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Although bio-oil from biomass pyrolysis can be hydrotreated or cracked into transportation fuel, econ-

omic and energy challenges remain. One strategy is the cogeneration of oxygen-containing biochemicals

with high value in biorefining. Here, we developed a simple separation method a with combination of dis-

tillation and chemical extraction to produce a stream of mixed phenolic compounds, the potential of

which as a sustainable biodiesel antioxidant was explored. The study revealed that higher distillation temp-

eratures (>250 °C) contributed to the enrichment of methoxyphenols, binary phenols and ternary

phenols. The presence of electron-withdrawing groups at the ortho and para positions to phenolic

hydroxyl groups was found to enhance antioxidant activity. An increase in the number of phenolic

hydroxyl groups also significantly improved antioxidant performance. Certain extracts with the maximum

amount of pyrogallol and binary phenols exhibited comparable antioxidation performance to commercial

antioxidants. Acetic acid, cyclopentanone, furfural, and benzyl ether exhibited a certain negative effect on

antioxidant activity. Based on these findings, a graded utilization strategy for pyrolysis bio-oil was devel-

oped, and the economic feasibility was comprehensively evaluated. The minimum sales price of the bio-

diesel antioxidant was calculated to be $1072.98 per ton, which is significantly lower than the market

price of commercial antioxidants, indicating the economic potential of this strategy.

Green foundation
1. This work introduced a sustainable approach for the simple separation of phenolic compounds from bio-oil, to be used as antioxidants for biodiesel,
without the need for complex purification steps, thus advancing green chemistry. This method maximized the utilization of oxygen-containing compounds
in bio-oil and promoted sustainability.
2. The antioxidant obtained in this study demonstrated an oxidation stability of 14.01 hours. The techno-economic analysis revealed that its sales price was
significantly lower than that of commercial antioxidants, indicating that the bio-oil separation utilization strategy holds strong economic potential.
3. The study found that multiple phenolic hydroxyl groups on the benzene ring significantly enhanced the induction period. Future research could explore
upgrading phenolic mixtures to products rich in polyphenols for the preparation of antioxidants discussed in this study.

Introduction

Global primary energy consumption reached a new all-time
high in absolute terms in 2023. Carbon dioxide emissions
from the combustion of fossil fuels remained the largest

source of energy-related greenhouse gas emissions, accounting
for approximately 87% of the total emissions.1 The develop-
ment and utilization of renewable energy has become a global
hot issue, and is related to human survival and social sustain-
able development. Biodiesel (BD) has been widely recognized
as a promising alternative to petroleum fuels because of its
renewability and less harmful gas emissions.2,3 Although BD
has many advantages over traditional diesel, it also has some
limitations that cannot be ignored, with the most concerning
one being oxidative degradation.4,5 BD derived from plant or
animal fats is an ester mixture composed of unsaturated fatty-
acid methyl esters (FAMEs), which are very easily attacked by
oxygen to cause free-radical chain reactions due to the pres-
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ence of unsaturated double bonds.6,7 The bis-allylic hydrogen
in their structures is very susceptible to capture by oxygen free-
radicals, leading to production of carbon-centered radicals.8

The carbon-centered radicals go on to combine with available
oxygen, giving peroxyl radicals, which capture another hydro-
gen, producing new carbon-centered radicals to keep the free-
radical reaction circulating.7 At present, based on research on
the oxidation mechanism of BD, it is generally considered to
be a classical free-radical chain reaction, in steps: peroxides
are initially formed, which go on to be degraded to secondary
oxidation products, such as acids, aldehydes, dimers and
polymers.9,10 Oxidation degradation products compromise
BD’s physicochemical properties and impair engine combus-
tion performance.11

