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ABSTRACT: Pyrolysis bio-oil from biomass is a promising
intermediate for producing transportation fuels and platform
chemicals. However, its instability, often called aging, has been
identified as a critical hurdle that prevents bio-oil from being
commercialized. The objective of this research is to explore the
bio-oil aging mechanism by an accelerated aging test of
fractionated bio-oil produced from loblolly pine. When water
soluble (WS), ether insoluble (EIS), and pyrolytic lignin (PL)
fractions were aged separately, the increased molecular weight
(Mw) was observed with increasing aging temperature and the
presence of acids. WS and EIS fractions had high Mw brown
solids formed after aging. Adjusting the pH of WS and EIS
fractions from 2.5 to 7.0 significantly reduced the tendency of a Mw increase. Similar Mw rise was also observed on a PL fraction
with an elevated temperature and acid addition. Formaldehyde was found to react with the PL fraction in the presence of any acid
catalysts tested, i.e., 8-fold Mw increase in acetic acid environment, while other bio-oil aldehydes did not significantly promote
lignin condensation. To better understand bio-oil stability, a potential bio-oil aging pattern was proposed, suggesting that bio-oil
can be aged within or between its fractions.
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■ INTRODUCTION

Bio-oil condensed from biomass pyrolysis vapor is a dark-
brown viscous liquid and has economic potential to be
upgraded into transportation fuels using current refinery
infrastructure. However, it shares no similarities with fossil oil
in terms of fuel property. Typical bio-oil contains high oxygen,
water, and acid content. Due to the presence of oxygen-rich
compounds, e.g. aldehydes, bio-oil is neither chemically nor
thermally stable. The unstable nature of pyrolysis oil makes its
storage and further upgrading challenging, as aged bio-oil
typically shows increased water content, viscosity, and phase
separation. In addition, catalyst coke formation is also closely
related to its high reactivity during upgrading at an elevated
temperature.1

The bio-oil aging phenomena can be explained by polymer-
ization of bio-oil components under acidic and thermal
conditions catalyzed by the mineral compounds contained in
bio-oil char particles.2,3 Diebold4 proposed that diverse aging
reactions could occur in bio-oil, e.g., esterification of organic
acids with alcohols and resin formation from aldehydes and
phenols. However, none of these proposed reactions have been
experimentally verified in a chemical environment similar to
bio-oil. Therefore, the current knowledge on bio-oil aging and
its reaction chemistry is largely based on empirical correlation
and speculations.
The extreme complexity of bio-oil composition adds great

difficulties to its aging mechanism study. Current aging research

mainly focuses on developing strategies to slow down its aging
rate based on observations of the physicochemical changes in
bulky bio-oil properties.5−8 Studies on bio-oil polymerization at
a molecular level have rarely been published because the result
interpretation is nearly impossible with over 300 different
chemical compounds in bio-oil. Hu and his co-workers9

reported a bio-oil polymerization study by heating the bio-oil
model compounds under gradually increased temperature and
concluded that sugars, acids, phenolics, and furans contribute
significantly to bio-oil instability. Although this work is of great
importance to the understanding of bio-oil aging reactions, the
model compounds used in the study did not represent the
whole bio-oil composition.
An ideal substrate for an aging study that can be

representative but also has relatively simple composition is a
fractionated bio-oil. Additionally, the heterogeneous nature of
bio-oil as a microemulsion10 might suggest that the actual aging
reaction could preferentially occur in each individual fraction.
Therefore, the aging study using an individual bio-oil fraction
and its mixture is expected to provide an insight on aging
mechanisms.
A bio-oil fractionation has been developed11 by water

extraction to separate bio-oil into a water soluble (WS) and
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water insoluble fraction (WIS); the water soluble fraction can
be further extracted with diethyl ether and fractionated into an
ether soluble (ES) and ether insoluble (EIS) fraction. The
water insoluble fraction is typically referred to as pyrolytic
lignin that contains lignin monomers, e.g., guaiacol and
oligomers. The ether insoluble fraction is defined as pyrolytic
sugar that contains anhydrosugars, oligo/polysaccharides, and
aliphatic hydroxyacids. The ether soluble fraction contains
mainly volatile organics, such as aldehydes, ketones, alcohols,
and acids. Applying these fractions into a bio-oil aging study
can help elucidate their individual role in bio-oil reaction
chemistry.
In this work, an investigation on the bio-oil aging reactions

