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Abstract The work studied a non-catalytic upgrading of
fast pyrolysis bio-oil by blending under supercritical
conditions using methanol, ethanol and isopropanol as
solvent and hydrogen donor. Characterisation of the bio-oil
and the upgraded bio-oils was carried out including
moisture content, elemental content, pH, heating value,
gas chromatography-mass spectrometry (GCMS), Fourier
transform infrared radiation, *C nuclear magnetic reso-
nance spectroscopy, and thermogravimetric analysis to
evaluate the effects of blending and supercritical reactions.
The GCMS analysis indicated that the supercritical
methanol reaction removed the acids in the bio-oil
consequently the pH increased from 2.39 in the crude
bio-oil to 4.04 after the supercritical methanol reaction.
The ester contents increased by 87.49% after the super-
critical methanol reaction indicating ester formation could
be the major deacidification mechanism for reducing the
acidity of the bio-oil and improving its pH value. Simply
blending crude bio-oil with isopropanol was effective in
increasing the C and H content, reducing the O content and
increasing the heating value to 27.55 from 17.51 MJ-kg!
in the crude bio-oil. After the supercritical isopropanol
reaction, the heating value of the liquid product slightly
further increased to 28.85 MJ-kg .

Keywords bio-oil, blending, supercritical, upgrading,
characterisation

1 Introduction

Due to global concerns such as depletion of fossil fuels,
accelerated population growth, increase in energy demand,
and crude oil price fluctuations, alternative energy sources
such as biomass has received considerable attention.
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Biomass can be utilised as a renewable feed for conversion
into gaseous, liquid, and solid bio-fuels [1]. Second
generation feedstocks, which are mainly lignin and
cellulose-based such as forest product residues, are a
sustainable alternative to first generation feedstocks which
pose food security concerns. Fast pyrolysis is a thermal
conversion technique which decomposes biomass in the
absence of oxygen [1]. Pyrolysis liquid (bio-oil) is
produced under moderate temperature (~500°C) and
short vapor residence times (~1 s) [1]. Fast pyrolysis for
liquid production is especially interesting as the process
directly converts biomass to high yield liquid of up to
75 wt-% whilst keeping gas and char by-products at low
yields of 12 and 13 wt-% yields [2]. Common feedstocks
for pyrolysis oil production include wood, bagasse, rice
straw, switchgrass and wheat straw [3]. However, the
properties of crude pyrolysis oil such as high acidity and
viscosity and high oxygen and water contents lead to
detrimental effects during application including corrosion
to metal component, instability during storage and reduced
heating value [1]. This affects the direct use of crude bio-
oil and its assimilation into existing liquid fuel infra-
structures.

Bio-oil upgrading by hydrotreatment has been widely
researched and proven to effectively remove or reduce the
oxygen content in the bio-oil to improve its quality and
stability [4]. However, the severe process conditions
(350°C—450°C, 5-15 MPa) leads to the formation of
excessive amounts of gases and char as by-products [5].
Moreover, due to the high oxygen content (30—55 wt-%) of
bio-oil, a substantial amount of hydrogen is necessary for
complete hydrogenation [6]. Thus, the direct hydrodeox-
ygenation of bio-oil is a high cost and low hydrogen
efficiency process. This has motivated research into
developing the hydrotreatment process to operate at
lower temperature and without supply of hydrogen.

Recently, Gutiérrez Ortiz et al. proposed an integrated
and energy self-sufficient municipal solid waste valorisa-
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tion process [7]. The system includes hydrogen produc-
tion, by supercritical water reforming (SCWR) of bio-oil
aqueous phase, and application of the produced hydrogen
during hydrodeoxygenation of the organic bio-oil phase.
SCWR can be used to convert wet biomass and organic
wastes into CO,, CO, CHy, and H,. The process does not
require vaporising water for steam, which is typically
carried out in steam reforming processes, thus SCWR has
lower energy requirements. Moreover, this integrated
system eliminates the need for external high-pressure
hydrogen to upgrade the organic bio-oil phase by
hydrodeoxygenation.

In conventional liquid phase catalytic hydrogenation
reactions, hydrogen is mixed with a liquid substrate and a
solid catalyst. Thus, gas-liquid transfer resistances and
external fluid film diffusion resistances take place [8].
These mass transfer resistances can be removed by
operating in supercritical conditions [9]. Hydrogen is
insoluble in most organic solvents, but it is soluble in
supercritical fluids. Thus, hydrogen concentration at the
catalyst surface is increased under supercritical conditions
resulting in higher reaction rates than in liquid phase
reactions [8]. Bio-oil upgrading in supercritical fluids has
been researched as an alternative to promote the bio-oil
upgrading processes, since the challenges associated with
catalytic bio-oil upgrading processes (i.e., expensive
precious metal catalyst and external H, addition, possibi-
lity of catalyst deactivation due to contaminants in crude
bio-oil and coking on active sites) are not encountered with
supercritical fluid upgrading [10—-12]. Peng et al. compared
bio-oil upgrading in ethanol under conventional (100°C),
sub-critical (238°C) and supercritical (260°C) conditions
respectively and found operating under supercritical
conditions was more effective for cracking the heavy
components in the bio-oil compared to sub-critical
conditions [13]. Jo et al. used supercritical alcohol for
bio-oil upgrading without a catalyst and external hydrogen
to improve the economics of the upgrading process [14].
The study showed supercritical methanol was very
effective in upgrading as it produced high bio-oil yield,
decreased the acidity of the bio-oil and increased the
heating value.

