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Abstract: The conversion of biomass into bio-oil through the pyrolysis process offers numerous
benefits, such as bio-fuel and bio-resin synthesis. However, for bio-oil usage for any application,
understanding its composition is vital. Therefore, this study investigated the effects of different
commonly available woody biomass (Douglas fir, eucalyptus, and poplar) on bio-oil composition. The
bio-oil was produced through fast pyrolysis at 500 °C in a fluidized bed reactor and collected using an
electrostatic precipitator. The chemical composition was analyzed using gas chromatography—mass
spectroscopy, and the hydroxyl groups were quantified using phosphorous-31 nuclear magnetic reso-
nance. The poplar bio-oil had the most significant proportion (67 area%) of lignin-derived compounds
and the highest OH concentration (6 mmol gfl). However, the proportion of carbohydrate-derived
compounds was the largest (44 area %) in bio-oil produced from Douglas fir. Based on the OH
concentration, poplar would be the most suitable feedstock for resin synthesis among the three
feedstocks tested.

Keywords: phenolics; 3IP-NMR; hydroxyl concentration; bio-resin; 3D printing

1. Introduction

The increasing demand for transportation fuels and its impact on greenhouse gas emis-
sions have led to the necessity to ramp up bio-fuel production [1,2]. Additionally, biomass
ought to be used for the production of other valuable chemicals such as resins, lubricants,
and additives because bio-based materials have less of an environmental impact [3-6].

Several technologies, such as gasification, pyrolysis, and hydrothermal liquefaction,
can be used to produce fuels and chemicals from biomass [7]. Compared to other thermo-
chemical conversion processes, pyrolysis has been reported as the most efficient and eco-
nomical way to produce value-added chemicals and bio-fuels [8,9]. In pyrolysis, biomass is
converted into bio-oil and bio-char by applying heat at moderate temperatures (400-600 °C)
under inert conditions [10]. Fast pyrolysis is performed at a high heating rate (greater than
100 °C min~!) with a short residence time (0.5-2 s) and rapid cooling of the vapors obtained
from the process to increase the bio-oil yield [11].

Numerous studies have been conducted on the pyrolysis of woody biomass and have
investigated the effects of varying operating conditions such as the feed rate, nitrogen flow
rate, reaction temperature, and feed particle size on the yield and properties of bio-oil, such
as its elemental composition, viscosity, high heating value (HHV), etc. [9,12-16]. Character-
ization of the bio-oil obtained in such studies showed several phenolic compounds, in
addition to carboxylic acids, sugars and dehydrosugars, hydroxy aldehydes, and hydroxy
ketones, which are attributed to the thermal depolymerization of lignin, cellulose, and
hemicellulose [14,17,18].
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Although there have been numerous studies on the pyrolysis of woody biomass, most
of them have focused on the macroscopic properties (such as yield, proximate and ultimate
analysis, HHV, and viscosity) of the bio-oils obtained after pyrolysis for the purpose of
bio-fuel production [12]. As a result, they have not quantified the hydroxyl (-OH) groups
present in the bio-oil, which is the most crucial factor in determining its potential for resin
synthesis [19,20]. Resin synthesis is one of several applications of the bio-oil obtained from
pyrolysis and, to this date, has been largely uninvestigated. The phenols present in the bio-
oil can be used to replace an equivalent amount of synthetic phenols to produce bio-resins
such as phenol-formaldehyde, phenol-acetaldehyde, and epoxy resins [3,21]. Bio-oil with
higher concentrations of OH groups is better suited for bio-resin synthesis applications.

Additionally, the bio-oil obtained from previous studies had a higher water content
(>20%), which is not beneficial for industrial applications such as resin and fuel synthesis.
In this study, an electrostatic precipitator (ESP), in addition to the usual condensation
system, was used to collect the organic phase of the bio-oil. The addition of an ESP, in
conjunction with a regular condensation system, results in the collection of an organic
fraction with a lower water content and a lower concentration of oxygenates, which can be
used further to produce bio-resin, bio-fuel, and lubricants [17,22,23].

The novelty of this work lies in the quantification of the hydroxyl (-OH) groups using
3IP-NMR (phosphorous nuclear magnetic resonance) for bio-resin synthesis and detailed
characterization of the bio-oils obtained from fast pyrolysis in a fluidized bed reactor of
three types of forest biomass, namely Douglas fir, eucalyptus, and poplar. These biomasses
were chosen due to their wide availability (Douglas fir in North America, eucalyptus
in Australia and tropical climates worldwide, and poplar in all parts of the Northern
Hemisphere) and fast-growing properties [24,25]. Understanding bio-oil composition is
essential for its use in any application but is critical for bio-resin synthesis. Hence, this work
investigated the potential of different biomasses to produce bio-oil with high concentrations
of OH groups.

