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ABSTRACT: Development of cross-linked, soft polymeric
materials from biomass has been a focus of research. The
aqueous phase of biomass pyrolysis oil (bio-oil) has been used as
a precursor for monomer synthesis. Pine wood was ground and
pyrolyzed to produce liquid bio-oil which was further separated
into organic and aqueous phases. Gas chromatography−mass
spectroscopy (GC-MS), 31P-nuclear magnetic resonance (31P
NMR), 1H NMR, and Fourier transform-infrared (FTIR)
spectroscopy were used for the characterization of bio-oil and
its derivatives. Methacrylation reaction was carried out on the
concentrated aqueous phase to yield methacrylated aqueous bio-
oil. Acrylated epoxidized soybean oil (AESO) and methacrylated
aqueous bio-oil were blended in different proportions and were
polymerized by free radical polymerization. The polymer
samples were evaluated by FTIR, dynamic mechanical analysis (DMA), Soxhlet extraction, and scanning electron microscopy
(SEM). Tensile modulus, storage modulus, active chains density, and mass retention increased with higher AESO content. The
polymers displayed sub-ambient glass transition temperatures (−30 to −21 °C). The impact of plasticizing and cross-linking
effects of polymer chains on the glass transition temperature was studied with the theoretical Fox and Loshaek models.
Utilization of the low-valued aqueous bio-oil and soybean oil renders the cross-linked polymers potential replacement of
conventional polymers and helps to improve the overall sustainability.
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■ INTRODUCTION

Plant biomass has been widely accepted as an alternate and
renewable resource of chemicals and fuels. Depending on the
species, plant biomass can be remarkably different in its
components and is characterized by great complexity at the
molecular level. Lignocellulosic biomass is one of the main
plant biomass types and is comprised of lignin, cellulose, and
hemicellulose biopolymers bound together.1 The breakdown
of complex macromolecules in the biomass to smaller
compounds has been a general approach to obtain chemicals.
This can be achieved by employing various chemical,
thermochemical, and biochemical processes, such as gas-
ification, pyrolysis,2,3 liquefaction,4,5 torrefaction, and fermen-
tation. Biomass can be subjected to a fast pyrolysis process to
efficiently produce high yields of the liquid fraction that is
often called biomass pyrolysis oil or bio-oil.6 The fast pyrolysis
process often yields bio-oil liquids into separated phases, i.e., a
useful, organic-rich phase and an aqueous phase which is
mostly regarded as a waste stream.7 The aqueous phase of bio-
oil can have a water content as high as 80%, with the remaining
liquid appearing as polar organic compounds which are

degradation products of cellulose and hemicellulose.8,9 Since
the aqueous phase generally has a high water content, it is
rendered as useless for use as conventional fuel. Upgrading the
aqueous phase to a liquid fraction with a higher heating value
can be technically, as well as economically, cumbersome.
Several attempts have been documented regarding the
utilization of the aqueous phase of bio-oil for producing
hydrogen by steam reforming10−16 and supercritical water
reforming.17 Nevertheless, the bio-oil aqueous phase has not
been successfully used for producing functional chemicals,
monomers and polymers, which are highly value-added
applications. On the other hand, the bio-oil organic phase
has been extensively used for synthesis of monomers and
polymers such as phenol-formaldehyde,18,19 epoxy,20−22

polyurethane,23,24 etc.
In the current study, we focus on utilization of waste

aqueous bio-oil to develop acrylic polymers. Conventionally,

Received: September 24, 2018
Revised: December 18, 2018
Published: December 19, 2018

Research Article

pubs.acs.org/journal/ascecgCite This: ACS Sustainable Chem. Eng. 2019, 7, 2216−2224

© 2018 American Chemical Society 2216 DOI: 10.1021/acssuschemeng.8b04897
ACS Sustainable Chem. Eng. 2019, 7, 2216−2224