Alcohols, such as methanol, ethanol, and isopropanol
have been used to blend with bio-oil to increase its
homogeneity and reduce its viscosity and the rate of ageing
[15-25]. Diebold and Czemnik found additives such as
methanol and ethanol can drastically reduce the ageing rate
of pyrolysis oil [25]. Methanol participated in molecular
dilution to slow the chemical reactions and formation of
intermediate products during storage. Boucher et al. also
demonstrated the effective role of methanol solvent in
reducing ageing and improving stability of bio-oil [15].
The addition of methanol to bio-oil hindered phase
separation, lowered ageing rate and restricted polymerisa-
tion of the bio-oil components. Moreover, the viscosity of
the methanol/oil blend was significantly lower than the

untreated bio-oil. Likewise, Pidtasang et al. found the
addition of methanol or ethanol significantly reduced the
bio-oil viscosity (initial bio-oil viscosity 21 to 7 ¢St bio-oil/
alcohol blend) [18]. Yu et al. found blending methanol or
ethanol with bio-oil proved to be a simple and cost-
effective method for reducing the viscosity and improving
homogeneity and stability of the bio-oil [22]. Udomsap
et al. prepared various bio-oil-solvent samples including
two samples of 10 wt-% methanol, or ethanol in pure bio-
oil [24]. The authors reported that the solvents could
terminate the chain of oligomers, and break polymer chains
to lower molecular weight compounds. For example,
oligomeric esters in the bio-oil may undergo transester-
ification with methanol or ethanol to form lower molecular
weight methyl or ethyl esters, respectively [24,25].
Oasmaa et al. tested the effects of adding up to 10 wt-%
methanol, ethanol and isopropanol on the quality of liquids
from fast pyrolysis forestry residue and pine [17]. The
authors reported that the addition of alcohols improved the
homogeneity and heating value and reduced the viscosity
of pyrolysis liquids. After the addition of alcohol, the
solubility of poorly water-soluble compounds (e.g., lignin
dimers) in the pyrolysis liquids was improved. The
decrease in viscosity was reportedly due to the stabilising
effect of the alcohols on the water-insoluble fraction.
Weerachanchai et al. experimented with two alcohols
(ethanol and n-butanol) as co-solvent to improve mis-
cibility of bio-oil in diesel and produce a stable homo-
genous phase fuel [21]. A miscible bio-oil-diesel-alcohol
fuel blend was obtained with 40 vol-% bio-oil, 10 vol-%
diesel and 50 vol-% ethanol or butanol. The product fuel
properties were improved (i.e., reduced viscosity, acidity,
and carbon residue) relative to the bio-oil. Similarly,
Nguyen and Honnery investigated combustion capabilities
of 10%, 20% and 40% bio-oil in ethanol blends [16]. The
burning rates for the product fuel blends were comparable
to diesel fuel.

Many researchers have reported on bio-oil blending with
alcohols, and bio-oil upgrading using supercritical fluids,
respectively. However, to the best of the authors’ knowl-
edge, a detailed study of blending bio-oil with alcohols
followed by treatment with supercritical alcohols has not
been conducted. This paper outlines the effects of bio-oil
blending with alcohols (methanol, ethanol and isopropa-
nol) followed by the effects of non-catalytic supercritical
treatment of bio-oil-alcohol blends.

2 Materials and methods
2.1 Materials

The bio-oil used for this research was derived from
softwood and obtained from Biomass Technology Group
in the Netherlands. Chemically pure grade methanol,
ethanol and isopropanol were obtained from the company
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VWR chemicals. The samples were labelled BM1 (bio-oil
methanol blend), BE1 (bio-oil ethanol blend), BI1 (bio-oil
isopropanol blend), BM2 (bio-oil methanol reaction
products), BE2 (bio-oil ethanol reaction products), and
BI2 (bio-oil isopropanol reaction products).

2.2 Bio-oil blending and upgrading reactions

The bio-oil-alcohol blends were each prepared by weigh-
ing a 50 wt-% sample of bio-oil in a glass container, then
adding 50 wt-% alcohol solvent. A 50 mL stainless steel
autoclave with a maximum operating pressure of 210 bar
was used for the bio-oil-alcohol reactions. In a typical run,
a magnetic stirrer, bio-oil and alcohol (1:1 weight ratio)
was transferred into the autoclave. Then the autoclave was
sealed and placed on an Asynt ADS-HP-NT magnetic
hotplate stirrer and an Asynt ADS-TC-NT temperature
sensor with controller was inserted. The autoclave was
purged with N, to remove dissolved oxygen in the liquid
and the oxygen in the reactor. A 2-way ball valve on the
autoclave was connected to the N, line in the fume
cupboard with a rubber tube. The hotplate and the
temperature controllers were set to the maximum tempera-
tures of 310°C and 450°C, respectively. The bio-oil
methanol reaction gradually increased in temperature and
after 40 minutes of continuous heating the autoclave
contents exceeded methanol’s critical point (240°C and
79.54 bar). Likewise, the bio-oil ethanol and bio-oil
isopropanol reactions gradually increased in temperature
and after 30 min of continuous heating surpassed the
ethanol (24°C and 63 bar) and isopropanol (236°C and 49
bar) critical points, respectively. Each reaction lasted 2 h
and the stirring rate was set to 1500 r/min. At the end of the
reaction, the hot plate was switched off and the reactor was
placed in a water bath to cool.

2.3 Product analysis and characterisation

The mass balance was calculated by the difference in the
weight of the autoclave body before and after the reaction.
The solid products readily settled at the bottom of the
autoclave. The liquid product was collected with a pipette
and transferred into a glass sample vial. The solid product
in the autoclave with the magnetic stirrer was weighed and
the total solid product was calculated by subtracting the
weight of the autoclave and the magnetic stirrer. The liquid
product was measured and the gas product was calculated.
The yields of the liquid product, solid residue, and gaseous
products were calculated using Eqgs. (1-3). The product
yields were calculated using the following equations:

Liquid product(g)

Liquid yield(wt-%) =
iquid yield(wt-%) Bio-oil(g) + Solvent(g)

x 100%,

(M

Solid product(g)

Solidyield(wt-%) =
olidyield(wt-%) Bio-oil(g) + Solvent(g)

x 100%,

@
Gasyield(wt-%) = 100% — [(liquid yield) (wt-%)

+solidyield(wt-%)]. 3)

By measuring the water content, pH and heating value of
the original bio-oil, the bio-oil blends and the liquid
reaction products a comparison can be made to discuss the
effects of blending and supercritical alcohol reactions on
bio-oil. Additionally, characterisation techniques such as
GCMS, "C nuclear magnetic resonance spectroscopy
(NMR) and Fourier transform infrared radiation (FTIR)
provide insight into the changes in chemical compounds in
the bio-oil samples. The moisture content of the pyrolysis
oil and the distillate products was determined using Karl
Fischer titration. The titration was performed using a
Mettler Toledo V20 Volumetric Karl Fischer Titrator
Solvent: 34817 Fluka Hydranal™ and Working Medium
K Reagent: 34816 Fluka Hydranal™ — Composite 5 K.
The acidity of the samples was measured using a Hanna
instruments pH tester. The higher heating value (HHV)
was measured using an IKA C 1 static jacket oxygen bomb
calorimeter.