Factors that affect the oxidation include the FAME compo-
sition and structure, and exposure to heat, light, air and moist-
ure.12 The oxidation stability during storage, as one of the
most important properties of BD, has become a major issue
related to its application. At present, most studies are based
on the research and development of antioxidants added to BD
to improve the oxidation stability.13–15 Antioxidants prevent
and delay the formation of secondary products by inhibiting
the autoxidation of substrates. Primary antioxidants are free-
radical terminators and are also called chain-breaking antioxi-
dants. Secondary antioxidants are hydroperoxide decompo-
sers.7 Some effective synthetic antioxidants derived from pet-
roleum, such as tert-butyl hydroquinone (TBHQ), pyrogallol
(PY) and propyl gallate (PG), have been studied and commer-
cially utilized.16,17 Yang et al.18 reported that the oxidative
induction period of soybean-based BD improved from 0.7 h to
above 6 h, as required by the EN-14112 specification, when the
concentrations of PY and TBHQ were about 1500 ppm and
3000 ppm, respectively. Agarwal et al.19 found that 1000 ppm
PG, BHT and BHA improved the oxidation stability of karanja
oil methyl esters to 13.19 h, 5.9 h and 8.29 h, respectively.
Although synthetic antioxidants show good resistance to oxi-
dation, due to their toxicity and non-renewability, there are
still disadvantages from the perspective of environmental pro-
tection and clean utilization.20

Studies have found that some phenol compounds with
hydroxyl groups derived from natural biomass through chemi-
cal purification treatments have an antioxidant effect, and
have been used in fuels.21 The active hydroxyl groups are more
likely to lose electrons, take away oxygen atoms and form more
stable free-radical intermediates, so as to block the free-radical
chain reaction of FAMEs, delay the influence of oxygen on BD
and prolong the stable storage time.22,23 Common natural anti-
oxidants, such as tocopherol, ferulic acid and carotenoids,
have been used in food, cosmetics and other fields.7,24 It was
found that a concentration of 2500 ppm of pistachio hull
extract was sufficient to improve the induction period (IP) of
neat canola BD from 1.53 h to above 3 h, as required by the
ASTM D6751-12 specification for BD oxidation stability.25 Lu
et al.26 increased the phenol content of aqueous phase bio-oil
derived from Chinese fir sawdust from 47.03% to about 60%
via hydrothermal pretreatment and verified its antioxidant

activity in vitro, which suggested that it has the potential to be
used as a natural feed additive and alternative antioxidant.
Silva de Sousa et al.4 stated that BD blended with the natural
antioxidant quercetin and extracts (bilberry, oregano, and basil
from chemical extraction) at 3000 ppm increased the values of
the induction period by about 68.74, 45.52, 50.85 and 45.68%,
respectively, in relation to the neat BD. Most existing natural
biodiesel antioxidants are natural extracts from plants, such as
ginger,27 bacuri peels28 and rosemary.28 Although these antiox-
idants demonstrate oxidative stability, they do not comply with
EN standards and lack economic advantages, the expensive
cost making them difficult to apply to large-scale commerciali-
zation.29 In addition, bio-oil obtained via chemical extraction
of biomass is also considered unsafe and unhealthy due to the
use of chemical reagents in the process. As the current
research has found, not all phenols can play an antioxidant
role to stabilize BD against oxidative degradation.30,31

In view of the existing problems, this study used bio-oil
generated from the biomass pyrolysis. We achieved the enrich-
ment of phenolic compounds by fractionating the bio-oil
using a simple distillation and chemical extraction method.
The approach avoided complex separation and purification
steps. The specific phenolic compounds were analyzed and
identified to test the potential of bio-oil as a BD antioxidant,
aiming to obtain the fraction with the highest antioxidant
activity. Based on this foundation, a graded separation and
utilization pathway for bio-oil was constructed in conjunction
with practical engineering scenarios, and a techno-economic
analysis was conducted. The fixed capital investment and
operating costs required for the commercialization of this
technological pathway were estimated. Discounted cash-flow
analysis and sensitivity analysis were performed to evaluate
the economic feasibility of the pathway, providing a theore-
tical basis for the future implementation of graded bio-oil
utilization.