under different temperature and pH has been performed on
isolated bio-oil fractions, which are much more representative
to actual reaction environments than model compounds. This
particular aging study, for the first time, demonstrated the aging
behavior of individual bio-oil fractions. Additionally, one of the
most probable aging interactions between aldehydes and
pyrolytic lignin was carried out with various aldehyde
compounds identified in bio-oil.

■ EXPERIMENTAL SECTION
Bio-Oil Production. Loblolly pine chips were ground and sieved

into small particles (<0.5 mm). The bio-oil was produced using a
fluidized bed reactor (O.D. 43 mm, 150 g/h feed capacity) at 500 ± 10
°C with ∼1 s residence time as described previously.12 A total of 1 L of
raw bio-oil was produced for the aging study with an average liquid
yield of ∼65%. The elemental analysis and physicochemical properties
of fresh and aged bio-oil such as water content, viscosity, molecular
weight, and TAN (total acid number) are summarized in Table 1.

Solvent Fractionation. The bio-oil solvent fractionation was
performed according to a method described elsewhere.13 Simply, the
bio-oil was first extracted with excess DI water (bio-oil:water = 1:30 wt
ratio) and separated into water soluble (WS) and water insoluble
(WIS) fractions. The WS fraction was further extracted with diethyl
ether (v:v = 1:1) into ether soluble (ES) and ether insoluble (EIS)
fractions. The WIS fraction was extracted with dichloromethane (v:v =
1:1) into low molecular mass lignin (LMM) and high molecular mass
(HMM) lignin fractions.
Bio-Oil Accelerated Aging. Approximately 10 g of bio-oil was

aged in a reaction tube (ACE 8648-04) under 80 °C for 24 h in a
convection oven.14 The bio-oil aging index was calculated according to
eq 1, where P stands for a particular bio-oil property. Accelerated aging
is denoted as AA.

= − ×− − −Aging index (P P )/P 100%Aged bio oil Initial bio oil Initial bio oil

(1)

For the accelerated aging of bio-oil fractions, 10 g of bio-oil WS
fraction (∼90% water, pH 2.5) and EIS sugar fraction (∼80% water,
pH 2.6) were aged under 80 and 110 °C, respectively, for 24 h. To
investigate the pH effect on bio-oil aging severity, WS and EIS
fractions were neutralized using NaOH and aged at 80 °C. The aged
WS fractions were dissolved in THF for GPC (gel permeation
chromatography) analyses, and the aged EIS fraction were rotatory
vacuum-dried for further 13C NMR and GPC characterization.
Accelerated aging of the WIS lignin fraction (∼3% water, 1g loading)
was performed with/without adding carboxylic acids (acetic and
formic acids) under 80 or 110 °C for 24 h. The aged lignin samples
were rotatory vacuum-dried to remove the moisture and acids for
further GPC and 13C NMR characterization. The aging experiments
were repeated at least twice, and the average value was reported.

Bio-Oil Characterization: GPC and NMR. The average molecular
weight was analyzed by GPC (Shimadzu HPLC, LC-20AD) with a RI
and an UV detector. Two columns (Waters, HR-1 and HR-5E) at 35
°C were connected for the separation of bio-oil components.
Tetrahydrofuran (THF) was used as the mobile phase at 0.7 mL/
min. The samples were dissolved in THF to approximately 0.5 mg/mL
(pyrolytic lignin) or 2 mg/mL (others) and then filtered through a
0.25 μm filter. Twelve polystyrene standards with the molecular weight
ranging from 162 to 3,520,000 g/mol were used to generate a
calibration curve.