2. Materials and Methods
2.1. Materials

The ground biomass (without any bark or leaves) with a sieve size between 30 (600 pm)
and 50 (300 um) for the pyrolysis experiments was obtained from ForestConcepts, LLC
(Auburn, WA, USA). Airgas Inc. (Opelika, AL, USA) provided high-purity nitrogen
(99.99%). Sand for the fluidization of the pyrolysis reactor was obtained from Ward’s
Science (St. Catharines, ON, Canada). Deuterated chloroform and pyridine for the nu-
clear magnetic resonance (NMR) spectroscopy were purchased from Thermo Scientific
(Waltham, MA, USA), and the phosphitylation reagent for the 3! P-NMR analysis, 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), was obtained from Sigma-Aldrich
(Burlington, MA, USA). All the other chemicals were from VWR (Radnor, PA, USA) and
were used as received.

2.2. Feedstocks Characterization

Proximate, ultimate, and component analyses were performed by following the stan-
dard procedures to characterize the biomass used for the pyrolysis experiments (Table S1).
For proximate analysis, the moisture content (MC), volatile matter, and ash content were
determined. The ultimate analysis (CHNS/O) was conducted to find the elemental compo-
sition of the biomass.

2.3. Pyrolysis Procedure

Pyrolysis of the Douglas fir, eucalyptus, and poplar biomass was carried out in a
fluidized bed reactor arrangement, as shown in Figure 1. The pyrolysis experiment for
each biomass was carried out only once; however, for reproducibility of the yield results,
the experiment was carried out continuously for three hours for each biomass. The bed
of the pyrolysis reactor was fluidized using nitrogen gas (N») at a flow rate of 34 SLPM
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(standard liters per minute) in sand (average particle size from 210 to 354 um) bed. To
prevent backflow of Ny, a purge line with a N, flow rate of 5 SLPM was integrated into
the screw feeder. The reactor was maintained at 500 °C with a continuous flow of N for
at least 5 min before feeding it the biomass. The biomass from the hopper was fed into
the reactor with the help of a screw feeder for three hours at a feed rate of approximately
5 g min~!. The continuous flow of N led the pyrolysis products from the reactor to the
filter, condenser, and exhaust. The bio-char in the pyrolysis products was separated with
the help of a filter. After the removal of the bio-char, the remaining gaseous pyrolysis
products were allowed to pass through the usual condensation system (temperature set
at 2 °C) before going to the dry ESP setup. As shown in the experimental setup, a normal
condensation system condensed lighter molecules (in collectors 1 and 2, 12). The ESP then
condensed the heavier molecules present in the remaining stream of gas with the help of
electrostatic precipitation and collected the organic phase (in an organic phase collector,
14). The ESP was operated at a high voltage of 25 kV. The aqueous phase of the condensed
liquid is referred to as the aqueous phase, whereas the organic phase of the condensed
liquid is referred to as bio-oil for characterization purposes.

1 Hopper 11 Condensers 1 and 2 _— 17
2 Motors to drive augers 12 Aqueous phase collectors 1 and 2 I__| @ 8 0 I__l
3 Augers to feed biomass 13 Chiller 1

—_
4 Airlock 14 Organic phase (bio-0il) collector — —
5 Purge nitrogen inlet 15 Electrostatic precipitator 16
6 Nitrogen inlet for pyrolysis 16 Non-condensable gases outlet
7 Gas inlet heating zone 17 High voltage supplier
8 Fluidized-bed reactor
9 Hot filtration unit 9
10 Filter
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Figure 1. Schematic diagram of the pyrolysis experimental setup.

2.4. Characterization of Pyrolysis Products

The bio-oils, bio-chars, and aqueous phases obtained after pyrolysis were taken for
characterization, following the standard methods (Table S1). Proximate (except for the
MC for the bio-oils) and ultimate analyses of the bio-oils and bio-chars were performed
similarly to the respective analyses of the biomass. Karl Fischer titration was performed to
determine the amount of water (aqueous content) present in the bio-oil. The bio-oils” and
bio-chars’ higher heating value (HHV) was measured to find their gross energy content.
Total acid number (TAN) was measured to determine the acidity of the bio-oil. A viscometer
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measured the density and kinematic viscosity (at 40 °C) of the bio-oil. The total organic
carbon (TOC) and total nitrogen (TN) contents of the aqueous phases were measured
using a TOC/TN analyzer (TOC-L, Shimadzu, Kyoto, Japan). Thermogravimetric analysis
(TGA) of the bio-oils was performed to determine their thermal degradation behavior.
Fourier infrared transform (FTIR) analysis (using a Thermo Nicolet iS10 [Thermo Scientific,
Waltham, MA, USA]) was conducted to observe the chemical composition of the bio-oils.