D
ow

nl
oa

de
d 

vi
a 

A
U

B
U

R
N

 U
N

IV
 o

n 
Ju

ly
 1

5,
 2

01
9 

at
 1

6:
07

:5
5 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.8b04897
http://dx.doi.org/10.1021/acssuschemeng.8b04897


the most commonly used acrylic polymers are obtained from
acrylate and/or methacrylate monomers, such as methyl
methacrylate, ethyl acrylate, n-butyl acrylate, etc. Polyacrylates
are used in many applications, including coatings,25−27

adhesives,28,29 composites,30−32 superabsorbent materials,33,34

etc. Typical acrylate and methacrylate monomers are alkyl
esters of acrylic acid and methacrylic acid, respectively, which
are derived from petrochemicals. Acrylic monomers have been
synthesized from a few biomass resources in the past, such as
soybean oil,35 vanillin,36 lignin,37 etc. Acrylated epoxidized
soybean oil (AESO) has been successfully used for
copolymerization in several studies. The approach of this
study is to exploit aliphatic hydroxyl compounds available in
the aqueous bio-oil to produce methacrylate monomers and
subsequent polymers. We have also employed AESO in varying
proportions to develop cross-linked polymers with improved
thermo-mechanical properties.

■ EXPERIMENTAL SECTION
Materials. Acetone (≥99.5% ACS), benzoyl peroxide (97%) (dry

weight) wetted with ca. 25% water, chloroform (≥99.8% stabilized
ACS), chromium(III) acetylacetonate (≥98.0%) (by titrimetric
analysis), chloroform-[D1] (≥99.8% (isotopic) with TMS (0.03 vol
%) stabilized, MagniSolv for NMR spectroscopy, dichloromethane
(≥99.5% stabilized ACS), N-hydroxy-5-norbornene-2,3-dicarboxi-
mide (≥97%) (NHND), methacryloyl chloride (97%), and triethyl-
amine (99%) were ordered from VWR International, USA. 2-Chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (97%) (TMDP) and
acrylated epoxidized soybean oil (contains 4000 ppm monomethyl
ether hydroquinone as an inhibitor) were purchased from Sigma-
Aldrich, USA. The aqueous phase of bio-oil was obtained from pine
wood as per the procedure described in the Methods.
Methods. Fast Pyrolysis of Pine. Clean pine wood with particles

less than 4 mm in size were fed into an auger-fed pyrolysis reactor at
7.3 kg/h and with the reactor temperature raised to 500 °C and N2
purge flow rate at 50 L/min. A detailed instrument description was
reported previously.38 Product vapors of pyrolyzed biomass were
condensed to yield a liquid bio-oil which was further separated into
two phases, namely, an aqueous phase (AQ-bio-oil) and an organic
phase (ORG-bio-oil). The yields of bio-oil and biochar were
measured gravimetrically, and the yield of noncondensable gases
was calculated by difference. The bio-oil samples were stored in the
freezer at −10 °C. AQ-bio-oil was heated at 80 °C for 15 min under
reduced pressure using a rotary evaporator to concentrate the bio-oil
phase. The concentrated AQ (c-AQ-bio-oil) was characterized and
used for chemical modification.
Characterization of AQ-Bio-oil. GC-MS was used to measure the

chemical composition of the produced AQ-bio-oil. The AQ-bio-oil
was dissolved in 99.9% pure MeOH (1 mL of bio-oil in 9 mL of
MeOH) and filtered with a PTFE syringe filter (0.20 μm), and a 1 μL
aliquot was injected into the GC-MS system (Clarus 680 gas
chromatograph and Clarus SQ 8C mass spectrometer, PerkinElmer,
USA). The injection was performed at a split ratio of 80:1 and an
injector temperature of 270 °C. An Elite 1701 MS capillary column
(60 m × 0.25 mm ID by 0.25 μm film thickness) with a carrier gas

(ultrahigh-purity helium, 99.9999%) flow rate of 1 cm3/min and
pressure of 17.3 psi were used. The GC furnace was initially held at 50
°C for 4 min, was ramped to 280 °C at 5 °C/min, and then held at
280 °C for 5 min. The MS was held at 270 °C with an ionization
energy of 70 eV. Chromatogram peaks were extracted using
TubroMass GC-MS software, and peaks were identified with the
National Institute of Standards and Technology (NIST) library.