Materials and methods
Materials

The raw bio-oil used in this study was a waste produced from
bamboo pyrolysis, which was supplied by Hengshun Bamboo
Industry Limited (Fujian, China). The raw bio-oil appeared as
a dark brown and viscous liquid. The moisture level of the raw
bio-oil was 11.52 wt% according to a volumetric Karl Fischer
titrator (V10S, Mettler Toledo, USA). The viscosity of the raw
bio-oil was 43.13 cP (@ 60 °C) according to a viscometer
(LVDV-II+P, Brookfield, USA). BD applied to the test was
obtained from gutter oil and provided by Jiaao Enprotech
Stock Co., Ltd (Zhejiang, China).

As the control group, the commercial antioxidants applied
to the test were butyl hydroxyanisole (BHA) (purity grade 98%)
and butylated hydroxytoluene (BHT) (purity grade >99.0%)
purchased from Shanghai Macklin Biochemical Co., Ltd, and
are commonly used as BD antioxidants in the industry. In
addition, the chemicals involved in the oxidation stability tests

Paper Green Chemistry

5028 | Green Chem., 2025, 27, 5027–5039 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 8

:3
8:

42
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc00184f


included phenol (purity grade ≥99.0%) and m-cresol (purity
grade ≥98%) purchased from Sinopharm Chemical Reagent
Co., Ltd. 4-Ethylphenol (purity grade ≥98.0%), 4-propylphenol
(purity grade 99%), 2,4,6-trimethylphenol (purity grade 98%),
creosol (purity grade 98%), 2-methoxy-4-ethylphenol (purity
grade 99%), maltol (purity grade 99%), 2,6-dimethoxyphenol
(purity grade 98%), 2,6-dimethoxy-4-methylphenol (purity
grade 97%), catechol (purity grade 99.5%), 4-ethylcatechol
(purity grade 95.0%) and pyrogallol (purity grade >99.0%)
were purchased from Shanghai Macklin Biochemical Co., Ltd.
2,5-Dimethylphenol (purity grade 99%), 2-ethyl-6-methyl-
phenol (purity grade ≥98.0%), 2-methoxy-4-propylphenol
(purity grade ≥98%), isoeugenol (purity grade 97%), 2,3-di-
methylhydroquinone (purity grade >98.0%) and 2,3,5-tri-
methyl-1,4-benzenediol (purity grade 97%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Guaiacol (purity grade >98.0%) was purchased from TCI
(Shanghai) Development Co., Ltd. 2-Methoxy-4-vinylphenol
(purity grade 98.0%) and 3-methoxy-1,2-benzenediol (purity grade
98%) were purchased from Shanghai Xian Ding Biotechnology
Co., Ltd. 4-Methyl-1,2-benzenediol (purity grade ≥98%) was pur-
chased from Shanghai Xushuo Biotechnology Co., Ltd.

Methods

Distillation of raw bio-oil. The raw bio-oil was first distilled
from room temperature to 110 °C under atmospheric pressure
for dehydration, and then volatile components with boiling
points at 110–160 °C, such as carboxylic acids, were removed
by vacuum distillation at a pressure of 7–12 mmHg. Finally,
the middle fraction of bio-oil was further cut into eight frac-
tions: Cut 1 (160–175 °C), Cut 2 (175–200 °C), Cut 3
(200–225 °C), Cut 4 (225–250 °C), Cut 5 (250–275 °C), Cut 6
(275–300 °C), Cut 7 (300–325 °C) and Cut 8 (325–350 °C)
through vacuum distillation. A rotary belt distillation system
(36-100, B/R Instrument, USA) was applied to the distillation of
raw bio-oil. The heat rate was set to 20% during the process.