13C NMR characterization of bio-oils was recorded in a DMSO-d6
solution (25% wt/wt) with a 5 mm NMR tube using a Bruker Avance
700 MHz NMR spectrometer. The NMR experiments were conducted
with a cryoprobe (279 K). 13C spectrum was obtained by an inverse
gated decoupling pulse sequence, 90° pulse angle, 2.5 s pulse delay
time, and a total of ∼20,000 scans at 25 °C. The spectra integration
was conducted using Topspin 3.2.

Phenol−Glycolaldehyde Reaction. Glycolaldehyde was gener-
ated in situ when heating the glycolaldehyde dimmer (Sigma-Aldrich,
G6805) solution above 70 °C during the reaction.15 In three vials, 0.01
mol of phenol and 0.005 mol of glycolaldehyde dimer was prepared
along with three different acid catalysts: (a) 3 mL of acetic acid, (b) 3
mL of formic acid, and (c) 3 mL of HCl (0.5 mol/mL). One milliliter
of DI water was added into the reaction vials when acetic acid and
formic acid were used. A control vial with 0.005 mol of glycolaldehyde
dimer and 3 mL of HCl (0.5 mol/mL) without phenol addition was
also included. After mixing, the four vials were placed in a silicone oil
bath at 90 °C for 24, 12, 5, and 2 h, respectively. The reaction products
were rotatory vacuum-dried to remove the water and acids for 13C
NMR characterization.

Pyrolytic Lignin−Aldehydes Reaction. Approximately 60 g of
pyrolytic lignin (PL) was isolated from bio-oil using the ice−water
precipitation method.16 The collected wet lignin was vacuumed-dried
at 30 °C for 24 h. After vacuum drying, PL was in a sticky gum shape,
similar to plasticene, and contained ∼3% moisture.

Several aldehydes identified in bio-oil, including formaldehyde,17

glycolaldehyde, furfural, hydroxymethylfurfural (HMF), and vanillin,
were reacted with PL under 80 °C for 24 h. Approximately, 1 g of PL
along with the aldehydes and acid catalyst were added into a 15 mL
reaction tube. The weight ratio between PL to aldehydes and acid was
kept at 6:1:6. In addition, 0.3 mL of DI water was added into the
reaction tubes except the one containing formaldehyde, as form-
aldehyde was already added as a water solution (37 wt %). The
carboxylic acids could fully dissolve the lignin, forming a uniform
reaction media for the potential reaction between PL and aldehydes.
After the reaction, the solutions were cooled to room temperature and
vacuum-dried. In the case of the solid resin formed in the reaction
tube, the reaction products were dissolved in acetone and then
vacuum-dried. 13C NMR analyses of the lignin−aldehyde reaction
products were conducted with a Bruker Avance DRX 500 MHz NMR
spectrometer.

Table 1. Characterization of Fresh and Accelerated Aged
Bio-Oil from Loblolly Pine

raw bio-oil aged bio-oila

elemental analysis (dry base)
C, % 50.1 51.1
H, % 6.65 6.31
O, %b 42.7 42.0
N, % 0.53 0.63
O/C atomic ratio 0.64 0.62
physicochemical properties
water content, % 19.8 23.9
viscosity, cp 16.4 55.7
Mwc, g/mol 340 660
Mnc, g/mol 270 370
TAN, mg KOH/g 58.9 68.5

aAccelerated aged at 80 °C for 24 h. bOxygen content was calculated
by difference. cMw and Mn are determined by a RI detector.
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■ RESULTS AND DISCUSSION
Individual Aging of Bio-Oil Fractions. Accelerated

Aging of Water Soluble Fraction and Ether Insoluble Sugar
Fraction. It has been suggested that the aldehydes, acids, and
sugars are the main villains causing bio-oil aging and catalyst
coking,4,18−20 and the WS fraction is the main host of these
three groups. Therefore, understanding the aging behavior of
the WS fraction is critical to reveal the overall bio-oil aging
mechanism. In addition, as part of the WS fraction, the EIS
sugar fraction also participates actively in the aging reactions, as
these sugars are typically reactive under acidic heating
conditions.
The initial WS and EIS fractions were light-yellow clear

liquids. After accelerated aging at 80 °C, there was a trace
amount of brown solids formed, but the liquid color of the aged
WS and EIS remained unchanged. When aged at 110 °C, a
significant amount of dark-brown solids (arrows in Figure 1),