The water content of the bio-oils was measured by Karl Fischer
titration (Metrohm 787 KF Titrino) following the American Society
for Testing and Materials protocol ASTM D4377-00.39 The pH of the
bio-oil samples was measured using a pH meter after stirring 1 mL of
bio-oil into 50 mL of DI water. The total acid number (TAN) was
measured by dissolving 0.5 g of bio-oil in 25 mL of 1:1 isopropyl
alcohol/water then titrating the mixture with 0.1 N KOH to a pH of
11 in accordance with ASTM D664-11a.40 The density of the bio-oil
samples was determined using a 2 mL glass pycnometer according to
ASTM D1475-13.41 Analyses were performed in duplicate. Viscosity
measurements were performed using TA Instruments AR-G2 (U.S.)
instrumentation using a 40 mm parallel plate geometry. The measured
viscosity of the AQ-bio-oil was 0.012 ± 0.006 Pa·S at 1 s−1 and 25 °C.

For 31P NMR spectroscopy, the bio-oil phases were phosphorylated
as per the procedure mentioned in the literature.42 NHND and
chromium(III) acetylacetonate (20 mg each) were dissolved in the
mixture of 3 mL of pyridine and 2 mL of deuterated chloroform to
prepare the stock solution. Then, 550 μL of stock solution was added
to around 20 mg of the desired bio-oil sample, and the mixture was
stirred well. TMDP (150 μL) was then added to the mixture, and the
mixture was stirred well to make the solution homogeneous. The
prepared solution was then transferred to the NMR spectroscopy
tube, and the spectrum was acquired with a Bruker Avance II 250
MHz spectrometer using an inverse-gated decoupling pulse sequence,
90-degree pulse angle, 25 s pulse delay, and 128 scans. The hydroxyl
content of the bio-oil phases was calculated by integrating relevant
peaks compared to the internal standard NHND.

Fourier transform infrared spectroscopy was performed on bio-oil
samples and synthesized products using a Thermo Scientific Nicolet
6700 FT-IR spectrophotometer equipped with attenuated total
reflection (ATR) and OMNIC 7.3 software. IR spectra were collected
in the wavenumber range of 400 to 4000 cm−1 at a resolution of 4
cm−1 and 64 scans.

Synthesis and Characterization of Methacrylated Aqueous Bio-
oil (MeABO). The methacrylation procedure was adapted from
literature43 and used with modifications. Around 38 g of c-AQ-bio-oil
was dissolved in 150 mL of acetone in a jacketed, glass reactor
equipped with a mechanical stirrer. Triethylamine (1.2 equiv/OH)
was added to the reactor with stirring. Water−methanol coolant was
circulated through the jacket to reduce the temperature of the
reaction mixture to 0 °C. Methacryloyl chloride (1.2 equiv/OH)
dissolved in acetone was added dropwise to the reaction mixture over
30 min. After the addition was completed, the mixture was stirred for
6 h and the cooling was turned off. The reaction product was heated
at 40 °C under reduced pressure to remove acetone and was further
mixed in chloroform. The chloroform phase was washed with water to
remove salts. Chloroform was removed via distillation using a rotary
evaporator, and the product, named as methacrylated aqueous bio-oil
(MeABO), was characterized by FTIR spectroscopy, 1H NMR
spectroscopy, and 31P NMR spectroscopy. 1H NMR spectra were