Extraction method. The compositional fractions of bio-oil
were enriched by coupling distillation and chemical extraction
methods to isolate specific compound classes (Fig. 1). At room

temperature, 25 g of bio-oil compositional fractions were
mixed with 50 mL of sodium hydroxide solution and stirred
for 20 minutes. After standing for 1 hour, the mixture was
allowed to separate into two phases: the upper alkaline
aqueous phase and the lower alkaline aqueous immiscible
phase. Hydrochloric acid solution was then added to the alka-
line aqueous phase, and the mixture was stirred continuously
while adjusting the pH to approximately 6. Following this,
50 mL of organic solvent was added, and the mixture was
stirred for 20 minutes. After standing for 1 hour to allow phase
separation, the organic solvent extract phase and the residual
phase were separated. Finally, the extract phase was subjected
to vacuum distillation at 40 °C to remove the extraction
solvent, yielding the extracted components. This study investi-
gated the extraction effectiveness of three acid–base solution
concentrations (5 wt%, 10 wt%, and 15 wt%) in combination
with three solvents: diethyl ether (DEE), dichloromethane
(DCM), and ethyl acetate (EAC).

Analytical characterization. The moisture content of the bio-
oil fractions was determined using a Mettler-Toledo V10S Karl
Fischer volumetric titrator. The pH values of the bio-oil frac-
tions were measured at room temperature using a Mettler
Toledo S220-K multiparameter analyzer. The density of the
bio-oil fractions was measured using an MDJ-300G electron
density meter (Shanghai Bangxi Instrument Technology Co.,
Ltd). Detection and identification of the chemicals in the eight
bio-oil fractions were performed using gas chromatography-
mass spectrometry (GC-MS) (a 5977B mass spectrometer con-
nected with a 7890B gas chromatograph, Agilent, USA). Helium
(99.999%) was used as the carrier gas with a constant flow rate
of 1 ml min−1 and a 1 : 20 split ratio. The inlet temperature was
set to 250 °C and the detector temperature was set to 230 °C.
The temperature program for GC-MS was set as 40 °C for 2 min,
and then increased at a rate of 5 °C min−1 to 250 °C and held
for 20 min. Identification of bio-oil compounds was performed
on the MS library (National Institute of Standard Technology,
NIST, database) based on the retention times.

Oxidation stability evaluation. The test samples were BD
blended with each distillation fraction and commercial antiox-

Fig. 1 The process flow chart for phenolic-rich oil from bio-oil based on distillation and extraction.
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idants (BHT and BHA) with additive concentrations of
0.1 wt%, 0.2 wt% and 0.5 wt%, respectively. The oxidation
stability of BD was evaluated using the Rancimat method
according to the European Committee for Standards specifica-
tion EN 15751.32 All oxidation stability measurements were
carried out on a Metrohm (Switzerland) Model 873 Rancimat
instrument. Samples of 7.5 ± 0.1 g were analyzed under a con-
stant air flow of 10 L h−1, passing through the fuel and into an
electrical conductivity measuring vessel containing 60 mL dis-
tilled water. The samples were held at a 110 °C heating block
temperature, with the temperature correction factor ΔT set to
0.9 °C (as recommended by the test method). Due to the dis-
sociation and adsorption of volatile compounds in distilled
water, which formed during the oxidation process, conduc-
tivity increases rapidly, indicating the end of the induction
period (IP). The IP was defined as the time that passes
between the beginning of the measurement and the moment
when the formation of oxidation products begins to increase
rapidly, and it was determined from the second derivative of
the conductivity curve automatically. In addition, phenolic
model compounds were added to the BD in the proportion of
0.1 wt% and their antioxidant effect on BD was determined
according to the above-mentioned method.

Techno-economic analysis (TEA). Based on experimental
research and results, and considering the practical conditions
in industrial production, a hierarchical utilization technology
route for biomass pyrolysis bio-oil was comprehensively
designed. The TEA was conducted using Microsoft Excel, incor-
porating three indicators—Net Present Value (NPV) with a dis-
count rate of 10%, Internal Rate of Return (IRR), and
Minimum Sales Price (MSP)—to comprehensively assess the
economic feasibility of the project.