especially for the EIS fraction (∼0.30% for WS and ∼1.25% for
EIS based on dry WS and EIS fractions), was accumulated
inside the tube. The solid formation from the aged WS and EIS
fractions explains why they had a decreased quantity observed
from the results on the whole bio-oil aging. The average
molecular weight of accelerated aged bio-oil fractions are
summarized in Table S1 of the Supporting Information, and the
Mw aging indexes are plotted in Figure 2. After a heat
treatment under an acidic condition (pH 2.5) at 80 °C, no
apparent Mw change was observed for the liquid phase of the
aged WS and EIS fractions (Figure 2a). However, the
precipitated brown solids showed a significant Mw increase

when compared to their starting liquid fractions. Similar but
more pronounced effects, especially for the WS fraction, have
been found when the aging temperature was adjusted to 110
°C.
The detailed aging mechanism of the WS and EIS fractions is

not clearly demonstrated in the literature, but it is considered to
be initiated by acid-catalyzed sugar decomposition forming
reactive compounds such as hydroxymethylfurfural, which
possess hydroxyl, carbonyl groups, and conjugated double
bonds, followed by repolymerization of these degradation
products (Figure 3a). In this reaction pathway, the acid catalyst
plays an important role in promoting the initial sugar
degradation and the secondary repolymerization reactions.
Therefore, it is expected that the reaction rate would be
significantly decreased if the acids could be removed from the
bio-oil fractions. To test this hypothesis, the pH value of the
WS and EIS fractions was slowly adjusted to 7.0, and the
resulting neutral fractions were aged under 80 °C for 24 h.
After aging, the WS and EIS fractions, especially the solid parts,
showed a significantly less molecular weight increase than that
under acidic conditions in Figure 2b. Similar results were also
observed when whole bio-oils were neutralized and aged under
accelerated aging conditions. This suggests that the con-
densation reactions of WS and EIS fractions are acid-catalyzed
reactions.
To further elucidate the aging reaction of pyrolytic sugar, the

fresh and aged EIS fractions were analyzed by 13C NMR. In
Table 2, the carbonyl carbon decreased, while the amount of
CC carbon increased significantly after aging. The reduced
carbonyl signal could be achieved by condensation reactions
similar to aldol condensation in Figure 3b. The increased CC
carbon may support the above-mentioned sugar degradation
and repolymerization path as the typical sugar degradation
products, e.g., furfural, contain such conjugated carbon double
bonds. In addition, the aldol condensation products also
contain such π bonds. For the six carbon sugar ring structure,
the number of C1 end carbons and C1−O−C4 carbons
decreased, while the aliphatic carbons increased. The content
of C2,3,4,5,6 carbons remain unchanged. The reduced C1 end
carbon and C1−O−C4 carbon suggests that the sugar
fragmentation may occur at a sugar ring structure on the
C1−O−C5 bond and sugar chain structure at the β-1,4 linkage.
The increased aliphatic carbon may originate from the sugar
condensation products, e.g., the brown solid. In all, these NMR

Figure 1. Visual appearance of bio-oil WS (water soluble) and EIS
(ether insoluble) fractions after accelerated aging at 110 °C. Arrow
indicates solids formed. A layer of solids adhered to the tube wall in
the EIS-AA were observed by reversing the reaction tube (EIS-AA-
reversed).

Figure 2. Mw aging index of bio-oil fractions after the accelerated aging test. (a) Aging indexes were obtained with WS (water soluble) and EIS
(ether insoluble) fractions heated under pH 2.5 at 80 and 110 °C. (b) Aging indexes were obtained with WS and EIS fractions heated under pH 2.5
and 7.0 at 80 °C. (c) Aging indexes were obtained with WIS (water insoluble) lignin fraction with or without acid catalysts at 80 and 110 °C.
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results support the two-stage sugar degradation and repolyme-
rization mechanism.
Accelerated Aging of Pyrolytic Lignin Fraction. Phase

separation and sticky gum (viscous liquid) formation are often
observed after bio-oil aging especially at a high heating
temperature. As the WS and EIS fractions did not produce
such gum after aging, it is considered that these gum aggregates

are mainly formed from the condensation and aggregation of
the bio-oil lignin fraction.
The average molecular weight of aged PL with/without acid

addition is presented in Table S2 of the Supporting
Information. As shown in Figure 2c, the molecular weight of
aged PL increased significantly in an acid-free environment.
Adding acetic acid could further promote the lignin