Figure 1. Methacrylation of c-AQ-bio-oil.
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collected with a Bruker Avance II 600 MHz spectrometer using 64
scans. Deuterated chloroform was used as the solvent with
tetramethylsilane added as the reference.
AQ-bio-oil was first concentrated by removing water at reduced

pressure and then was functionalized by incorporating methacrylate
groups. Since AQ-bio-oil is originally dilute in nature, it is
characterized by peaks with lower intensities. Further, the removal
of other volatile organic compounds during rotary evaporation can
lead to the absence of a few peaks that might have been otherwise
displayed. In the case of MeABO, the purification was performed.
Nonetheless, the presence of traces of byproducts and non-
participating compounds might have an impact of additional peaks
appearing in the spectra.
The measured viscosity of the MeABO was 2.18 ± 0.27 Pa·S at 1

s−1 and 25 °C. In addition, the viscosity of the AESO was 25.7 ± 2.1
Pa·S at the same conditions.
Figure 1 depicts methacrylation of AQ-bio-oil and further

polymerization. Theoretically, it is expected to obtain a mixture of
chemically similar compounds predominantly appearing as alkyl
methacrylates and aryl methacrylates.
Polymerization of Methacrylated Monomers with AESO.

MeABO and AESO were mixed in the proportions explained in
Table 1. Initiator benzoyl peroxide was ground and added (3 wt %) to

each monomer blend. All monomer blends were poured into a Teflon
cavity mold and heated at 40 °C in a conventional oven and vacuum
oven for 1 day each to remove any residual solvent. The samples were
heated at 70 °C for 12 h, 90 °C for 6 h, and 120 °C for 6 h under
vacuum. After the heating program, the samples were allowed to cool
and then were taken for further characterization and analysis. The
typical reactions and structures of polymeric systems are described in
Figures S1, S2 and S3 of the Supporting Information. Due to a range
of possible, different monomers, it is expected to have a random
structure for poly(MeABO) and its cross-linked systems with AESO.
Soxhlet Extraction. The polymer samples were subjected to

Soxhlet extraction by refluxing 200 mL of dichloromethane for 24 h
using a Soxhlet extraction apparatus. After the extraction, the
insoluble solids were dried, and the mass retained for each polymeric
system was reported as the percent of the initial sample weight.
Dynamic Mechanical Analysis. Thermo-mechanical evaluation of

polymer samples was performed using a TA Instruments dynamic
mechanical analyzer RSAIII. Cyclic stress was applied at a 1 Hz
frequency on the horizontal specimen using three-point bending
geometry to yield a constant 0.1% strain (specimen: 35 mm × 5 mm
× 2 mm). The temperature was increased from −100 to 100 °C at 5
°C/min. The glass transition temperature, storage modulus, and
active chains density were reported. The glass transition temperature
was considered at the intersection of tangents (in the glassy region
and glass-transition region) to the storage modulus versus the
temperature curve.

■ RESULTS AND DISCUSSION
Characterization of AQ-Bio-oil. Pyrolysis process results

and the properties of AQ-bio-oil are listed in Table 2.
GC-MS analysis of AQ-bio-oil (depicted in Figure 2)

revealed the major peaks corresponding to the aliphatic
compounds. Most of the detected aliphatic compounds can be
classified into alcohols, carboxylic acids, aldehydes, ketones,

and sugars. Substituted phenols and furans were also detected
in AQ-bio-oil.

31P NMR spectroscopy yielded quantification of hydroxyl
number, which was in agreement with GC-MS results. The
amount of aliphatic OH was observed to be the maximum
among all kinds of OH groups. After the AQ-bio-oil was
concentrated by rotary evaporation, it was observed that all
organic hydroxyl groups showed a higher amount per gram of
bio-oil, as shown in Figure 3. This is due to the removal of a
significant amount of water from the AQ-bio-oil.