From the project planning and preparation phase, through
land acquisition, construction, and equipment procurement
and installation, to the commissioning and normal operation
of the project plant, all the costs incurred during this period
constituted the Total Project Investment (TPI). This included
the Fixed Capital Investment (FCI), Working Capital (WC), and
Land Use (LU). The Fixed Capital Investment consisted of the
Total Direct Cost (TDC), Total Indirect Cost (TIC), and
Contingency. The direct costs, also referred to as the Total
Installed Equipment Cost (TIEC), could be further broken
down into the Total Purchased Equipment Costs (TPEC) and
equipment installation costs, among others.33

Typically, the equipment procurement cost in the direct
costs was calculated, and then other direct and indirect costs
were estimated using corresponding scaling factors. In
accordance with the NREL series reports,34 this study
employed the production scale index method. The equipment
procurement cost was calculated based on the reference
equipment’s scale and size, with the corresponding scaling
factor used to estimate the procurement cost for the required
equipment size:

NewCost ¼ BaseCost
New Size
Base Size

� �n

: ð1Þ

In the equation, n represents the equipment scale index
factor, typically ranging from 0.6 to 0.8. Since the equipment
used in this study did not have a defined scale index factor,
the value of n was set to 0.65 based on the calculation results
of similar technological projects from existing references.35

Considering the cost fluctuations caused by inflation over
different years, the equipment acquisition costs calculated
using the scale index method were further adjusted to reflect
the actual costs for the current research year, based on foreign
exchange rates and the fixed asset investment price index:36

c2 ¼ r � c1 � σ2
σ1

: ð2Þ

In the equation, r represents the foreign exchange rate
between the reference year’s currency and Chinese yuan; c1
refers to the equipment acquisition cost in the reference year,
and σ1 represents the fixed asset investment price index in
China for the reference year. c2 denotes the equipment acqui-
sition cost for the research year, while σ2 represents the fixed
asset investment price index in China for the research year.
The fixed asset investment price index in China could be
obtained from the official website of the National Bureau of
Statistics. Since the most recent published statistical data was
available up to 2019, the cost estimates in this study were
based on 2019 as the reference year.

Results and discussion
Physical properties of distillation fractions and BD

The physical properties and yields of the eight distillation frac-
tions are presented in Table 1. The moisture content of each
fraction gradually decreased with the increase in distillation
temperature. The water contents of Cut 7 and Cut 8 were below
the instrument’s detection limit (10 ppm). The pH value
reflected the presence of acidic compounds, such as carboxylic
acids and acidic phenolic compounds, in the bio-oil. The pH
values of all fractions were relatively close, exhibiting slight
acidity, and were slightly more acidic than BD (pH = 3.89). As
the distillation progressed, volatile small molecules were pro-
gressively separated, leading to a slight increase in the density
of each fraction, which was generally higher than the density
of BD (0.84 g cm−3).

Table 1 Yield and physicochemical properties of distillation fractions

Yield (wt%) Moisture (wt%) pH Density (g cm−3)

Cut 1 1.28 2.66 1.66 0.92
Cut 2 2.35 1.51 2.45 1.02
Cut 3 12.91 1.32 2.84 1.03
Cut 4 12.92 1.08 2.3 1.02
Cut 5 14.72 0.7 1.98 1.05
Cut 6 5.38 0.53 2.53 1.06
Cut 7 5.61 —a —b 1.08
Cut 8 2.72 —a —b 1.09

a Below the detection limit, unable to measure. bUnable to measure at
room temperature.
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Distribution of different chemicals in distillation fractions

The results obtained from GC-MS for the eight distillation
fractions of bio-oil were analyzed and the relative contents of
constituents are shown in Fig. 2. It can be seen from the
figure that the chemical composition of each distillation frac-
tion mainly included acids, phenols, ketones, alcohols, alde-
hydes, furans, anisoles, esters, and others. Compared with
other identified components, the content of phenols was
basically the most abundant among them. Phenols are the
main pyrolysis products from depolymerization of lignin,
which has cross-linked structures of various hydroxyl- and
methoxy-substituted phenylpropane units.26,37 Most notably,
the relative contents of phenols were gradually enriched and
then decreased with the increase in distillation temperature,
and were 24.75%, 56.88%, 75.78%, 79.76%, 79.40%, 52.02%,
29.85% and 17.58%, respectively. Obviously, phenols were
effectively enriched in Cut 2–Cut 6. This was attributed to the
fact that the boiling points of phenolic compounds in bio-oil
are concentrated in the range of 175–275 °C, and achieving
the enrichment of phenolics during the distillation process
facilitated subsequent purification and application.38,39