In addition to FTIR analysis, for the analysis of the chemical composition of the py-
rolyzed bio-oils, a gas chromatography (GC) system (Agilent Technologies 7890A) coupled
with a mass spectrometer was used. The National Institute of Standards and Technology
(NIST) library was used to find the compounds present in the bio-oils. Finally, 3P-NMR
was performed to quantify the hydroxyl (-OH) functional groups in the bio-oils.

2.5. Statistical Analysis

The proximate and ultimate analysis experiments were conducted three times, and
their results were presented as averages and standard deviations. The 3'P-NMR experi-
ments were conducted twice, and their averages were presented. ANOVA tests with a level
of significance « = 0.05 were conducted in RStudio to perform the statistical analysis.

3. Results and Discussion

The characterization of Douglas fir, eucalyptus, and poplar and their respective bio-oils
and bio-chars is reported and discussed in this section.

3.1. Characterization of Feedstocks

Characterization of the Douglas fir, eucalyptus, and poplar biomass was performed
(Table 1), and it was found that for all the biomass, the MC was less than 10%, which is
favorable for pyrolysis. A higher MC reduces the reaction rate, as the available heat energy
is used to evaporate water during pyrolysis [26]. Similarly, the volatile content was higher
than 86% for all of the biomass, resulting in a higher bio-oil yield [14]. The ash content of
the biomass was lower (less than 1.2%), which minimizes operational issues and increases
the bio-oil yield [27]. Similarly, lower fixed carbon (measured maximum of around 12.1%)
is preferred to have a higher bio-oil yield and a lower bio-char yield in pyrolysis [28]. The
ultimate analysis showed that the elemental compositions (C, H, N, S, O) were in the range
for typical biomass [29]. A higher content of elemental carbon and hydrogen is preferred to
produce a bio-o0il with better calorific value; however, a lower elemental oxygen content is
preferred for better fuel applications, as oxygen reduces the calorific value [29]. In addition,
component analysis of the different biomasses showed the cellulose, hemicellulose, and
lignin contents were in the range for typical biomass [29,30]. The proximate, ultimate, and
component analyses in the study were found to be comparable with those of previous
studies: for Douglas fir, with Bok et al. [13]; for eucalyptus, with Heidari et al. [14]; and for
poplar, with Kim et al. [17]. For most lignocellulosic biomass, its volatile content ranges
from 70% to 86% (wt. %), its ash content can vary from 0.5% to almost 35% (wt. %), its
elemental carbon content can vary from 43 to 51% (wt. %), its hydrogen content can be
4-6% (wt. %), and its oxygen can range from 34 to 48% (wt. %), in addition to other
elements such as N, Cl, and S in small amounts [29]. The properties of biomass, such
as its MC, ash content, and volatile matter content, vary with the harvesting season, but
different pretreatments can be performed to reduce this variability. Additionally, operating
parameters can be changed to address those effects.

The results from the ANOVA test showed significant differences in the moisture content,
volatile content, ash content, and carbon content based on the type of biomass. This suggests
that the physiochemical properties of biomass are dependent on the type of biomass used.
Hence, it could change the product properties obtained after performing pyrolysis.
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Table 1. Proximate, ultimate, and component analysis results for Douglas fir, eucalyptus, and poplar.

Feedstock
Analysis Type

Douglas Fir Eucalyptus Poplar
Proximate (%)
Moisture content (wb) # 8.78 £0.792 7.38 +0.03P 837 +0.312
Volatile content (db) 90.35+0.192 86.86 +0.82P 88.41 + 0.38 2b
Ash content (db) 0.10 + 0.06 @ 1.15+0.19° 0.60 +0.17 ¢
Fixed carbon * 9.55 12.07 10.99
Ultimate (%, db)
C 52.61 £0.132 51.00 + 0.14 P 51.53 £0.18 ¢
H 710 +£0.342 717 £0.152 733 +0.052
N 0.25 + 0.04 0.25 £+ 0.02 0.24 £ 0.01
S 0.01 +0.01 0.01 + 0.00 0.01 + 0.01
O* 40.03 +0.20 41.57 +0.22 40.89+ 0.23
Components (%, db, ash free)
Cellulose 47.06 51.70 53.33
Hemicellulose 10.75 12.39 13.34
Lignin 27.43 23.80 18.45

wb = wet basis, db = dry basis. Proximate and ultimate analysis experiments were conducted three times.
# Statistical test results at level of significance = 0.05; different letters (~ ) denote significant differences among
the results, * = calculated by the difference.