Figure 3. Tentative condensation of sugar and lignin fractions during bio-oil aging: (a) sugar decomposition and condensation forming humins, (b)
aldol condensation of furfural and ketone, (c) acid-catalyzed lignin condensation, (d) radical initiated lignin condensation, and (e) phenol
glycolaldehyde coupling. Aromatic carbon showed as C1′, C2′, and C4′ after glycolaldehyde substitution.

Table 2. 13C NMR Characterization of Aged Pyrolytic Sugara (EIS)

210−166 ppm
of carbonyl 166−110 ppm CC 100−105 ppm of C1−O−C4

88−100 ppm
of C1 end

88−60 ppm
of C2,3,4,5,6

38−0 ppm
aliphatic

EIS-Raw, % 6.8 4.7 11.5 20.0 45.8 11.2
EIS-AAb, % 4.9 8.1 10.6 16.7 45.7 14.0

aIntegration range was determined based on carbon chemical shifts of a cellobiose model, and raw spectra can be found in Figure S1 of the
Supporting Information. bAging condition at 80 °C for 24 h.

Table 3. 13C NMR Characterization of Aged Pyrolytic Lignin (PL)a

PL-Raw PL-AAb PL-AA aceticc PL-AA formicd

210−166 ppm, carbonyl 3.7 5.8 6.2 6.9
166−142 ppm, aromatic C−O 15.1 20.4 20.2 23.6
142−125 ppm, aromatic C−C 22.6 25.0 23.9 27.2
125−102 ppm, aromatic C−H 25 22.4 21.6 17.8
90−58 ppm, aliphatic C−O 6.6 1.6 1.5 1.7
58−54 ppm, methoxyl/hydroxyl 2.4 2.1 2.3 1.3
37−10 ppm, aliphatic side chain 24.5 23.1 24.4 21.5

aRaw spectra can be found in Figure S2 of the Supporting Information. bAging without acid catalyst. cAging with adding an equal amount of acetic
acid to pyrolytic lignin. dAging with adding an equal amount of formic acid to pyrolytic lignin.
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condensation; however, a more pronounced effect was not seen
until formic acid was added. In addition, the increment was
higher when the aging temperature was raised to 110 °C. It is
well known that acid-catalyzed lignin condensation could take
place between the electron-rich aromatic ring and the cationic
site from benzyl alcohol and benzyl ether at the α-carbon.21

Such condensation will increase the amount of aromatic C−C
linkage in the condensed lignin structure. Interestingly, PL also
polymerized under an acid-free condition, which might be
explained by a free radical reaction mechanism. As suggested by
Britt and Kibert,22,23 free radicals are generated during lignin
pyrolysis, and the presence of these radicals in nature and kraft
lignin has been reported.24 Depending on the location of the
radicals, the condensed lignin structure by radical reactions
could feature an increased amount of aromatic C−O and C−C
bonds.
The 13C NMR analysis of the aged lignin is summarized in

Table 3. These results of the aromatic carbon distribution
support the above inference as the content of aromatic C−O
and C−C bonds increased after aging, compared to that of the
starting lignin. On the contrary, the aromatic C−H bond
decreased. The aged lignin with acetic acid showed less
significant change, compared to that with formic acid,
suggesting the latter is more effective on lignin cross-linking.
The carbon signals at 54−58 ppm that are often assigned to
methoxy groups also decreased after aging. It was suggested
that lignin demethoxylation can happen during the aging
process.25 However, methoxy groups may not be easily cleaved
from aromatic ring unless strong acid or high temperature is
employed. Under mild aging conditions in this study, the
demethoxylation is less likely to happen, and this signal
decrease might be associated with the reduction of other
overlapped signals, e.g., the hydroxyl group attached to the β-
carbon in the lignin side chain.
Pyrolytic Lignin−Aldehyde Reaction. In addition to the

separate aging reactions within individual bio-oil fractions,
mutual aging reactions may also exist. One of the most
important interactions involves the condensation between
phenolic compounds in the WIS fraction and aldehydes in
the ES fraction through the well-known phenol−formaldehyde
reaction.
Model Compounds Study of Phenol−Glycolaldehyde