The composition of the bio-oil and treated bio-oils was
analysed using a Varian 450 gas chromatograph, and a
Varian 220 mass spectrometer. A Column Elite-1701 was
used to separate the components (30 m, 0.25 mm internal
diameter, 0.25 pm film thickness, 14% cyanopropylphe-
nyl/86% dimethyl polysiloxane stationary phase). Before
GCMS analysis, each sample was first mixed with high
performance liquid chromatography grade acetone at a
sample: acetone ratio 1:3. Then, this sample/acetone was
filtered with a 0.2 pm polytetrafluoroethylene filter using a
syringe. For each analysis, 0.5 pL of sample was injected
into the GC column, and the injection port was 250°C.
Helium was used as the carrier gas, with a 1:20 split ratio
(sample to helium). The GC oven was held at 45°C for
2.5 min, then heated at 5°C-min' to 260°C, and held at
this temperature for 7.5 min. The flame ionisation detector
was kept at a temperature of 50°C. The mass spectra were
obtained for a range of 45-300 (m/z). Peak assignments
were performed on the mass spectra using the NIST05 MS
library and from assignments found in the literature.

3C NMR characterization of bio-oil was recorded in
dimethyl sulfoxide DMSO-d6 (Cambridge Isotope Labora-
tories, DLM-10TB) solution (25% wt/wt) in a 5 mm NMR
tube (Wilmad, 528 PP-7) using a Bruker Advance 300
MHz NMR spectrometer. The *C NMR spectrum was
obtained by powergated decoupling pulse sequence
(ZGPG), 90° pulse angle, 3 s pulse delay time, and a
total of 12288 scans at 25°C. The spectra phase, baseline
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correction, and integration were conducted with Topspin
software 3.5.

A Perkin Elmer Pyris 1 thermogravimetric analyser was
used to carry out thermogravimetric analysis (TGA) of the
crude and treated bio-oils. TGA was carried out over the
range 25°C-750°C at a heating rate of 10°C-min' under a
nitrogen flow rate of 2 mL-min .

Elemental analysis to determine the carbon, hydrogen,
nitrogen, sulphur, oxygen (CHNSO) contents of the bio-oil
and treated bio-oils was conducted using a Thermo Fisher
Scientific Flash 2000 CHNS-O Organic Elemental Analy-
zer, where the oxygen content was calculated by
difference. The H,O content from the Karl Fisher moisture
content analysis was used to present the CHNS of the
treated samples on a dry basis, i.e., water-free basis.

The functional groups of the bio-oil and the treated bio-
oils were characterised using a Perkin Elmer Frontier FTIR
spectrometer. A spectral range of 400 to 4000 cm™ was
used and 16 scans were applied to each sample. Prior to all
analysis, a background scan was carried out under ambient
atmosphere.

3 Results and discussions

3.1 Product yields
The total liquid and solid mass balance closure was
80.90%, 90.75% and 91.37% after bio-oil methanol,
ethanol and isopropanol reactions, respectively (Table 1).
All the liquid products were visibly less viscous than the
crude bio-oil, and no significant change in colour was
observed after reacting the bio-oil with the alcohols. Apart
from the water contained in the crude bio-oil, water can
also originate from esterification reactions, re-polymeriza-
tion of oligomers, hydrodeoxygenation, and hydrocracking
of the solvents during the upgrading process [26].
Compared to ethanol (C,HsOH) and isopropanol
(C3Hg0O), the hydroxyl concentration is the highest with
methanol (CH30H) and its molecular structure enables
higher activity [27]. The hydrocarbon contribution is the
highest with isopropanol and the longer alkyl chain could
dissolve higher molecular weight products, which leads to
relatively lower solid products [27]. This functional group
contribution change affects the reactivity of the solvents

Table 1
isopropanol, respectively (270°C, 100 bar, 2 h)

705

and leads to differences in the mass balance of each
reaction. These findings also correspond with the CHNS
results (Table 2) which showed methanol treated bio-oil
had the highest oxygen content, lowest carbon and
hydrogen content while isopropanol treated bio-oil had
the lowest oxygen content, highest carbon and hydrogen
content. Prajitno et al. also reported higher oil and lower
coke yield after supercritical ethanol reaction compared to
supercritical methanol [10].

Coke, commonly reported as an undesired by product in
bio-oil hydrocracking and hydrotreatment processes, is
generally derived from the re-polymerization and over-
dehydration of oligomers [26]. Table 1 shows methanol
reacted bio-oil (BM2) generated the highest solid yield,
this is reflected in the CHNS and TGA results and is further
discussed in Section 3.2 Physicochemical properties of
bio-oil and treated bio-oils. Shafaghat et al. also found
relatively higher char/coke yield after reacting bio-oil with
supercritical methanol compared to supercritical ethanol
[28].

Gaseous products can be formed from various reactions
during the bio-oil upgrading process namely; cracking,
decarboxylation, decarbonylation, methanation, and
hydrodenitrogenation [29]. Table 1 indicates the bio-oil
methanol reaction generated lower total liquid and solid
product yield compared to the ethanol and isopropanol.
This indicates higher gas yield was obtained after the
methanol reaction and more of the bio-oil-methanol was
decomposed into gas products than bio-oil-ethanol or bio-
oil-isopropanol. This suggests methanol had a higher
tendency, than ethanol or isopropanol, to promote cracking
of the higher-molecular-weight bio-oil fractions and gas
formation reactions during the upgrading process. The
increase in methanol activity may have led to higher mass
losses due to the increased volatility of the product. In
addition, self-decomposition of the alcohols in their
supercritical state may contribute to some fractions of the
gas products [14].

