-polymerization and consequently solid
formation. Similarly, the removal of guaiacol showed a lower yield of
oxygen-free compounds and a higher yield of heavy compounds, and
generally no other changes in the product distribution (Fig. 9f) were
observed. However, without the catalyst, light phenolic compounds (1.7
wt%) were found in the absence of guaiacol, showing the inhibitory
effect of guaiacol on benzaldehyde conversion into these compounds.
Aldehyde removal, here as benzaldehyde, had considerable effects on
the product distribution (Fig. 9e). Firstly, in the catalytic experiment, no
HDO occurred as indicated by the absence of yield of oxygen-free
compounds. Secondly, GC-MS results show the lack of acid production
in the light liquid product only in the absence of benzaldehyde. This
could be due to benzaldehyde oxidation to form acid [70]. Moreover, in
the blank experiment the highest yield of the heavy compound in the
liquid phase was obtained when aldehyde was excluded. It is evident
that the condensation and oligomerization reactions are inhibited by
benzaldehyde.

A comparison of blank experiments, done by removing reactants in
succession, shows that the solid yield decreased when removing HMF,
levoglucosan and hydroxyacetone, and the largest effect was seen when
removing HMF followed by levoglucosan. It should be noted that when
removing HMF and levoglucosan, even though the solids were
decreased, the oligomers (GC undetectable) significantly increased,
suggesting that some of the formed oligomers do not further transform
to solids when HMF and levoglucosan are not present. In contrast, the
elimination of benzaldehyde and guaiacol led to higher solid formation,
which could be due to that the other compounds such as HMF and
levoglucosan are increased in the feedstock. Overall, it is reasonable to
conclude that since acetic acid, hydroxyacetone, HMF, levoglucosan,
benzaldehyde, and guaiacol in the feed mixture contain different func-
tional groups, they can play different roles during condensation and
polymerization occurring during thermal hydrotreatment due to their
distinct capacity for promoting these reactions. Furthermore, the results
show that HMF conversion plays an important role in product distri-
bution, particularly solid content.
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Fig. 9. Effect of removing oxygenated groups on product distribution for mild hydrotreatment of simulated pyrolysis oil at 180
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3.4.2. Individual oxygenated groups and solid formation

The influence of different oxygenated groups on the yields of total
solid products and insoluble solids during thermal and catalytic mild
hydrotreatment of simulated pyrolysis oil is shown in Fig. 10. As
mentioned earlier to keep the same quantity of feedstock, upon removal
of each compound, the quantity of other compounds was increased.
Therefore, the effect of removing a compound and increase of the
remaining compounds needs to be considered simultaneously for the
interpretation of these experiments. According to the solid yields, the
amount of solid/char formed is mainly a function of the reactivity of the
oxygenated groups. In blank experiments without the catalyst, the
removal of less reactive components and instead excess of more reactive
compounds will lead to intensified solid/char formation. Whereas
minimum solid is formed when a highly reactive oxygenate e.g., HMF is
removed as seen in Fig. 10a. This shows the clear importance of furans (i.
e. HMF in our case) in contributing to the solid/char formation in blank
experiments at t4. This is because of its known potential for cross-
polymerization interactions with other oxygenates like sugars [30].
Therefore, its presence at particularly high levels can be considered a
major problem during the stabilization of pyrolysis oil. Its reactivity
originates from the aldehyde group attached to the furan ring that ac-
tivates HMF for aldol condensation reactions and the produced