Reaction. GC/MS characterization on bio-oil made from
loblolly pine identified glycolaldehyde as the most abundant
aldehyde, and the content of this bifunctional chemical
decreased by a factor of 2 after the aging. It may react with
the PL and cause gum formation in the aged bio-oil. However,
no reference has been found on reporting phenol−
glycolaldehyde condensation. In order to verify the potential
reaction between them, glycolaldehyde and phenol (1:1 by
mole) were reacted with three different acid catalysts (acetic
acid, formic acid, and HCl).
Acetic acid may have the least ability to catalyze the phenol−

glycolaldehyde reaction as the liquid product only showed a
slight color change after 24 h at 90 °C (Figure 4a). However, a
black liquid solution after 12 h of heating was formed when
formic acid was used (Figure 4b), and a free-flowing dark oil
phase was formed in the vial containing HCl after 5 h (Figure
4c). As a control, the glycolaldehyde was also heated without
adding phenol under an acidic condition (HCl, Figure 4d) for 2
h, and there was a significant amount of brown solids formed,
suggesting that glycolaldehyde can undergo self-polymerization

via a direct condensation pathway similar to that shown in
Figure 3a and b.

13C NMR analysis was performed, expecting that if the
condensation between glycolaldehyde and phenol did occur, a
similar reaction pathway that generates phenol−formaldehyde
resin may be applied. Specifically, the reaction would start with
aromatic electrophilic substitution (ortho or para) followed by
a condensation step leading to cross-linking. However,
compared to formaldehyde, glycolaldehyde has a bulky group
(−CH2OH) attached to its aldehyde group, which may have a
steric hindrance for the cross-linking reactions to take place,
and it also has high tendency toward self-polymerization.
Therefore, the condensation, if it exists, may only occur at a
limited extent, i.e., dimerization. In addition, due to the dual
functionality of glycolaldehyde (aldehyde and alcohol), various
side-reactions could occur between glycolaldehyde and
carboxylic acid catalysts.
As indicated in Figure 5, all the reaction products contained a

significantly high amount of residual phenol, suggesting its low
reactivity toward glycolaldehyde. The NMR spectrum of the oil
phase (Figure 5c) from the hydrochloric acid-catalyzed reaction
have a featured C1 and C4 aromatic substitution pattern. After
ortho substitution, the aromatic C1 shifted from 157.5 to 155.6
ppm (C1′), and C2 shifted from 115.5 to 127.2 ppm (C2′). For
the para substitution, the aromatic C4 carbon shifted from 119.0
to 133.4 ppm (C4′), and a similar C1 carbon shift was also
observed. These chemical shifting patterns were confirmed with
carbon-shift predications on the proposed substitution
structures using ACD/NMR Processor 10.0, and satisfactory
matching was obtained within ∼0.3 ppm error. When formic
acid was applied as the reaction catalyst, a similar ortho and
para aromatic substitution can also be observed (Figure 5b) as
C1 shifted to C1′ from 157.2 to155.8 ppm, C2 shifted to C2′
from 115.2 to 127.4 ppm, and C4 shifted to C4′ from 118.8 to
132.0 ppm. For acetic acid (Figure 5a), however, such a
substitution pattern has not been detected indicating no
reaction between phenol and glycolaldehyde in a weak acid
reaction medium.
In addition to the aromatic carbons discussed above, the

NMR spectra for the phenol−glycolaldehyde reaction with
acetic acid and formic acid (Figure 5a and b) were found to be
more complicated than that with HCl (Figure 5c). A strong
signal assigned to a carbonyl ester carbon (∼163 ppm) can be
identified for the formic acid-catalyzed reaction indicating the
esterification between formic acid and glycolaldehyde. Acetic
acid can also react with glycolaldehyde forming acetyloxyace-
taldehyde. In Figure 5a and b, the weak carbonyl carbon
(aldehyde type) signal at 200−210 ppm indicates the presence