3.2 Physicochemical properties of bio-oil and treated bio-
oils

Table 2 summarises the results from the water content,
heating value, pH and CHNS analysis. The water content
was reduced after blending the bio-oil with methanol,

Mass balance (% mass fraction with respect to the original feed amount) of the products of bio-oil reactions with methanol, ethanol and

Liquid yield /wt-%

Solvent - —— —— — Total solid yield /wt-%  Total gas yield” /wt-%
otal liquid yield Water-free liquid yield Water yield

Methanol 59.68 4191 17.77 21.22 19.10

Ethanol 82.84 63.48 19.36 7.91 9.25

Isopropanol 86.23 69.96 16.27 5.14 8.63

a) Gas yield was calculated by difference assuming no losses; b) Water yield was calculated using the water content measured in Table 2.
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Table 2 Physicochemical properties of liquid products of bio-oil reactions with methanol, ethanol and isopropanol

Bio-oil alcohol blends®

Bio-oil alcohol reaction liquid products®

Fropertics BMI BEI BII BM2 BE2 BI2 Bio-ol
H,0 wt-% 13.42 (0.9)” 12.27 (03) 11.90 (0.7) 29.78 (0.3) 2337 (02) 18.87 (0.4) 31.69 (0.3)
pH 3.67 3.54 3.06 4.04 3.84 3.80 2.39

C wt-% © 48.13 (0.5) 55.16 (0.0) 58.28 (0.0) 46.05 (1.3) 58.76 (0.3) 6191 (0.3) 49.26 (0.4)
H wt-% © 9.52 (0.1) 10.06 (0.1) 10.35 (0.1) 9.60 (0.4) 10.52 (0.1) 10.36 (0.1) 7.91 (0.0)
N wt-% © 0.20 (0.0) 0.18 (0.0) 0.17 (0.0) 0.71 (0.0) 0.18 (0.0) 0.19 (0.0) 0.20 (0.0)
0 wt-g% 9 42.16 (0.6) 34.60 (0.1) 3120 (0.0) 43.63 (1.7) 30.53 (0.4) 27.54 (02) 42.63 (0.4)
HHV MJ/kg © 21.56 (0.9) 25.60 (0.2) 2755 (0.0) 23.03 (1.1) 27.55 (02) 28.85 (0.1) 17.51 (0.1)

3 BMI1, BEIl, BII refers to bio-oil-methanol, bio-oil-ethanol and bio-oil-isopropanol blends; BM2, BE2, BI2 refers to bio-oil-methanol, bio-oil-ethanol and bio-oil-

isopropanol reaction products;

Meanz+tstandard deviation; © CHNO water-free basis for the blends and reaction products;

Oxygen content calculated by difference;

® HHV dry basis for the blends and reaction products HHV dry basis = HHVwet/ (1-H,0/100); S contents are zero in all samples.

ethanol, and isopropanol. This decrease in the water
content of bio-oil after blending with an alcohol solvent
was previously observed by Yu et al. [22]. Pidtasang et al.
reported that the water reduction is due to the dilution
effect of the anhydrous alcohols [18]. After the super-
critical alcohol reactions, BM2 exhibited the highest water
content. This is due to esterification reactions of methanol
and acids in the bio-oil occurred and generated water as a
product [18,30,31]. Another reason for the increased water
content after the supercritical methanol reaction compared
to the methanol blend may be linked to the high gas yield
after the methanol reaction (Table 1). As methanol and
volatile products are decomposed to gas, the resulting
liquid product obtains an increased concentration of water.
On the other hand, lower gas yield (compared to methanol)
after the bio-oil-isopropanol reactions indicates isopropa-
nol did not decompose to gas and the water content does
not significantly increase. Reducing the moisture in the
bio-oil is crucial as it can lead to increased ignition delay
and decreased combustion rate in an engine [32]. On the
other hand, water in bio-oil is beneficial as it reduces the
viscosity [22].

After the methanol, ethanol and isopropanol reactions a
modest increase in pH was observed (Table 2). This
correlates with the GCMS results (Table 3) which showed
a decrease in acidic compounds in the bio-oil after the
reactions compared to the blends and the untreated bio-oil.
The elemental analysis gives the weight percent of C, H, N,
and S in the sample. The oxygen content was calculated by
difference. The CHNS results in Table 2 show the C
content slightly decreased while the O content increased
after the methanol reaction compared to the bio-oil
methanol blend. This may be linked to the high solid and
gas yield after the supercritical methanol reaction which
led to C and H loss and subsequent increased proportion of
O. Carbon may be lost as solid and gas due to
polymerisation reactions and decarboxylation, decarbony-
lation, methanation reactions, respectively [29]. This
indicates the supercritical reaction is more reactive with

methanol solvent than ethanol or isopropanol. Similarly,
the mass balance results (Table 1) showed the highest solid
yield was obtained after bio-oil-methanol reactions, hence
heavy components from polymerisation reactions were
collected as solid residue leaving a liquid product with
lighter volatile compounds [10].

The heating value of the crude bio-oil was
17.51 MJ-kg™. Increasing the heating value of the crude
bio-oil is essential for improving its combustion efficiency
in engines [32]. Table 2 shows minimal changes in the
heating value after the reactions compared to the respective
blends. Hence, in this work the reaction provides
insufficient improvements for the heating value compared
to blending. The heating values of the blends and the
reaction products increased according to the heating value
of the added solvent, i.e., methanol < ethanol < isopropa-
nol. Isopropanol treated bio-oil had the highest heating
value because isopropanol has higher heating value than
methanol and ethanol. An increase in C and H and
reduction in O leads to higher energy density [33]. This is
confirmed in this study were isopropanol treated bio-oil
exhibited the highest C and H and lowest O content as well
as the highest heating value (28.85 MJ-kg™). The heating
values after the reactions (23.03 MJ-kg™' BM2; 27.55 MJ
‘kg' BE2; 28.85 MIJ-kg' BI2) are comparably low
compared to crude oil (45.54 MJ-kg') or conventional
gasoline (46.54 MJ-kg™") [34]. Nevertheless, the improve-
ments in the heating value compared to the crude bio-oil
indicates solvents addition is a simple and effective means
for improving bio-oil properties.

3.3 Characterisation of bio-oil and treated bio-oils

3.3.1 GC-MS analysis

GC-MS was used to identify and quantify many of the
molecular compounds present in the crude bio-oil, and the
treated bio-oils. In order to examine the product distribu-
tion in the different samples, the chemicals identified in the
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GCMS were classified into eight groups (acids, phenols,
esters, ketones, alcohols/ethers, aldehydes, sugar deriva-
tives, and hydrocarbons) based on their functional groups.
Table 3 provides a summary of the relative amounts of
compound classes in the crude bio-oil and the treated bio-
oils. The total relative area (%) of each group was obtained
by adding the area (%) of each compound in each category.
The chromatographic peak area (%) of a compound is
considered linear with its concentration. Therefore, the
corresponding chromatographic peak area (%) of the
compounds can be compared. For example, the peak area
(%) of acetic acid after each reaction can be compared to
examine the effects of the supercritical alcohols. Addi-
tionally, the peak area (%) can be used to compare the
change of the relative content of the compound among the
detected compounds [32,35].