Characterization of MeABO. In the FTIR spectrum of
MeABO in Figure 4 (b), a peak was observed at 1677 cm−1

which was due to the stretching vibration of CC
incorporated by the methacrylation reaction. A weak stretching
vibration of sp2CH was also observed near 2983 cm−1.
Another important observation was the reduction of the broad
peak at 3383 cm−1 related to the OH stretch. Other peaks
present in Figure 4 (b) can be assigned to their respective
groups: 2928 cm−1 for sp3 CH, 1722 cm−1 for CO, 1150
cm−1 for CO bonded to a carbonyl group, and 1031 cm−1

for CO on the alcohol side of the ester group.
In Figure 5 (a), the 1H NMR spectrum of MeABO reflected

the appearance of peaks at 5.51 and 6.08 ppm due to the
protons deshielded by the CC group. Protons on theCH3
group adjacent to the CC also caused the appearance of a
peak at 1.94 ppm.
Both FTIR and 1H NMR spectroscopy confirmed the

presence of olefin functionality in the synthesized methacry-
lated phase. Quantification of hydroxyl groups by 31P NMR
spectroscopy before and after the modification of AQ-bio-oil is
presented in Table 3. Methacrylation of c-AQ-bio-oil
consumed the most aliphatic OH and all phenolic OH groups.
The presence of a higher acidic OH value can be attributed to
the conversion of methacryloyl chloride to methacrylic acid,
which is also a methacrylic monomer.

FTIR Spectroscopy of Polymers. As shown in Figure 6
(a), FTIR spectroscopy of all monomer blends confirmed the
presence of a CC peak at 1677 cm−1 coming from MeABO
and at 1633 cm−1 coming from AESO. After polymerization
(Figure 6 (b)), the peaks corresponding to the CC
disappeared, indicating the reaction of CC functionalities
by free radicals formed by thermal, homolytic cleavage of the
peroxide group of the benzoyl peroxide initiator. The FTIR
spectroscopy proved the exploitation of olefins to carry out the
polymerization.

Soxhlet Extraction. The mass retained after performing
the Soxhlet extraction with dichloromethane for 24 h was
observed to increase by raising the amount of AESO. (Table
4). A greater amount of AESO produces denser networks
which resist the solubilization by dichloromethane. For
poly(AESO), the highest mass retention was observed with a

Table 1. Preparation of MeABO/AESO Blends

sample
name

amount of MeABO in
the sample

amount of AESO
in the sample

samples after
polymerization

MeABO 100% 0% poly(MeABO)
75:25A 75% 25% poly(75:25A)
50:50A 50% 50% poly(50:50A)
25:75A 25% 75% poly(25:75A)
AESO 0% 100% poly(AESO)

Table 2. Properties of AQ-Bio-oil

Fast Pyrolysis of Pine

bio-oil yield (%) 53.7 ± 0.0
biochar yield (%) 30.4 ± 0.0
noncondensable gas yield (%) 15.9 ± 0.0

AQ-Bio-oil

water content (%) 49.0 ± 2.6
total acid number (mg KOH/g bio-oil) 131.3 ± 1.4
density (g/mL) 1.12 ± 0.00
pH 2.7 ± 0.0
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very small amount being solubilized. The AESO has a bulky
structure, and it can offer steric hindrance due to long aliphatic
chains. So, the increase in the amount of AESO increases the
possibility of steric hindrance as much as the cross-linking. We
studied the effects of these competing phenomena on the glass
transition temperature (see section below) of the systems and
observed that the enhancement of glass transition temperature
by increasing cross-linking has been compensated by the
plasticization of long aliphatic chains.
The higher amount of AESO offers a greater number of

cross-links for reacting with MeABO as well as AESO, and it is
expected to have increased mass retention after Soxhlet
extraction with an increasing amount of AESO.
Dynamic Mechanical Analysis of Polymers. Dynamic

analysis with three-point bending revealed the change in
storage modulus (real component of the modulus relating to
the elastic nature), loss modulus (complex component of the
modulus relating to the viscous nature), and tan δ (ratio of loss
to storage modulus) with respect to the temperature. Storage