3.2. Effects of Biomass on Pyrolysis

Among the three biomass pyrolysis procedures, the highest ESP oil yield (18.52%) was
found for poplar and the lowest for Douglas fir (16.78%) (Table 2). The higher bio-oil yield
for poplar could be due to the higher number of 3-O-4 bonds in poplar [31-33]. The overall
bio-oil yield was lower than that in previous studies (Bok et al. [13], Heidari et al. [14], and
Kim et al. [17]), which can be attributed to the fluidized bed pyrolysis process leading to a
high heat transfer, favoring the formation of non-condensable gases (Table 2). The yield
of bio-char was found to be the maximum (23.58%) from Douglas fir and the minimum
(19.02%) from poplar, which is due to the presence of a higher number of 3-O-4 bonds in
poplar [31-33], resulting in the conversion of a large fraction of lignin into liquid instead of
char. The bio-char yield results were comparable to those in previous studies [13,14,17].

Table 2. Yields of the bio-oil, aqueous phase, bio-char, and gaseous products from different biomasses.

Yield (%, Dry Basis)
Biomass Type Liqui
! yp Condensed Liquid Bio-Char Gas and Loss
Organic Phase (Bio-Oil) Aqueous Phase Total
Douglas Fir 16.78 21.15 37.93 23.58 38.49
Eucalyptus 17.75 21.87 39.62 21.13 39.25
Poplar 18.52 21.53 40.05 19.02 40.93

3.3. Characterization of Bio-Oils

The effects of different biomasses and the usage of an ESP on the properties of bio-oil
are further discussed in this section.

3.3.1. Ultimate and Proximate Analyses

The water content of the bio-oils from Douglas fir, eucalyptus, and poplar was lower than
10% (Table 3). A reduction in the aqueous content of the bio-oils compared to that in previous
studies can be ascribed to the application of the ESP for condensation purposes [13,14,17].
Usual condensation units can condense lighter molecules in addition to water. However,
they do not condense heavier molecules. An ESP can condense such molecules due to
electrostatic precipitation. This results in a lower water content in the bio-oil. In this study,
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the organic phase and aqueous phase of the bio-oil were not mixed. A higher water content
in bio-oil sets back its properties and applications, such as reduced calorific value, difficulty
in chemical analysis, and high energy needed to remove water. Thus, the low water content
in this study confirms a better final product. Also, the volatile content of the bio-oils was
above 95%, which is higher than the values obtained in previous studies [16,34]. This
signifies that these bio-oils could be used for bio-fuel applications after further chemical
treatment. The ash content of the bio-oils was almost negligible (<0.03%), aligning with the
results of Wu et al. [34] and Pienihédkkinen et al. [16]. A negligible ash content indicates
bio-oils as the product of purely volatilizing organic matter present in the biomass [14]. In
addition, the values of fixed carbon on a dry basis were lower than those obtained by Wu
et al. [34] (7.92% for Douglas fir bio-o0il) and Pienihédkkinen et al. [16] (24.27% for eucalyptus
bio-oil). As fixed carbon is calculated according to the subtraction method, higher volatile
and ash content values reduced the fixed carbon content of the bio-oils.

Table 3. Physiochemical properties of bio-oils and bio-chars obtained from pyrolysis of Douglas fir,

eucalyptus, and poplar.

Analysis Type Douglas Fir Eucalyptus Poplar

Bio-0il Bio-Char * Bio-0il Bio-Char * Bio-Oil Bio-Char *
Proximate (%)
Aqlueous/ moisture content (wb) *  8.36 & 0.35 0.72 £ 0.25 6.46 + 0.26 0.60 £+ 0.05 4.05+0.25 0.64 £ 0.13
Volatile content (db) 98.27 £+ 0.30 2594 4+0.17  96.07 4+ 0.89 1290+ 1.22 9520 £ 0.21 23.97 £ 0.11
Ash content (db) 0.02 +0.01 1.09 £ 0.18 0.02 £+ 0.00 5.56 + 0.79 0.01 £+ 0.00 3.00 +0.38
Fixed carbon (db) ** 1.71 72.97 391 81.55 4.79 73.04
Ultimate (%, db)
c* 6098 £0.16%  70.32+090 63.44+0.05° 9516+0.73 6916 £020°¢  90.35+0.23
H 6.66 + 0.26 2 3.06 + 0.01 6.44+0.172 3.56 &+ 0.07 6.64 +0.292 8.66 £+ 0.30
N 0.00 £ 0.00 0.01 £+ 0.00 0.17 +0.01 0.41 £+ 0.06 0.16 = 0.04 0.18 £ 0.08
S 0.04 £+ 0.00 0.03 £ 0.00 0.06 £+ 0.01 0.03 + 0.01 0.05 £+ 0.03 0.08 + 0.01
o** 32.32 +0.42 26.57 + 0.66 29.89 4+ 0.24 0.84 +0.73 24.00 £+ 0.51 0.73 £ 0.61
HHV M]J kg™ 1) 22.95 £+ 1.00 28.43 +£1.09 2426 +0.15 32.66 +£2.06 2532 +1.92 38.23 +£0.23
TAN (mg KOH g~ 1) 56.37 + 1.41 46.91 £+ 1.39 NA 35.53 £ 0.96 NA
Density (g cm—3) 1.22 1.17 NA 1.17 NA
Kinematic viscosity (mm? s—1) 123.5 £ 0.71 83.3 +£0.85 NA 114 +0.71 NA

wb = wet basis, db = dry basis; * aqueous content for bio-oil and moisture content for bio-char; ** calculated by
the difference; * ultimate and HHYV results for bio-chars are on an ash-free basis; proximate and ultimate analysis
experiments were conducted three times; # statistical test results at a level of significance = 0.05; different letters
denote a significant difference among the results.