Fuel 353 (2023) 129094

intermediates can continue to polymerize with other reactive oxygen-
ated compounds that eventually form solid/char [32]. It is noteworthy
that the opening of the furan ring provides an additional means for
which HMF assists polymerization and consequently solids formation.
However, as also shown in Fig. 10a, the removal of reactive levogluco-
san containing many oxygen groups, caused the greatest reduction in
solid formation, for experiments in the presence of the NiMo/Al;03
catalyst. This is probably due to the high reactivity of levoglucosan
catalyzed by the acidic NiMo/Al,Oj3 catalyst, to be hydrolyzed to glucose
followed by its further degradation to furans which significantly con-
tributes to the formation of solid/char [50]. This confirms the higher
yield of furans detected in the previous catalytic experiment at 180 °C
after 4 h reaction (Fig. 3a), where all 6 oxygenated compounds were
presented. This suggests that the furans probably also partially formed
from levoglucosan, not just HMF and indeed when removing HMF
(Fig. 9a) furans were detected in the case of the NiMo/Al;O3 catalyst.
Interestingly among all catalytic and thermal experiments, the most
promising result with the lowest solid yields was obtained in the absence
of the catalyst where HMF was removed. The solid obtained from the
catalytic experiment excluding HMF showed a distinct composition
compared to other catalytic experiments where a large portion (87%) of
the solid product was DMSO soluble, whereas in the rest of the
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experiments, solids mainly consisted of char (Fig. 10b). It shows that the
solubility of the polymers/solids is affected by the type of polymeriza-
tion reaction, determined by the functionalities of the reacting
oxygenated compounds. In the blank experiments, the trend was
different for some cases. Removing highly reactive components like
HMF and hydroxyacetone from the feedstock mixture resulted in the
formation of more soluble solid. On the other hand, excluding levoglu-
cosan, another very reactive component, produced almost only insoluble
char residue, with the lowest percentage of the soluble fraction. This
indicates that levoglucosan primarily forms the soluble polymer/solid in
the absence of the catalyst.

It could be seen in Table 4 and Fig. S7 that the molecular weight
distribution patterns were different depending on the removed reactants
and the presence of the catalyst. Determination of the structures in the
soluble solid fractions from MALDI-TOF showed that the catalytic
experiment excluding HMF produced product with the highest average
M,, (1187 g/mol), with an extensive distribution of products comprising
hexamers, and up to macromolecules. Moreover, the NMR results in
Fig. S8 illustrate that sugars and aliphatic compounds were the most
prevalent, followed by aromatics and ferulate ester groups. In the same
experiment but in the absence of the catalyst, sugars, aromatic and
aliphatic compounds with lower peaks intensity and no ester groups
were detected which is in line with MALDI-TOF data with a lower
average My (729 g/mol). This difference in the average My, of these two
soluble solid samples demonstrates that when removing HMF there are
larger oligomers present in the soluble solids as well as larger quantities
of solids showing that the catalyst enhances the polymerization in this
case. However, in the presence of the catalyst, when levoglucosan was
removed from the feedstock, the soluble solids decreased significantly,
and the structure changed considerably. The soluble solids in this case
were mainly composed of pentamers and hexamers with a low intensity
of aliphatic and sugar compounds observed from the NMR data (Fig. S8).
Herein, the absence of heavier compounds and thereby the lower
average M,,, 647 g/mol, could be related to a lower tendency for other
oxygenated groups or reactive intermediates to cross polymerize with
the sugar [30]. This finding is consistent with the GC-MS data where a
lower yield of the heavy oligomers was also obtained in the liquid phase
in the absence of the sugar (Fig. 9a). In the blank experiment by the
removal of the sugar, soluble solids containing aliphatic compounds
with some aromatic compounds could also be faintly detected.

According to MALDI and NMR analyses (Figures S7 and S8) elimi-
nation of other oxygenated compounds in both catalytic and blank ex-
periments did not have a pivotal influence on the structure of the soluble
solids. To assess the effect of different oxygenated compounds on
insoluble solids composition, insoluble fractions obtained from these

Table 4

Properties of soluble and insoluble solids obtained from the removal of indi-
vidual compounds for experiments at 180 °C, 60 bar H, and reaction time t4: 4 h
in the absence and presence of the NiMo/Al,O3 catalyst.

Component Catalyst ~ Temperature Soluble Insoluble solid
removed 0 solid

Average Molar Yield

M, (g/ ratio C/ (wt%)

mol) H
HMF NiMo 180 1187 0.2 1.2
HMF Blank 180 729 - 0.1
Levoglucosan NiMo 180 647 0.5 3.2
Levoglucosan Blank 180 590 1.1 17.3
Hydroxyacetone NiMo 180 949 0.8 11
Hydroxyacetone Blank 180 1059 0.9 8.4
Acetic acid NiMo 180 801 0.8 10.1
Acetic acid Blank 180 837 1 18.2
Benzaldehyde NiMo 180 896 0.8 14
Benzaldehyde Blank 180 622 1 25.4
Guaiacol NiMo 180 762 0.9 14.6
Guaiacol Blank 180 912 0.9 27
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sets of experiments were analyzed. As illustrated in Table 4, when
excluding different oxygenates in the catalytic experiments, the lowest
C/H molar ratio of 0.5 and 0.2 was obtained by removing levoglucosan
and HMF, respectively, showing that char was not fully developed.
However, removing other less reactive oxygenated compounds from the
feed mixture in the presence of the NiMo/Al;O3 catalyst caused an
enhanced C/H molar ratio in the region of 0.9, suggesting the formation
of more fully developed char. In the absence of the catalyst the C/H
ratios were similar and in the range of 0.8 to 1.1, showing that the char
was well developed in these cases.