Compounds detected in the crude bio-oil include acetic
acid, 2-methoxy-4-methyl-phenol, 1-(4-hydroxy-3-meth-
oxyphenyl)-ethanone, and 4-Hydroxy-2-methoxycinna-
maldehyde. Phenolic compounds, which can be produced
from the degradation of lignin [14], exhibited the highest
total area (%) (37.0%) in the raw bio-oil with compounds
such as 2-methoxy-4-methyl-phenol and 2-methoxy-4-(1-
propenyl)-phenol, contributing to the high area (%).
Although the percentage of peak area does not represent
the actual content of the compound, it is a strong indication
that the crude bio-oil contains a large amount of phenolic
compounds. The presence of the phenolic compounds in
the crude bio-oil and after the reactions is consistent with
the results reported by other researchers [10,14,36,37].

After reacting the bio-oil with the various solvents, the
number of identified esters and the relative area (%) of
esters significantly increased relative to the crude bio-oil
and the blends. Compared to acids, esters are more
favoured in the fuel composition due to their reduced
corrosive effect on the engine surface [28]. Esters could be
produced from the esterification reaction between acids in
the bio-oil and the corresponding alcohols (methyl/ethyl/
isopropyl esters after bio-oil methanol/ethanol/isopropanol

reactions, respectively). Further esters can form during
reactions between the alcohol solvents and acids derived
from the intermediate products from the conversion of
oxygenated compounds during the process [27,37].
Udomsap et al. reported that solvents such as methanol
and ethanol could terminate the chain of oligomers when
added to crude bio-oil and break polymer chains to lower
molecular weight compounds [24]. For example, the
transesterification of polymeric esters with alcohol to
form lower molecular weight methyl or ethyl esters. The
GCMS results in this report confirms this phenomenon.
The product distribution of esters changed after reacting
the bio-oil with each alcohol solvent. For example,
Propanoic acid methyl ester, Propanoic acid ethyl ester,
and Propanoic acid 1-methylethyl ester was detected after
reacting the bio-oil with methanol, ethanol and isopropa-
nol, respectively. These findings indicate supercritical
methanol, ethanol and isopropanol can promote ester
formation during bio-oil reactions without catalyst addi-
tion.

A corresponding decrease in acids was observed after
the reactions which resulted in higher pH compared to the
bio-oil-alcohol blends (Table 2). Ester formation could be
the major deacidification mechanism for reducing the
acidity of the bio-oil and improving its pH value. The bio-
oil-methanol reaction generated the lowest acid content,
this agrees with the pH results which showed methanol
treated bio-oil exhibited the highest pH (4.04) compared to
ethanol (3.84) or isopropanol (3.80). One reason for the
lower pH in BI2 may be the higher presence of acids in BI2
compared to BM2 and BE2. The acids in the bio-oil were
eliminated after reacting with methanol and decreased by
15.88% and 17.44% with after ethanol and isopropanol
reaction compared to their respective blends

Esterification reactions produce water as a by-product,
one of the reasons for the increased water content after
reacting the bio-oil with methanol may be the higher
esterification activity when reacting the bio-oil with
methanol [18,27,30,31]. Methanol treated bio-oil exhibited

Table 3 Distribution of chemical composition in bio-oil samples. Detailed composition including the compounds in each group is included as a

supplementary material

Total relative content area /%

Compound Bio-oil BMI BM2 BEI BE2 BIl BI2
Acids 4.63 433 - 4.66 3.92 5.79 4.78
Phenols 37.03 27.85 32.73 28.49 28.76 31.12 38.04
Esters 3.74 3.41 29.89 2.76 27.68 3.66 22.35
Ketones 17.40 12.99 13.12 13.22 11.42 13.64 15.33
Alcohols/ethers 9.62 23.60 10.75 22.54 14.31 13.57 4.75
Aldehydes 8.57 6.01 - 7.23 - 7.12 -
Sugar derivatives 6.83 7.19 - 7.94 - 9.01 -
Hydrocarbons - - 0.30 - - - -
Others 12.22 14.61 13.24 13.19 13.89 16.10 14.73
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the highest water and ester content (29.78 wt-%; 29.89 area
(%), respectively), followed by ethanol (23.37 wt-%; 27.68
area (%), respectively) and isopropanol (18.87 wt-%;
22.35 area (%), respectively). These findings indicate that
the non-catalytic and non-external hydrogen dependent
supercritical alcohol process can stabilize the bio-oil by
reducing the corrosive acidic components and increasing
the desirable compounds such as esters [10,14].

The relative area count of phenolic compounds
increased after the reactions compared to the respective
blends. Li et al. also found the phenols were difficult to
reduce without co-feeding the upgrading reactions with
Pt/C and hydrogen [38]. The *C NMR results (Fig. 4) also
show increased content of aromatic carbons after the bio-
oil methanol, bio-oil-isopropanol reactions and most of the
aromatics are phenol derivatives [39]. Aromatics and
cyclic compounds are less likely to transform compared to
light oxygenated compounds due to the stronger C-C
bonds involved [40]. Additionally, the increase in
methoxy-phenolic compounds after the reactions com-
pared to the blends may be due to the depolymerisation of
the lignin fraction in the bio-oil [40,41].

The unsaturated double bonds at the substituted groups
of phenols such as 2-methoxy-4-(1-propenyl)-phenol in
the crude bio-oil and blends, significantly decreased after
the reactions and the phenols with saturated substituted
groups such as, 2-methoxy-4-propyl-phenol increased.
Similar findings were also reported by Tang et al. who
explained the double bonds were reduced by hydrotreating
the bio-oil [42]. Moreover, the >C NMR findings (Fig. 4
also indicate supercritical alcohol treatment facilitate in the
saturation of C =0 bonds. A decrease in carbonyl carbon
content was observed after the supercritical alcohol
reaction compared to the bio-oil-alcohol blends. This
suggests the alcohols functioned as hydrogen donors and
facilitated in situ hydrogenation of the unsaturated bonds.
Another reason for the increase in the proportion of
2-methoxy-4-propyl-phenol after the reactions could be the
due to conversion of 4-hydroxy-2-methoxycinnamalde-
hyde, which was not detected after the reactions [41].