Besides this, light molecular carboxylic acids such as acetic
acid, propionic acid and butyric acid were mainly enriched in
Cut 1, accounting for 33.65%, and were present in Cut 2, Cut
3, Cut 4 and Cut 5 at 9.68%, 0.65%, 0.16% and 1.48%,
respectively. Acids are mainly produced from the pyrolysis of
hemicellulose and cellulose in the biomass. It should be
denoted that volatile acids, due to their activity, have been
found to be detrimental to the oxidation stability of BD in
previous studies.26 Cut 5, Cut 6 and Cut 8 had 0.19%, 1.70%
and 10.93% macromolecular nonvolatile acids, such as pal-
mitic acid. Meanwhile, the relative contents of ketones, alco-
hols, aldehydes and furans gradually decreased, and those of
hydrocarbons and esters increased. In the last four Cuts,
more and more chemical compounds that had large mole-
cular weight were present and were difficult to identify and
analyze via GC-MS.40,41

Distribution and relative contents of phenols in distillation
fractions

A detailed classification of the phenols in the bio-oil distilla-
tion fractions is listed in the Fig. 3. For the phenols in each
fraction, based on the number of phenolic hydroxyl groups
and the types of adjacent functional groups, they were classi-
fied into alkylphenols (including phenol), methoxyphenols,
binary phenols and ternary phenols. As shown in Fig. 3(a), the
relative contents of alkylphenols in the light fractions were
very abundant. It is obvious that the main alkylphenols are
phenol, m-cresol, 4-ethylphenol, 4-propylphenol, dimethyl-
phenol and trimethylphenol. As the distillation temperature
increased, the total relative content of alkyl phenols and meth-
oxyphenols with one hydroxyl group initially increased and
then decreased, constituting the majority of the total phenolic
content in each fraction. Among these, the alkylphenol
content in Cut 6 was the lowest relative to its own total pheno-
lic content, accounting for only 21.92% of its phenol content.
The detailed classification of phenolics in the bio-oil distilla-
tion fractions is shown in Fig. 3(b)–(i). Phenol was primarily
found in Cuts 1–3, with concentrations of 13.80% (Cut 1),
25.27% (Cut 2), and 22.41% (Cut 3), while Cut 4 contained
only 0.87%, which was associated with its relatively low boiling
point.42 In Cut 1–Cut 4, alkylphenols with only one phenolic
hydroxyl group accounted for the majority. As shown in
Fig. 3(e), the relative content of these compounds in Cut 4
reached 52.47%, which included 4-ethylphenol (25.71%),
m-cresol (7.62%), 2-ethyl-6-methylphenol (7.24%), dimethyl-
phenol (5.96%), trimethylphenol (3.23%), and 4-propylphenol
(1.84%). Methoxyphenols were the main components in Cuts
5–8. The highest content of methoxyphenols was found in Cut
5, with a value of 48.50%. 2,6-Dimethoxyphenol and 4-methyl-
2,6-dimethoxyphenol accounted for 29.70% and 11.79%. This
was primarily attributed to the depolymerization of S-type
units in lignin.43