3.5. Catalyst reusability test

Industry places importance on the ability to recover and reuse a
catalyst, as it significantly contributes to the economic feasibility of
scaling up catalytic processes [71]. Accordingly, the recovered catalyst
was reused in a recycle run in stabilization of simulated pyrolysis oil
(180 °C for 4 h), at identical experimental conditions as used for the
fresh catalyst. The product distribution from these two experiments
were compared and the results are presented in Fig. 11. It should be
noted, as described in the Section 2.2, that repeating of the experiment
with fresh NiMo/Al,O3 resulted in solid yields of 13.6 and 14.1 wt%,
respectively, thus the experimental reproducibility is very high. The
75.7 wt% liquid product yield obtained with the fresh catalyst increased
to 84 wt% after recycling. However, the water yield was substantially
decreased by 50%, suggesting that the reused catalyst underwent a
decrease in its HDO capability due to the recycling process. This was also
accompanied by a slight reduction in solid yield which was consistent
with findings by Oh et al. [72] using a Ru/C catalyst with its first reuse.
However, according to their results, the char yield increased with an
increase in the recycling number, due to catalyst deactivation, primarily
caused by the accumulation of char on the active sites [73].

3.6. Reaction pathway for mild hydrotreatment

The results from different characterization techniques of the formed
oil, soluble solids and char are used to propose a reaction pathway
during mild hydrotreatment. Scheme 1 illustrates the conversion, cross-
linking tendency, and selectivity for various oxygenated compounds
through three main possible reaction pathways occurring during mild
(180 °C) and more severe (300 °C) hydrotreatment of the simulated
pyrolysis oil. The products/intermediates indicated are the most abun-
dantly detected compounds under the tested mild hydrotreatment con-
ditions. The arrows included at 180 °C, indicate which products are most
likely formed from which products. The rate of these paths could be
varied based on the reaction temperature, time, and presence/absence
of the catalyst. During heating up to 180 °C, condensation, and oligo-
merization reactions primarily between furans, sugars, and aldehydes

Solid product Liquid product m Water

100
90
80
70
60
50
40
30
20
10

75.7% 84 %

Yield (%)

Fresh NiMo/Al,O, Reused NiMo/Al,0O4

Fig. 11. Product distribution in two runs at 180 °C, 60 bar Ha, for 4 h catalyzed
by a) fresh and b) spent NiMo/Al,O3 catalysts.
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Scheme 1. Proposed main reaction pathways during mild catalytic hydrotreatment of simulated pyrolysis oil.

were dominant, whereas by increasing the reaction time and with
catalyst, moderate stabilization occurred via conversion of oxygenated
compounds into hydrotreated furans, alcohols, and esters along with
polymerization reactions. However, at 300 °C and in the presence of
catalyst, the main hydrogenation, condensation and polymerisation
pathways are retained however, HDO reactions were more heavily
favored. At higher temperature, more monomeric and stabilized prod-
ucts are present in the oil product (mainly hydrocarbons and phenolic
compounds). Also, at 300 °C, because the stabilization process has
advanced further it is no longer possible to clearly identify what prod-
ucts originate from which reactants.

4. Conclusions

The hydrotreated pyrolysis oil composition resulting from its mild
thermal and catalytic hydrotreatment using a conventional sulfided
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NiMo/Al;03 hydrotreatment catalyst was investigated. A comprehen-
sive mixture of various oxygenates, representing the main oxygenated
groups in pyrolysis oil, was employed to simulate real pyrolysis oil. The
effect of operating conditions including temperatures, heating ramps,
and feedstock composition, were assessed in terms of product distribu-
tions and composition.