Figure 4. Phenol−glycolaldehyde reaction solutions with three
different acid catalysts: (a) phenol−glycolaldehyde reaction with
acetic acid, 24 h heating at 90 °C; (b) phenol−glycolaldehyde reaction
with formic acid, 12 h heating at 90 °C; (c) phenol−glycolaldehyde
reaction with HCl, 5 h heating at 90 °C; and (d) glycolaldehyde
reaction formed with HCl without addition of phenol, 2 h heating at
90 °C.
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of a residual aldehyde in the final reaction product. In addition,
a series of oxygen-attached carbon signals were also found
between 60 and 110 ppm, which may originate from the
hydroxyl carbons in the self-polymerized glycolaldehyde
polymers as similar carbon signals (Figure 4d) were also
detected in the control reaction.
Accelerated Aging of Pyrolytic Lignin with Aldehydes

under Acidic Conditions. Formaldehyde, furfural, and HMF
are well-known aldehydes that could react with phenol to
produce phenolic resins.26 Glycolaldehyde, as discussed above,
also has limited reactivity with phenol. To test the potential
condensation between aldehydes and PL, five different
aldehydes previously identified in bio-oil (formaldehyde,
glycolaldehyde, furfural, HMF, and vanillin) were reacted
with PL at accelerated aging conditions. Acetic acid (pKa =
4.75) and formic acid (pKa = 3.75), commonly found in the
bio-oil, were able to completely dissolve PL and were used as
reaction catalysts. Mineral acids were intentionally excluded
here as their presence in bio-oil was not confirmed. Two PL
controls (without adding aldehydes) dissolved in acetic acid or
formic acid were also included.
Before the reaction, the lignin−aldehyde mixtures were well

dissolved in acid as a uniform liquid solution. After heating
under an acetic acid condition, the lignin−formaldehyde
solution turned into a solid, but other samples were still in a
viscous liquid form. In the case of formic acid, black solid
chunks were formed after aging, suggesting a higher degree of
lignin condensation. Moreover, the aged lignin−formaldehyde
products (formic acid catalyst) cannot fully dissolve in THF

indicating a resin formation; therefore, only the THF soluble
fraction was characterized with GPC and 13C NMR.
The average Mw of lignin−aldehyde products are summar-

ized in Table S3 of the Supporting Information , and its Mw
aging index comparisons are expressed in Figure 6. For the
lignin−aldehyde reaction in an acetic acid solution, only
formaldehyde significantly cross-linked the lignin units as the
aging index is 690%. A 13C NMR characterization of this
condensed lignin also showed a strong methylene bridge at ∼30

Figure 5. 13C NMR characterization of phenol−glycolaldehyde reaction products: (a) phenol−glycolaldehyde reaction product formed with acetic
acid, (b) phenol−glycolaldehyde reaction product formed with formic acid, (c) phenol−glycolaldehyde reaction product formed with HCl, and (d)
glycolaldehyde reaction control without addition of phenol formed with HCl acid.

Figure 6. Mw aging index of the pyrolytic lignin−aldehydes reaction
products with different acid catalysts. Asterisk (∗) indicates that the
value was calculated based on the THF soluble portion of the aged PL
(pyrolytic lignin) with formaldehyde and formic acid due to its
insoluble resin product.
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ppm27 indicating an ortho−ortho or ortho−para linkage
between the two phenolic units connected by substituted
formaldehyde. Other aldehydes, including glycolaldehyde,
furfural, HMF, and vanillin, did not show such an effect.
Particularly, the glycolaldehyde cannot effectively condense the
lignin model compound (phenol in acetic acid) as investigated
above.
On the contrary, when formic acid was used to catalyze the