Different from alkylphenols, the relative contents of binary
phenols in each fraction were relatively low. The relative
content of binary phenols was higher in Cut 5 and Cut 6,
accounting for 9.42% and 16.06% of the total phenolic
content. The main compounds in these fractions included
4-methyl-1,2-benzenediol, 3-methoxy-1,2-benzenediol, 4-ethyl-
catechol, 2,3-dimethylhydroquinone, and 2,3,5-trimethyl-1,4-
benzenediol. Ternary phenols mainly appeared in the fractions
from higher temperature ranges. The detected compound was
phloroglucinol, with contents of 12.64% (Cut 5), 16.62% (Cut
6), 1.78% (Cut 7), and 1.42% (Cut 8). It should be mentioned
that trihydric phenols were most abundant relative to total
phenols in Cut 6 at 31.95% in total. Current research has
shown that the applicability of phenols as antioxidants is
mainly due to the dissociation of hydrogen ions from their
hydroxyl functional groups, which block the free-radical chain
reactions of BD.44,45 Therefore, it is reasonable to assume that
phenols with more hydroxyl functional groups have more sig-
nificant antioxidant capacity. Polyphenolic compounds con-
taining multiple phenolic hydroxyl groups play a decisive roleFig. 2 Chemical compounds for the fractions from raw bio-oil.
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Fig. 3 Compositions of phenols of the fractions from raw bio-oil: (a) types of phenols in the fractions from raw bio-oil; phenol composition of (b)
Cut 1, (c) Cut 2, (d) Cut 3, (e) Cut 4, (f ) Cut 5, (g) Cut 6, (h) Cut 7 and (i) Cut 8.
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in the chain-termination reactions involved in the BD anti-
oxidant process.46 Furthermore, the fractions containing more
polyphenols have better antioxidant potential and can be
applied as high-quality antioxidation agents for BD.47

Oxidation stability of phenolic model compounds

The detailed analysis of the phenols contained in each frac-
tion, categorized by typical substituent functional groups, has
been shown in Fig. 3(b)–(i). In order to confirm which kind or
kinds of phenols mainly play a role in antioxidation, specific
phenolic model compounds were selected for oxidation stabi-
lity tests.

According to the standard EN14214,48 the IP of BD should
be greater than 8 h, as indicated by the red line in Fig. 4.
Based on the GC-MS analysis results of the phenolic com-
pounds, typical chemical reagents were selected to conduct
oxidation stability tests. The results for the oxidation induc-
tion period for the phenolic model compounds are shown in
Fig. 4(a). For the monohydric phenols present in the frac-
tions, 4-propylphenol and m-cresol showed better IPs than
phenol without any substituent groups, while 4-ethylphenol
was the opposite. The effect on oxidative stability increases
with increasing alkyl chain length. Phenol with two or more

substituents had four times better IPs than one-substituent
phenol, and the presence of an ethyl group reduced the IP of
the phenols; for example, 2-ethyl-6-methylphenol had a lower
IP than 2,5-dimethylphenol, which was consistent with the
results for phenols with a single substituent. For monohydric
phenols with a methoxy group, the additional substituents all
resulted in better oxidation stability. According to the
improvement of antioxidant effects for monohydric phenols
with a methoxy group, the order for the additional substitu-
ents was propyl, ethyl, methyl, methoxy, allyl and vinyl.
Unlike alkylphenol, methoxyphenols with ethyl groups also
exhibited a positive effect on antioxidation, likely due to the
combined influence of the ethyl and methoxy groups.
Phenol, methoxy-monophenols with ethyl groups also exhibi-
ted a positive effect on antioxidation, likely due to the com-
bined influence of the ethyl and methoxy groups. Besides
this, the IP of monohydric phenols with one methoxy was
better than that of propyl phenols, methyl phenols and ethyl
phenols. It was found through comparison that, compared to
an ortho-positioned methoxy group, a saturated alkyl group at
the ortho-position to the phenolic hydroxyl did not signifi-
cantly enhance the antioxidant activity. This was attributed to
the fact that the introduction of electron-withdrawing groups

Fig. 4 Oxidation induction period of (a) phenolic model compounds and (b) the fractions from raw bio-oil; (c) oxidation stability of the distillation
fractions as antioxidants for BD.
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at the ortho-position of the phenolic hydroxyl significantly
improved antioxidant activity.49 The ortho-position effect
mainly protected the phenolic hydroxyl from oxidation and
reduced charge-transfer complexation.50 The para-position
often featured long-chain alkyl groups, such as ethyl and
propyl, which were chosen for their favorable steric hindrance
effects. The CvC bond was highly susceptible to oxidative
cleavage, which affected the electron-donating ability of the
hydroxyl group, thereby negatively influencing antioxidant
activity.