Phenols and aldehydes in bio-oil can lead to thermal
instability and can form carbonaceous deposits hence their
removal or conversion into more stable compounds is
favourable [13,38]. Aldehydes such as 5-hydroxymethyl-
2-furancarboxaldehyde (HMF) which are prevalent in the
crude bio-oil and the blends are not detected after the
reactions. 2,5-dimethylfuran (DMF) was detected in BM2,
BE2, and BI2 although it was not present in the crude bio-
oil and blends. Several researchers have examined the
production of DMF by hydrogenolysis of biomass derived
HMF [43-45]. DMF has received significant attention as a
potential renewable liquid transportation fuel due to its
favourable physical properties including high energy
density (30 MJ-kg™'), high research octane number
(RON= 119), and low volatility (boiling point range
92°C—94°C) [44]. These values correspond to that of

gasoline (34 MJ-kg™!, RON = 89-96 and 96.3°C boiling
point) [44]. Additionally, unlike ethanol, the low solubility
of DMF in water (2.3 g* L") enables its use as a fuel blend
[44]. Interestingly, after bio-oil-ethanol reactions, 2-ethyl-
S-methyl-furan is detected and after bio-oil-isopropanol
reactions, 2-methyl-furan is detected. Supercritical metha-
nol may also transform furfural to 1,2-butanediol by
hydrogenation and hydrolysis. This indicates the different
effects of the solvents on the bio-oil.

The ketones were relatively unchanged by the varying
alcohols in the blends and the reaction products and
remained between 11-13 area (%) except after the
isopropanol reaction. A slightly higher total relative area
count of ketones was observed after the bio-oil-isopropa-
nol reaction (15.33 area (%)). The increase in ketones
could be due to cracking and transformations from
carbohydrates in the bio-oil [31]. This indicates compared
to aldehydes, reducing or converting ketones was more
difficult.

3.3.2 FTIR analysis

FTIR enables identification of the molecules present in a
sample and was used to gain insight into the class of
compounds present in the crude bio-oil and the treated bio-
oils. Table 4 shows the chemical compounds that can be
found in the crude bio-oil, blends, and treated bio-oil at
various frequency ranges. Figures 1-3 show the FTIR
spectra of the crude bio-oil, and the alcohol treated bio-
oils. The IR absorption bands were assigned based on
literature [46]. The relative differences between the band
heights correlate with the relative differences in the
concentrations of the corresponding functional groups
between the samples [47].

The peaks between 3500-3200 cm™ were ascribed to
O-H stretching vibrations of phenols, polymeric O—H and
water impurities. The O-H stretching intensity was
increased in BM2, BE2, and BI2, respectively compared
to their corresponding blends (i.e., BM1, BE1, BI1). This
correlates with the results from the water content analysis
which showed an increase in water content after the
reactions compared to the blends. Likewise, the GCMS
results showed the ester content significantly increased
after the reactions indicating esterification reactions
occurred which evolve water as a by-product. Additionally,
the total relative area (%) of phenol compounds increased
after the reactions compared to the blends, thus, further
contributing to the increased intensity in the peaks between
35003200 cm™.

The peaks between 3200-2800 cm™ and 1470-1350
cm ! were caused by C—H stretching in methyl groups and
deformation in methylene groups, respectively. These
absorption bands increased in intensity from BM2, BE2
to BI2, where the strongest absorbance in these ranges was
observed after the bio-oil-isopropanol reactions. This is
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Table 4 Classes of compounds identified in the bio-oil and treated bio-oils using FTIR analysis

Frequency range /cm '
Fre(illlency range Group Class of compound
fem Bio-oil BM1 BM2 BE1 BE2 BI1 BI2
3500-3200 3367 3357 3346 3359 3360 3359 3360 O-H stretching Phenols, polymeric
O-H,
water impurities
3200-2800 2927, 2929, 2946, 2974, 2975, 2971, 2972, C—H stretching Alkanes-methyl group
2853 2840 2837 2929 2930 2932 2934
1750-1650 1709 1710 1703 1710 1703 1711 1707, C =0 stretching Ketones, aldehydes
1651
1650-1590 1648 1603 1610 1603 1603 1605 C=C stretching C—C multiple bond stretching
alkene
~1600-1450 1515 1515 1515 1515 1515 1515 1515 C=C stretching
aromatic
1470-1350 1450, 1449, 1449, 1448, 1452, 1465, 1466, C—H deformation Alkanes-methylene group
1363 1361 1377 1378 1378 1380 1380
1300-950 1268, 1268, 1268, 1270, 1271, 1276, 1288, C-O stretching Primary, secondary,
1033 1193, 1219, 1043 1086, 1160, 1161, O-H bending tertiary alcohols, phenols
1031 1114, 1044 1126, 1127,
1018 1100, 1106,
1051 1034
975-525 861, 889, 878, 878 949, 949, C-H bending Mono-, polycyclic,
811 812 811 815 816 substituted aromatic rings

because isopropanol has two methyl groups, ethanol has a
methyl and methylene group, and methanol has a methyl
group. This aligns with the GCMS results which showed
longer chain esters formed in BI2 such as acetic acid, (1-
methylethoxy)-, 1-methylethyl ester, compared to BE2
(acetic acid, ethoxy-, ethyl ester) and BM2 (acetic acid,
methoxy-, methyl ester).

The carbonyl stretch C =0 appears as an intense band
from 1750-1650 cm™. The supercritical methanol, etha-
nol, and isopropanol treated bio-oils show a notably
decreased absorbance in this wavenumber range compared
to the corresponding blends and the original bio-oil. This
indicates the supercritical alcohol conditions were effective
in transforming carbonyl containing compounds such as
carboxylic acids and aldehydes. This confirms the GCMS
results which showed a complete removal of aldehydes
after the reactions, as well as, elimination of carboxylic
acids with methanol treatment and decrease of acids after
ethanol and isopropanol treatments. Additionally, the *C
NMR results (Fig. 4) showed after the supercritical
treatment the carbonyl carbons were reduced.