lignin−aldehyde reaction, most of the aldehydes used in this
study seem to promote the condensation, except that vanillin
showed no reactivity as the Mw was almost identical to that of
the control (no aldehyde). NMR characterization on the
phenol−vanillin reaction product showed a fringe-printed
vanillin carbon signal indicating that it did not participate in
the coupling reaction. Among other active aldehydes, form-
aldehyde showed the highest reactivity toward PL cross-linking
due to the formation of THF insoluble resin. Strong chemical
linkage between phenol and formaldehyde observed in 13C
NMR further confirm the reaction. Although aged PL with
glycolaldehyde, furfural, and HMF addition also showed higher
Mw than that of the control PL, no solid resins were obtained
indicating their low reactivity toward lignin condensation.
Moreover, the 13C NMR characterization of these reacted lignin
samples showed a featured glycolaldehyde self-condensation
pattern similar to that shown in Figure 5d and an excessive
amount of residual furfural and HMF. More importantly, no
strong evidence has been found in their NMR spectra
suggesting that they have been coupled with phenol. This
explains why formaldehyde reacts faster than glycolaldehyde,
HMF, furfural with phenol, and it also indicates that they did
not effectively promote the lignin condensation. The increased
Mw may be largely due to aldehyde self-condensation or other
side condensation reactions, e.g., esterification with acid
catalyst.
Proposed Bio-Oil Aging Pattern. On the basis of these

observations, a conceptual model of bio-oil aging is proposed.
The bio-oil is composed of the WS fraction (ES and EIS
fractions) and the WIS fraction (PL). Each of these fractions
undergo different aging reactions forming aged bio-oil. The
WIS fraction condensed after aging, and as a result, it may
separate itself from the bio-oil microstructure to form sticky
gum aggregates. The WS fraction and its subfraction, namely,
EIS (pyrolytic sugar), formed brown solids after aging. The
sugar fraction may decompose into aldehydes and acids and
then repolymerize though an unidentified reaction pathway
forming humins. The ES fraction was not directly aged in this
study. However, its high reactivity can be measured as it
contains highly reactive components; esterification, acetaliza-
tion, and/or aldol-condensation could occur in this fraction.
In addition, each bio-oil fraction could have a synergistic

effect on promoting the bio-oil condensation degree. For
example, the acids in the ES and WS fractions could promote
the condensation of the lignin fraction and decomposition of
the sugar fraction. Aldehydes, especially formaldehyde in the ES
fraction, could effectively cross-link PL even with weak acetic
acid. It appears that these mutual interactions are critical
reasons for bio-oil aging. If acids could be removed from the
WS fraction, then acid condensation of lignin and lignin−
aldehyde reactions would not take place and sticky gum
aggregates may not be formed. The proposed pattern could
serve as grounds to further develop and understand the bio-oil
aging mechanism.

■ CONCLUSIONS

A high degree of condensation measured by average molecular
weight was found with an increase in aging temperature and the
presence of acids in fractioned bio-oils. It was also observed
that solid residue was generated when water soluble and ether
insoluble fractions from pyrolysis bio-oil were aged. The aging
index of the solids fraction increased 2-fold for the WS fraction
at the aging temperature of 110 °C compared to 80 °C, while it
decreased by 10 times for the EIS fraction when the pH was
adjusted from 2.5 to 7.0 at the aging temperature of 80 °C. A
similar trend was found for the lignin fraction, and formic acid
can significantly increase the degree of condensation: 220% vs a
64% and 87% increase in an acid-free and acetic acid
environment, respectively. A model compounds study was
conducted to understand the phenol−glycolaldehyde reaction,
and it was found that the glycolaldehyde can react with phenol
but to a limited extent (dimerization) in the presence of a
proper acid catalyst (e.g., HCl and formic acid). Various
aldehydes identified in bio-oil such as formaldehyde can
increase the molecular weight of aged pyrolytic lignin, while
only formaldehyde showed evidence of chemical cross-linking
the lignin units. The molecular weight of the lignin−
formaldehyde complex increased 4 times with acetic acid
compared to that without formaldehyde addition, while it is
beyond measurement in formic acid solution due to the resin
formation. The results presented in this study suggest that a
bio-oil aging model can be constructed within or between bio-
oil fractions.
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