Compared to catalyst-free experiments, our results demonstrated
that the increase in the reaction temperature from 180 to 300 °C using
the NiMo/Al,O3 catalyst led to a good stabilization efficiency with
improvement in selectivity for stable oxygenates along with notable
deoxygenation activity particularly at 300 °C. Contrastingly, in catalyst-
free experiments, formation of heavy compounds increased at elevated
temperatures mainly due to furan reactions. Although solid product was
formed in all experiments, with and without the catalyst, it was about
four times lower in the presence of the catalyst, particularly at higher
temperatures (250 °C). The NMR, MALDI, and elemental analysis of the
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solid products obtained as soluble and insoluble solids by DMSO
extraction revealed the chemistry involved in their formation. At 180 °C
in the presence of the catalyst, solids were largely made up of highly
soluble fractions with macromolecule structures rich in sugar de-
rivatives, that result from polymerization reactions. However, poly-
merization of sugars was suppressed at 300 °C using the catalyst and
soluble solids only consisted of aliphatic compounds with a considerable
reduction in their average molecular weight and thereby low yield of
soluble solids. It was also found that in contrast to catalyst-free experi-
ments, the insoluble solid composition obtained from catalytic experi-
ments is a function of temperature giving fully developed char only at
elevated temperatures. A reaction network was proposed based on the
main reaction products in the liquid and solid phases.

Evaluation of the influence of heating up process to 180 °C, with and
without catalyst, showed a surprising result. Although the catalyst
improved the rate of hydrogenation that should limit the formation of
heavy oligomers, it could however catalyze secondary reactions con-
verting oligomers more quickly to soluble solids comprising sugars,
aliphatic compounds, and a trace of insoluble solids. However, in the
absence of the catalyst a higher degree of condensation reactions
occurred due to less hydrogenation, and subsequent polymerization or
solid formation occurred more slowly, resulting in that no solids were
observed after only heating. However, by prolonging the reaction time
without catalyst, the solids increased significantly. But with catalyst a
lower solid yield was found after increasing the reaction time at 180 °C,
which can be explained by the higher efficiency of the catalyst in sup-
pressing undesired heavy polymer formation.

It was observed that the removal of sugar (i.e. levoglucosan) as well
as furan (HMF) from the feedstock in the presence of the catalyst at
180 °C, resulted in a hydrotreated pyrolysis oil with a higher degree of
hydrogenation and the lowest solid product formation. Interestingly, the
lowest solid formation was obtained under mild hydrotreatment when
HMF was omitted with and without catalyst at comparable reaction
conditions. These results highlight how furans are most responsible for
the extent of solid formation during mild hydrotreatment, due to their
potential cross-polymerization tendency with other reactive com-
pounds/intermediates. In addition, they played an important role
influencing the nature of solid products, favoring formation of more
insoluble solids with higher molecular weight. Furthermore, the inhib-
itory effect of sugar on the conversion of benzaldehyde and hydrox-
yacetone was observed. HMF was found to have a promoting effect on
hydroxyacetone conversion and vice versa, hydroxyacetone promoted
HMF conversion under both thermal and catalytic reaction conditions.
The formation of heavy oligomers in liquid products decreased slightly
when removing sugars and ketones, suggesting their importance for
oligomer formation. Acetic acid and phenols had no effect on the liquid
product composition and solid formation at low temperatures (180 °C),
which points to their weak effect at these temperatures.

In general, based on our results there can be different strategies to
minimize the solid formation. The pyrolysis liquid could be heated fast
without a catalyst to avoid solid formation and thereafter inject hot
pyrolysis oil into the catalytic bed. However, if the heating is slower then
significant solid formation will occur without a catalyst. For this case it
would be better to either (i) heat with a catalyst or (ii) remove HMF
components before heating without the catalyst, or possibly minimize its
formation in the upstream pyrolysis process. If NiMo/Al,O3 is used as a
catalyst, it would be advantageous to convert sugars prior to exposing
the bio-liquid to the NiMo/Al,;O3 catalyst. These options could also be
combined, starting with removal of furans, thereafter, heating the bio-
liquid to convert sugars in a separate pre-treatment reactor with a low
temperature active catalyst and thereafter conduct deep hydro-
deoxygenation using a NiMo/Al,O3 catalyst.
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