moduli at ambient conditions (at 25 °C) and in the rubbery
plateau (at 80 °C) and the glass transition temperature
(considered at the maximum of tan δ) are reported in Table 4.
For poly(MeABO), the rubbery plateau was not observed after
a sharp decline in storage modulus. Poly(MeABO) does not
have AESO cross-links and is expected to behave more like a
linear, random copolymer. The storage moduli of cross-linked
samples increased with increasing AESO content, and this
phenomenon can be explained by the higher cross-link density
of the network. The active chains density (n) of all the samples
was calculated by the following equation:

n
E
RT3

= ′
(1)

where E′ is the storage modulus from the rubbery plateau (at
80 °C), T the temperature at which the corresponding value of
the modulus is taken, and R is the universal gas constant. All
quantities bear SI units. The increase in the value of active
chains density with the increase in AESO content was due to

Figure 2. GC-MS analysis of AQ-bio-oil.

Figure 3. 31P NMR spectra of c-AQ-bio-oil.
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the multiacrylate functionality of AESO. The plots of storage
modulus and tan δ against temperature are provided in Figure
7
Two major phenomena affecting glass transition temper-

ature can be considered for the cross-linked polymers
presented in the current study, namely, effect of cross-linking
by multifunctional acrylates and effect of long, linear aliphatic
chains of AESO. The longer the alkyl chain of the acrylate
monomer is, the higher is the plasticizing effect, which results

in more decline in the glass transition temperature of the
polymer.44 The same effect was observed in the case of
polymethacrylates too.44,45 As AESO quantity is increased,
long aliphatic chains of AESO occupy more volume and space
out the polymer chains, imparting a plasticizing effect. Thus,
increasing the amount of cross-linkable, multifunctional
acrylate with a long, aliphatic structure can enhance the
modulus by cross-linking but reduce the glass transition
temperature due to the competing, plasticizing effect. Similar

Figure 4. FTIR spectra of (a) c-AQ-bio-oil and (b) MeABO (note: all numbers are in cm−1).

Figure 5. 1H NMR spectra of (a) MeABO and (b) c-AQ-bio-oil (note: all numbers are in ppm).
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Table 3. 31P-NMR Spectroscopy of AQ-Bio-oil, c-AQ-Bio-oil, and MeABO

OH type range (ppm) AQ-bio-oil c-AQ-bio-oil MeABO

aliphatic OH 150−145.5 3.95 7.47 0.26
phenolic OH C-5 substituted condensed phenolic OH β-5 144.7−142.8 0.01 0.70 0

4-O-5 142.8−141.7 0 0.11 0
5-5 141.7−140.2 0.14 0.48 0

guaiacyl phenolic OH 140.2−139.0 0.04 0.54 0
catechol type OH 139.0−138.2 0.13 0.52 0
p-hydroxyphenyl OH 138.2−137.3 0.06 0.54 0

acidic OH 136.6−133.6 0.34 0.68 1.58
total 4.67 11.04 1.84

Figure 6. FTIR spectroscopy of (a) monomer blends of MeABO and AESO and (b) polymeric systems of MeABO and AESO.

Table 4. Thermo-Mechanical Properties of Crosslinked Polyacrylate Samples

glass transition temperature, Tg (°C)
storage modulus,

E′ (MPa)

polymer sample
at maximum in

tan δ
at intersection of tangents to storage

modulus (onset Tg) at 25 °C at 80 °C
active chains density,

n (mol/m3)
mass retention (%) by Soxhlet

extraction

poly(MeABO) 10.2 ± 5.7 −29.6 ± 0.0 14.3 N/A N/A 45
poly(75:25A) 16.7 ± 0.8 −21.4 ± 1.4 59.0 5.9 670 61
poly(50:50A) 15.7 ± 0.9 −24.2 ± 2.0 53.0 17.7 2007 72
poly(25:75A) 10.0 ± 0.9 −24.4 ± 2.1 61.8 21.2 2409 86
poly(AESO) 12.2 ± 4.7 −25.5 ± 1.9 113.3 38.7 4380 93