The peak at 1515 cm™ is attributed to C=C aromatic
stretching. This peak is prominent in the bio-oil and the
blends and decreases after the reactions in BM2, BE2, and
BI2. This agrees with the GCMS results which indicated to
the decrease in unsaturated double bonds at the substituted
groups of phenols such as 2-methoxy-4-(1-propenyl)-
phenol and increase in phenols with saturated substituted
groups such as, 2-methoxy-4-propyl-phenol.

The frequency range 1300-950 cm ' corresponds to

O-H bending and C-O stretching of primary, secondary,
tertiary alcohols, and phenols, as well as C—O stretching of
ethers. Isopropanol treated bio-oil exhibits a cluster of
sharp peaks in this region which is ascribed to the long
ester chains and propylated compounds formed after the
reaction.

The 975-525 ¢cm ' wavenumber range corresponds to
C—H bending from aromatic rings. The spectrums of the
bio-oil ethanol blend, and the supercritical ethanol treated
bio-oil exhibit a sharp peak at 878 cm™ which comes from
the ethanol in the sample. The spectrums of the
isopropanol blended, and supercritical isopropanol treated
bio-oil shows a sharp peak at 950 cm™ and 817-815 cm™,
which originates from the isopropanol in the sample.

3.3.3 '“C NMR analysis

3C NMR identifies the specific carbon atoms in a molecule
and enables analysis of the carbon distribution in the bio-
oil and the bio-oil treated samples. To obtain a complete
characterization of the bio-oil and the treated bio-oils, *C
NMR analysis was carried out and summarised in Fig. 4.
The integrated *C NMR spectra were separated into five
chemical shift ranges and the regions were assigned
according to literature [48]: 163-215 ppm (carbonyl
carbons), 110-163 ppm (aromatic and C=C carbons),
84-110 ppm (carbohydrate-type carbons), 54-84 ppm
(methoxy- or hydroxy-bound carbons), 1-54 ppm (pri-
mary, secondary, tertiary, and most quaternary alkyl
carbons).
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Fig. 1 FTIR spectra of (a) bio-oil, (b) bio-oil-methanol blend, and (c) bio-oil-methanol reaction products.

The alkyl carbons increased after the reactions relative to
the crude bio-oil and the respective blends. This may be
due to the dissociation of methyl, ethyl or isopropyl from
methanol, ethanol and isopropanol, respectively as a result
of the high temperature supercritical conditions. After the
bio-oil methanol reaction, the methoxy/hydroxy carbons
decreased, this is in line with the GCMS results were the
alcohol and ether contents decreased in BM2 compared to
BM1. According to *C NMR results the methoxy/hydroxy
carbons did not significantly change after the bio-oil
ethanol reaction, however, the GCMS results show alcohol
and ether contents decreased in BE2. The latter is in line
with the FTIR findings which showed after the bio-oil-
ethanol reaction, the intensity of the peaks in 1300—
950 cm' frequency range (which corresponds to O-H
bending and C—O stretching of primary, secondary, tertiary
alcohols, as well as C-O stretching of ethers) decreases
compared to the bio-oil-ethanol blend and the crude bio-

oil. The isopropanol treated bio-oil also demonstrated a
decrease in methoxy/hydroxy carbons as well as alcohol
and ether content in the *C NMR and GCMS results,
respectively.

After the reactions, no resonances occurred in the
carbohydrate carbon chemical shift ranges 84 to 110 ppm.
Likewise, in the GCMS analysis, the sugar derivatives
which were present in the crude bio-oil and blends were
not detected after the reactions. This may be due to the
depolymerisation of these compounds due to the super-
critical conditions. Meng et al. reported that under high
temperature conditions, the carbohydrates in bio-oil could
decompose into various light-oxygenates [48]. Addition-
ally, Li et al. indicated large amount of water from
processed high boiling fraction of bio-oil may be linked to
the dehydration of sugars [31].

The aromatic carbons in the bio-oils include carbons in
phenolic compounds. The GCMS analysis demonstrated
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Fig. 2 FTIR spectra of (a) bio-oil, (b) bio-oil-ethanol blend, and (c) bio-oil-ethanol reaction products.

that phenolic compounds were less likely to transform
during upgrading reactions compared to light oxygenated
compounds due to the stronger C—C bonds involved [40].
Likewise, the *C NMR findings show minimal changes
occurred to the aromatic carbon content after the reactions.
After the supercritical treatment the carbonyl carbons were
reduced. This is consistent with the GCMS results of BM2,
BE2, and BI2 which demonstrated transformations of acids
and aldehydes. These findings also correspond to the FTIR
results which showed supercritical alcohol treated bio-oil
exhibited a decrease in carbonyl stretching compared to the
crude bio-oil or bio-oil-alcohol blends.

3.3.4 TGA analysis

TGA analysis provides insight into the changes in the
physical and chemical properties of a material as a function
of increasing temperatures. The analysis results outlined

the relative proportions of light and heavy fractions in bio-
oil. Figures 5—7 compile the thermographic curves of the
crude bio-oil and the methanol, ethanol and isopropanol
treated bio-oils. The TG curve of the crude bio-oil shows
the evaporation of moisture and highly volatile compounds
in the bio-oil occurred between 27.69°C-337.36°C which
resulted in 69.66% weight loss. The first decomposition of
less volatile compounds in the bio-oil was observed
between 384.01°C—472.85°C and 5.63% of these com-
pounds were removed. The final bio-oil decomposition
region was between 521.98°C-696.60°C and 17.83% of
heavy compounds were decomposed.

Figure 5 demonstrates the presence of the lighter
methylated and methoxylated compounds in supercritical
methanol treated bio-oil leads to the formation of a TG
curve with faster weight loss rate than crude bio-oil and
methanol blended bio-oil which contain relatively heavier
compounds. In all three cases (methanol, ethanol and
isopropanol) the weight loss rate of the supercritical
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Fig. 3 FTIR spectra of (a) bio-oil, (b) bio-oil-isopropanol blend, and (c) bio-oil-isopropanol reaction products.

alcohol treated bio-oils are all faster than that of the
original bio-oil. This is due to the volatilization of alcohol,
water and other light components [42]. In supercritical
methanol treated bio-oil a second peak can be observed at
~100°C which is not apparent in the bio-oil-methanol
blend. This may indicate to the formation of more water
after the reaction which corresponds to the FTIR results
which showed a higher absorbance in the O—H wavenum-
ber range after supercritical methanol treatment relative to
the bio-oil-methanol blend.