From the ultimate analysis results (Table 3), the carbon content of the bio-oils was
found to be more significant than that of their respective biomasses, indicating the effec-
tiveness of pyrolysis in increasing the carbon content. The poplar bio-oil had a significantly
higher carbon content (69.16 & 0.20%, db) as compared to the eucalyptus (63.44 £ 0.05%,
db) and Douglas fir (60.98 & 0.16%, db) oils based on the ANOVA test, with a level of
significance = 0.05, which is due to the efficient decomposition of the poplar at 500 °C
compared to Douglas fir and eucalyptus. Previous pyrolysis experiments conducted by
Bok et al. [13] found a maximum of 59.19% elemental carbon content in bio-oil obtained
from Douglas fir. Also, Wan Sulaiman and Lee [11] found 75.21% elemental carbon content
in bio-oil resulting from eucalyptus pyrolysis, attributed to waterless solvent extraction.
In addition, Kim et al. [17] found the elemental carbon content to be 53.89% for the bio-
oil obtained after the pyrolysis of yellow poplar, resulting from its higher water content
(25.4%). Also, the hydrogen contents of the bio-oils in this experiment are comparable
to the results from previous studies [11,13,17]. There was no significant difference in the
hydrogen content of the bio-oils. The oxygen contents in this experiment were lower than
33%. Previous pyrolysis experiments conducted by Bok et al. [13] had a minimum of almost
30.15% elemental oxygen in bio-oil obtained from Douglas fir. Also, Wan Sulaiman and
Lee [11] found 10.54% elemental oxygen content in eucalyptus bio-oil, which was attributed
to it being a waterless bio-oil obtained from solvent extraction. In addition, Kim et al. [17]
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found the elemental oxygen content to be 36.46% for bio-oil obtained after the pyrolysis of
yellow poplar, resulting from the higher water content (25.4%).

3.3.2. High Heating Value (HHV)

Poplar bio-oil contained the highest HHV of 25.32 MJ kg~ ! (Table 3), which is close
to that reported in a previous study [17]. This can be attributed to the higher carbon
content in the bio-oil. Among the bio-oils, the minimum HHYV was found for Douglas fir
(22.95 MJ kg 1), however, which is still higher than that of previous studies [13,30]. The
lowest HHV can be ascribed to the highest aqueous content of this bio-oil.

3.3.3. Total Acid Number (TAN)

The TAN for Douglas fir bio-oil was the highest, with a value of 56.37 mg KOH g !
(Table 3), followed by eucalyptus, with a value of 46.91 mg KOH g~'. However, poplar
had the lowest TAN value of 35.53 mg KOH g~!. The lowest TAN value for poplar bio-oil
suggests that with further treatment of this crude, it could be used for fuel applications. The
lowest TAN value for poplar bio-oil is due to the formation of fewer acidic compounds dur-
ing pyrolysis, which is supported by the GC-MS results. A lower TAN value is preferable,
as bio-oil with a lower TAN is more stable and less corrosive. A higher TAN value suggests
higher corrosivity. The value of TAN can range from 25 to as high as 200 mg KOH g~! for
lignocellulosic biomass based on the pyrolysis operating conditions and the type and loca-
tion of the biomass [35,36]. Bio-oils obtained from the pyrolysis of Douglas fir, eucalyptus,
and poplar in previous studies had higher TAN values compared to the bio-oils obtained
in this study [15,16,37]. The higher TAN values in those studies could be due to the regular
condensation system applied in their experimental setup. In this study, an ESP was used
in addition to the usual condensation system for the pyrolysis gaseous products, which
resulted in bio-oils with lower water contents and larger quantities of phenolic compounds,
and hence lower TAN values.

3.3.4. Density and Kinematic Viscosity Analysis

The density of Douglas fir bio-oil was 1.22 g cm~3 (Table 3), similar to the value
found in the study by Bok et al. [13]. For both the eucalyptus and poplar bio-oils, it
was 1.17 g cm 3, slightly higher than that in the previous research [11]. The kinematic
viscosity ranged from 83 to 124 mm? s~! for the different bio-oils. Bio-oil obtained in
previous experiments had a relatively lower viscosity [11,13,17]. The higher viscosity values
compared to their experiments can be attributed to the use of electrostatic precipitation to
collect the bio-oil, which reduced the water content in the bio-oils to less than 10%. The
lower water content aided the increment in the kinematic viscosity.