Figure 7. Dynamic mechanical analysis of cross-linked acrylates: (a) storage modulus and (b) tan δ.
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observations have been reported in other studies which utilized
AESO,35,36,46 soy protein,47 PEGDMA,48 etc., in the develop-
ment of polyacrylates. A thorough analysis of the varying
effects on the glass transition temperature has been carried out
in the case of cross-linking and copolymerization of methyl
methacrylate and glycol dimethacrylates.49,50

In the present study, the effect of copolymerization has been
assessed by using the Fox equation. Onset Tg data have been
taken into consideration for better accuracy. As discussed
earlier, poly(MeABO) resembles a linear copolymer structur-
ally, but poly(AESO) is a cross-linked system. The plasticizing
effect of poly(AESO) on glass transition temperature was
predicted by estimating the theoretical glass transition
temperature of linearly homopolymerized AESO using the
group contribution scheme proposed as per the following
equation.51

T
M M

T M T M
1

( )
( ) ( )

i j i

n

i i
j

m

j jg
1

g
1

gpoly

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ
∑ ∑=

∑ +
+

= = (2)

where Tgi and Mi are the glass transition temperature and
molecular weight of the groups in the main chain, respectively,
whereas Tgj and Mj are the glass transition temperature and
molecular weight of the groups in the side chain of the polymer
structure, respectively. The effect of the cross-linking
contribution has been analyzed with the help of the Fox and
Loshaek model.52,53

T T
K
MgTotal gFox

c
= +

(3)

where the K/Mc factor represents the cross-linking effect. Mc is
the molecular weight of fragments between the cross-linking
points and was calculated with the help of experimental values
of the density of the sample and active chains density. The
total effect of the two effects was studied and compared with
the experimental values. The value of K was taken as 5200 K g/
mol.52,54 The total effect of cross-linking and plasticizing
segments is denoted in Figure 8 and was found to be closer to
experimental values.

■ CONCLUSIONS

The aqueous phase of bio-oil contains modifiable hydroxyl
compounds which can be transformed into methacrylic
monomers by the methacrylation reaction. The methacrylated
aqueous bio-oil is a mixture of methacrylic monomers
synthesized from corresponding alcohols and phenols present
in the aqueous bio-oil. Free radical polymerization of
methacrylated aqueous bio-oil is possible and yields a
predominantly non-cross-linked copolymer. The mechanical
properties of methacrylated bio-oil are improved by cross-
linking with acrylated epoxidized soybean oil; however, the
glass transition temperature is reduced due to the plasticizing
effect of long, aliphatic chains of the fatty acid portion present
in acrylated epoxidized soybean oil. The effect of cross-link
density of polymeric samples is evident from the measured
values of tensile modulus, storage modulus, active chains
density, and mass retention by Soxhlet extraction. The
experimental values of glass transition temperature (onset Tg
values) can be fitted with the help of the Fox and Loshaek
model. Morphological characteristics are similar in the case of
all polymeric samples, with differences appearing in the brittle
fracture in the case of cross-linked polymers. Utilization of
aqueous bio-oil and soybean oil, both of which are biomass-
derived, tend to enhance sustainability of the cross-linked
polymers, which can be used in the applications of elastomers,
packaging materials, and composites.
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Figure 8. Glass transition temperature of cross-linked acrylates and
effects of copolymerization and cross-linking.
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(17) Gutieŕrez Ortiz, F. J.; Campanario, F. J.; Ollero, P. Supercritical
water reforming of model compounds of bio-oil aqueous phase:
Acetic acid, acetol, butanol and glucose. Chem. Eng. J. 2016, 298,
243−258.
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