The boiling point distribution of the bio-oil and treated
bio-oils is illustrated in Table 5 and the distillation range
was selected based on the reference [49]. Bio-oil treatment
with supercritical methanol produced a liquid product with
62.79% of the material boiling between 35°C-150°C,

compared to 54.62% and 50.46% with supercritical
ethanol and isopropanol, respectively. This agrees with
the GCMS results which showed the greatest ester content
after the bio-oil-methanol reactions. The methylated or
methyoxylated compounds present in the bio-oil-methanol
liquid products are more volatile than the ethanol and
isopropanol counterparts. Additionally, the highest water
content was observed after the bio-oil-methanol reactions;
primarily due to water formed as a by-product of
esterification reactions. These factors contribute to the
increased volatile light compounds present after the
supercritical methanol treatment. The material boiling
between 35°C-150°C increased in BM2 and BE2
compared to their respective blends (i.e., BM1 and BE1)
but decreased after supercritical isopropanol reaction



Sainab Omar et al. Production of renewable fuels in supercritical alcohols

100

80F

60

40t

Carbon content/%6

201

713

BM2

BEI

BE2

BI2

Type of carbon in each sample

# Carbonyl 215-163
# Methoxy/Hydroxy 84-54

B Aromatic 163-110
O Alkyl Carbons 54-1

# Carbohydrate 110-84

Fig. 4 Quantitative !3C NMR characterisation of bio-oil and treated bio-oils. The integration range was selected based on 13C NMR bio-

oil characterisation by Meng et al. [48].

compared to the isopropanol blend. This may be due to the
formation of higher boiling longer chain compounds after
the isopropanol reaction.

4 Conclusions

The physical and chemical characteristics and the effects of
blending crude bio-oil with methanol, ethanol, and
isopropanol were investigated and compared to those of
bio-oil treated with supercritical methanol, ethanol, and
isopropanol. Additionally, the in situ hydrogenation
method was examined for treating the crude bio-oil, rather

than using external hydrogen addition. Bio-oil-super-
critical methanol treatment tended towards high solid and
gas yields which may be due to its higher reactivity
compared to ethanol or isopropanol as indicated by the
GCMS findings. GCMS analysis demonstrated that only
supercritical methanol treatment eliminated the acids in the
bio-oil, consequently, the pH increased from 2.39 in the
crude bio-oil to 4.04 after the methanol reaction. This was
attributed to the high esterification ability of supercritical
methanol based on the significant amount of newly formed
esters and the high water by-products from esterification
reactions. Due to the high hydrocarbon contribution of
isopropanol, after blending, the C and H content increased,

Table 5 Boiling point distribution of bio-oil and treated bio-oils distillation range®

Distillation range Weight /%

r°C BO BM1 BM2 BE1 BE2 BII BI2
35-150 4131 (0.5)” 50.17 (0.0) 62.79 (0.4) 52.80 (0.1) 54.62 (0.7) 52.50 (0.2) 50.46 (0.2)
150-200 11.79 (0.1) 10.17 (0.0) 7.83 (0.0) 9.77 (0.0) 8.38 (0.2) 9.62 (0.2) 9.14 (0.1)
200-250 9.66 (0.1) 8.33 (0.0) 6.32 (0.0) 7.91 (0.0) 7.22 (0.2) 7.73 (0.2) 7.86 (0.1)
250-300 7.64 (0.1) 6.66 (0.0) 5.03 (0.0) 6.20 (0.1) 6.09 (0.2) 6.14 (0.1) 6.72 (0.1)
300-350 6.29 (0.1) 5.66 (0.0) 4.38 (0.0) 5.28 (0.0) 5.35(0.1) 5.24 (0.1) 5.99 (0.1)
<350 76.70 (0.9) 80.99 (0.0) 86.36 (0.4) 81.97 (0.0) 81.66 (0.0) 81.24 (0.3) 80.18 (0.2)
350-400 5.50 (0.0) 5.00 (0.0) 4.07 (0.0) 4.70 (0.0) 494 (0.2) 4.64 (0.1) 5.53 (0.1)
400-450 472 (0.1) 442 (0.1) 3.63 (0.0) 4.20 (0.0) 4.38(0.1) 4.13 (0.1) 4.83 (0.0)
450-500 420 (0.1) 3.93 (0.1) 3.17 (0.0) 3.74 (0.0) 3.90 (0.0) 3.67 (0.1) 4.20 (0.0)
> 500 8.88 (1.1) 5.66 (0.2) 2.77 (0.4) 5.39 (0.0) 5.13 (0.3) 6.32 (0.6) 5.25 (0.3)

a) The distillation range was selected based on [49]; b) Mean=+tstandard deviation.
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and the O content was reduced compared to the crude bio-
oil. As a result, the heating value improved from
17.51 MJ-kg " in the crude bio-oil to 27.55 MJ-kg ™' in the
bio-oil-isopropanol blend. After the supercritical isopro-
panol reaction, the heating value of the liquid product
further increased to 28.85 MJ-kg'. The improvements in

the heating value compared to the crude bio-oil indicates
solvents addition is a simple and effective method for
improving bio-oil properties. In situ hydrogenation
proceeded in all the reactions which was confirmed by
the GCMS results which showed the transformation of
aldehydes such as HMF to DMF. *C NMR and FTIR
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Fig. 6 TGA and DTG profiles of (a) bio-oil, (b) bio-oil-ethanol blend, and (c) bio-oil-ethanol reaction products.
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results also indicated that in situ hydrogenation occurred
due to the reduction in carbonyl compounds after the
supercritical reactions and an increase in alkyl carbons in
the *C NMR results. Although the bio-oil-alcohol blends
improved certain bio-oil properties, (e.g., heating value
and pH), the supercritical reactions further enhanced the
bio-oil properties by promoting reactions such as ester-
ification and hydrogenation thus further improving the
physicochemical properties of the bio-oil. For future work,
efficient solvent recovery and reuse is necessary to
optimise the process.
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