3.3.5. Thermogravimetric Analysis (TGA)

The result of thermogravimetric analysis (TGA) of the bio-oils from different biomasses
(Figure 2) showed each bio-oil degraded at temperatures around 200 °C and 600 °C. The
degradation of the bio-oils at 200 °C is due to the decomposition and burning of smaller
and lighter organic compounds; however, the degradation of bio-oils around 600 °C can
be ascribed to the decomposition and burning of heavier organic compounds, as shown
from the GC-MS results (Table S2). The derivative of thermal degradation (DTG) curve
shows that the bio-oil from Douglas fir had a wider range of degradation, around 150 °C
to 350 °C, compared to the bio-oils from other biomasses, which can be attributed to
the larger proportion of cellulosic compounds present in it. In contrast, the bio-oil from
eucalyptus had a larger area of the DTG, around 500 °C to 625 °C, indicating a higher
phenolic proportion.
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Figure 2. TGA and derivative thermogravimetry (DTG) curves for bio-oils from Douglas fir, eucalyp-
tus, and poplar.

3.3.6. Fourier Infrared Transform (FTIR) Analysis

The FTIR spectra presenting the functional groups in the bio-oils from Douglas fir,
eucalyptus, and poplar are presented in the Supplementary Materials (Figure S1). The same
peaks were observed for the bio-oils from different biomasses; however, their intensity was
different, which can be ascribed to the presence of the same organic compounds, however,
at different concentrations. From the FTIR spectra, it was observed that for each bio-oil,
the functional groups present were O-H stretching alcohol (3550-3200 cm 1), C-H stretch-
ing alkane (3000-2840 cm 1), carbonyl stretching conjugated aldehyde (1710-1685 cm™1),
aromatic O-H (1600~1500 cm '), and O-H bending carboxylic acid (1440-1395 cm ™). Fur-
thermore, the C-H bending vibration from 850 to 1300 cm ! confirms the presence of esters
and alcohols. The phenolic compounds in the bio-oils can be ascribed to the degradation
of lignin present in the lignocellulose biomass [9,14]. In contrast, alkanes, aldehydes, car-
boxylic acid, alcohols, esters, and their derivatives may arise due to hemicellulose and
cellulose degradation. The GC-MS results (Table 4) further corroborate the FTIR results.

Table 4. Organic compounds present in the bio-oils of Douglas fir, eucalyptus, and poplar.

Bio-Oil Source (Area%)

Compound Type

Douglas Fir Eucalyptus Poplar
Carbohydrate-derived 44.48 26.42 18.94
Lignin-derived 42.29 60.62 67.04
H-lignin 9.59 38.77 33.74
G-lignin 32.70 17.38 22.83
S-lignin 0.00 4.47 10.47

3.3.7. Gas Chromatography-Mass Spectroscopy (GC-MS) Analysis

The GC-MS analysis of the bio-oils showed that almost 90 compounds (Table S2)
resulted from biomass decomposition. The compounds obtained from the bio-oils were
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grouped into carbohydrate- and lignin-derived compounds (Table 4). Lignin-derived
compounds consist of H-lignin, G-lignin, and S-lignin compounds.

The higher percentage of carbohydrate-derived compounds in the Douglas fir bio-oil
(44.48%) can be ascribed to the higher decomposition of cellulose and hemicellulose, as
observed by Gronli et al. [38]. Although the lignin content of Douglas fir (Table 1), a
softwood [39], was higher than that of poplar, its bio-oil contained the lowest level of
lignin-derived compounds (42.29%) compared to that of eucalyptus (60.62%) and poplar
(67.04%). The discrepancy in the concentration of the lignin-derived compounds in the
bio-oil and the lignin content of the respective biomass can be explained by the number of
easily breakable (3-O-4 linkages present in the biomass [40,41]. For instance, for the same
mass of Douglas fir and poplar, Yoo et al. [31] found 87 (3-O-4 linkages in poplar, which
was greater than the number of 3-O-4 bonds present in Douglas fir (total linkages = 68).
The cleavage of the 3-O-4 bonds in the hardwood increases the level of lignin-derived
compounds. The increase in the lignin-derived compounds enhances the OH concentration.
Notably, no S-lignin compounds were present in the Douglas fir bio-oil, as it is a softwood
with no syringol-type compounds.

3.3.8. Phosphorous Nuclear Magnetic Resonance (*' P-NMR) Analysis

From the 3'P-NMR analysis, the total OH concentration was the maximum (6.06 mmol g ')
for poplar bio-o0il and the minimum (4.06 mmol g’l) for Douglas fir bio-oil (Table 5). Fewer
studies have conducted 3'P-NMR tests on bio-oil obtained after the pyrolysis of biomass
(other than Douglas fir, eucalyptus, and poplar without bark) and quantified the OH
concentration. For example, David et al. [42] pyrolyzed loblolly pine, sweet gum, and lignin
and cellulose from loblolly pine and found the OH concentrations for the pyrolyzed bio-oils
to be 2.62 mmol g_l, 1.54 mmol g_l, 2.90 mmol g_l, and 2.95 mmol g_l, respectively. The
lower OH concentrations in their experiment were because of the higher aqueous content
of the bio-oils, as no ESP was used to collect the bio-oils. Similarly, Ben et al. [43] found
the total OH concentrations to be 6.50 mmol g}, 6.30 mmol g}, and 7.68 mmol g~! for
bio-oils from Douglas fir bark, raw pine bark, and pine bark, respectively. The higher
OH concentrations were due to the application of bark as the feedstock material, which
yielded higher levels of aliphatic OH. In this study, the aliphatic OH concentration was the
maximum (2.02 mmol g~ !) for the Douglas fir bio-oil. The increased number of aliphatic
OH groups in the Douglas fir bio-o0il can be attributed to cellulose decomposition, which
yields levoglucosan as the primary product [44]. Levoglucosan (which has three aliphatic
OH groups) is formed after the cleavage of cellulosic glycosidic bonds [40]. The GC-MS
results also show that Douglas fir bio-oil includes a significant percentage of levoglucosan.
After aliphatic OH, catechol, guaiacol, and p-hydroxy-phenyl OH were found to be the
dominant OH groups for Douglas fir, while for eucalyptus and poplar bio-oils, these were
the predominant OH groups. Furthermore, the presence of these OH groups may be
ascribed to the breakage of the 3-O-4 bonds present in the lignin [45,46]. The dominance
of catechol, guaiacol, and p-hydroxy-phenyl OH over aliphatic OH in the eucalyptus and
poplar bio-oils can be ascribed to lignin depolymerization.

The ANOVA test was performed on the OH numbers for the different bio-oils with
a level of significance o = 0.05. The p-value obtained was 0.03, which is less than «.
Thus, the OH concentration was affected by the type of biomass. Tukey’s test showed
that poplar bio-oil had a significantly greater OH concentration than Douglas fir and
eucalyptus bio-oils. The higher OH concentration of poplar is due to the presence of a
large number of 3-O-4 bonds in poplar, which results in a higher number of H-lignin and
S-lignin compounds in the bio-oil, as observed from the GC-MS results [31,33,39]. Bio-oil
with higher concentrations of OH can be used to replace a higher proportion of synthetic
phenols during resin synthesis reactions. Thus, based on the OH concentration, it could
be concluded that poplar as a feedstock would be a suitable choice for the synthesis of
bio-resins such as phenol-formaldehyde, phenol-acetaldehyde, and epoxy, which could be
used in 3D printing of bio-based materials [3,21].
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Table 5. Hydroxyl group contents of pyrolysis oils produced from Douglas fir, eucalyptus, and poplar
at 500 °C.

. . Cs-Substituted Catechol, Guaiacol, and . .
Aliphatic OH Guaiacol PhenolicOH  p-Hydroxy-Phenyl OH Acid-OH Total
Integration region (ppm)  150.0-145.0 144.7-140.2 140.2-137.3 136.6-133.6  150.0-136.6
Douglas fir 2.02 £0.32 0.20 £ 0.04 1.25 £+ 0.16 0.60 £0.03 4.06 +0.182
Eucalyptus 1.37 £ 0.42 0.51 £ 0.11 1.80 £ 0.01 0.67 +£0.01 4.35+0.532
Poplar 1.69 £+ 0.21 0.70 £ 0.19 3.24 +0.30 043+0.14 6.0640.08°

3IP-NMR experiments were conducted twice. * Statistical test results are at a level of significance = 0.05. Different
letters (*®) denote significant differences among the results. Increasing order of the letters indicates an increase in
the OH concentration.

3.4. Characterization of Bio-Chars
3.4.1. Ultimate and Proximate Analyses

As most of the volatile content available in the biomass was converted into bio-oil, the
volatile content of the bio-chars was found to be less than 30%. This led to an increase in the
fixed carbon content of the bio-chars (Table 3). The bio-chars obtained from the pyrolysis of
Douglas fir and poplar had up to 78.12% and 85.74% elemental carbon, similar to the results
from Wu et al. [34] and Chen et al. [47], respectively. The elemental hydrogen, nitrogen,
and sulfur contents are fairly close to the results obtained in previous studies [34,47].

3.4.2. High Heating Value (HHV)

The HHYV of the bio-chars is presented on a dry ash-free basis. The poplar bio-char
contained the highest HHV, at 38.23 M] kg’l (Table 3), which is close to that of the previous
study [17]. This can be attributed to the higher carbon contents in the bio-char. The HHVs
for the Douglas fir and eucalyptus bio-chars were 28.43 and 32.66 MJ kg~ !, respectively,
which are comparable to the HHVs of the bio-chars obtained by Wu et al. [34] and Heidari
etal. [14].

3.5. Reaction Mechanism

Lignocellulosic biomass constitutes cellulose, hemicellulose, and lignin. Pyrolysis at el-
evated temperatures causes the thermal decomposition of these available natural polymers
to generate bio-char, non-condensable gases, organic monomeric compounds, dimers, and
oligomers (Table S2). Bio-char is formed from biomass carbonization and the repolymeriza-
tion of monomers, dimers, and oligomers. Under high-temperature fast pyrolysis, cellulose
undergoes three distinct processes, dehydration, depolymerization, and decomposition, to
yield levoglucosan and other anhydrosugars. Lu et al. [48] explained that the breakage of
the glycosidic bonds present in cellulose leads to the formation of reducing sugars; how-
ever, during fast pyrolysis, the complete breakage of all glycosidic (3-1-4) bonds becomes
impossible, which leads to the formation of levoglucosan, along with various anhydrous
disaccharides and oligosaccharides, having multiple degrees of polymerization. However,
these dimers and oligomers were not detected from GC. Levoglucosan was each bio-oil’s
primary carbohydrate-derived organic compound (Table S2). In addition to levoglucosan,
the other primary carbohydrate-derived compounds were 2-hydroxy-2-cyclopenten-1-one,
3-methyl-1,2-cyclopentanedione, D-allose, and furfural, which were formed from thermal
degradation, including ring opening, ring cleavage, and rearrangement reactions occur-
ring in the hemicellulose [49]. The breakage of the glycosidic (3-1-4) bonds present in
hemicellulose might produce dimers, oligomers, and monomeric compounds.

The pyrolysis of lignin produces oligomers, dimers, and monomeric compounds.
The phenolic monomer compounds represented by H-lignin, G-lignin, and S-lignin are
made from the cleavage of C-C, C-O, or 3-O-4 bonds at a high temperature. The major
H-lignin compounds were phenolic monomers like 4-methyl-1,2-benzenediol, 3-methyl-
1,2-benzenediol, 4-ethyl-1,3-benzenediol, hydroquinone, and phenol. The production of
these monomers is due to the cleavage of the C-C or 3-O-4 bonds present in lignin. The
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separation of 3-O-4 of the guaiacol unit led to the formation of G-lignin compounds. Several
2-methoxy phenolic compounds are examples of G-type lignin compounds. 2, 6-dimethoxy
phenolic compounds, grouped into S-lignin compounds, were present in the eucalyptus
and poplar bio-oils, which can be ascribed to the breakage of 3-O-4 bonds, in addition to the
Cy and Cg linkages present in the syringol unit of the lignin. The monomers formed during
pyrolysis reactions can undergo repolymerization reactions to form their respective dimers
and oligomers. The breakage of 3-O-4 bonds leads to an increase in the OH concentration
of the bio-oil.

Bio-char formed during the pyrolysis process flows to the filter area (Figure 1), along
with pyrolysis vapors. The filter allows only pyrolysis vapors to pass through it, trapping
the bio-char in the filtration chamber. The bio-char trapped in the filtration chamber acts
as the catalyst, performing catalytic cracking of the pyrolysis vapors. The emergence of
cellulosic, hemicellulosic, and lignin-derived monomers can also be attributed to such
catalytic cracking of the pyrolysis vapors by the bio-char.

4. Conclusions

The effects of different woody biomasses (Douglas fir, eucalyptus, and poplar) on
bio-oil composition were investigated comprehensively. As a novelty, this research includes
quantification of the hydroxyl groups (-OH) with the help of 3'P-NMR analysis, which
is helpful for preparing bio-based resins. The effective pyrolysis of poplar led to the
highest carbon content (69.16%) in the poplar bio-oil and a higher OH concentration
(6.06 mmol g 1). This can be ascribed to a higher number of 3-O-4 bonds, which leads to
an increase in lignin-derived compounds (phenolics). Poplar as a feedstock would be a
suitable choice for resin synthesis.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/en17122800/s1. Table S1: Characterization methods for feedstocks,
bio-oils, bio-chars, and aqueous phases [50,51]; Table S2: Compounds from the GC-MS of bio-oils
from pyrolysis of Douglas fir, eucalyptus, and poplar; Table S3: Total organic carbon (TOC) and total
nitrogen (TN) contents of the aqueous phases; Figure S1: Fourier infrared transform (FTIR) spectra of
bio-oils from Douglas fir, eucalyptus, and poplar.
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