Obviously, catechol, which possesses two hydroxyl groups,
showed excellent oxidation stability with an IP of 9.54 h. This
was attributed to the fact that phenolic compounds are
chain-terminating antioxidants, with the phenolic hydroxyl
group being the primary reactive site. The oxygen-centered
free radicals formed by the loss of a hydrogen atom from the
phenolic hydroxyl possess the ability to react with other free
radicals, thereby consuming alkyl radicals and peroxyl rad-
icals.51 In terms of substituents, the IPs of catechol with a
methyl or ethyl group were 13.40 h and 11.97 h, greater than
that of catechol without substituents, and the IP of catechol
with a methoxy group was 8.97 h, slightly lower than that of
catechol. Unexpectedly, catechol with two or three methyl
groups didn’t show better antioxidation than monomethyl
catechol, with 2,3-dimethylhydroquinone and 2,3,5-trimethyl-
1,4-benzenediol showing lower IPs of 1.88 h and 3.13 h,
respectively. Amorati et al.46 suggested that this could be
attributed to changes in bond length and bond energy result-
ing from the positioning of the two hydroxyl and methyl
groups. Farhoosh et al.57 found that a potential intra-
molecular hydrogen bond existed between two adjacent phe-
nolic hydroxyl groups, which was beneficial for antioxidant
activity. In contrast, phenolic hydroxyl groups at the meta and
para positions do not form intramolecular hydrogen bonds,
which helps explain the lower antioxidant activity of 2,3-di-
methylhydroquinone and 2,3,5-trimethyl-1,4-benzenediol.
With regard to the trihydric phenols enriched in Cut 6, Cut 7
and Cut 8, pyrogallol was selected as the representative
model compound and its antioxidant effect was remarkable,
with the largest IP of 19.15 h. In view of the commercial anti-
oxidants currently used, TBHQ, which has two hydroxyl
groups and one tertbutyl group, has shown excellent antioxi-
dation.13 In order to further verify the results, eight bio-oil
fractions were dissolved in BD at the dosages of 0.1 wt%,
0.2 wt% and 0.5 wt%, respectively, and their antioxidant
levels were characterized by the induction period through
typical oxidation stability tests. In addition, two commonly
used commercial antioxidants were also tested as control
groups. The oxidation induction periods are clearly presented
in Fig. 4(b). The IP of the first four fractions was significantly
lower, no more than the minimum stability requirement of
8 hours as prescribed in EN14214.48 This was consistent with
the findings of Surra et al.52 Non-phenolic compounds in
Cuts 1–4 negatively impacted antioxidant activity, indicating
the necessity of removing impurities and enriching active
phenolic compounds.

Oxidation stability of the distillation fractions as antioxidants
for BD

Based on the previous research on phenols as antioxidants,
the abundant contents of phenols were a gratifying result, and
showed that bio-oil fractions had considerable antioxidant
capacity,28,53 at least two times higher than that of neat BD.
The IP of the last four fractions obviously exceeded the
minimum of 8 hours, and increased with the increase in addi-
tive concentration for the same fraction. At the same dosage,
the antioxidant capacity of Cut 6 was the most prominent,
with the largest IP among the eight fractions. In ascending
order of concentration, the IPs of Cut 6 were 1516.13%,
2327.42% and 2585.48% higher than that of BD, respectively.
Although their IPs were slightly lower than that of commercial
antioxidants, this trend is consistent with the findings of Ni
et al.54

Based on the analysis of the antioxidant properties of the
aforementioned phenolic model compounds, in the study of
the correlation between the antioxidant activity of the bio-oil
fractions and model compounds, the phenolic compounds in
the bio-oil fractions were classified according to the model
compounds. The theoretical induction time caused by the phe-
nolic compounds in each bio-oil fraction was calculated based
on the relative content of each phenolic compound in the frac-
tion and its corresponding model compound’s induction time.
The calculation method is provided in the ESI.† The theore-
tical induction times and actual tested induction times for
each fraction, along with their relative errors, are shown in
Fig. 4(c). At all addition concentrations, the actual tested
induction times and theoretical induction times for each frac-
tion were generally close, with the maximum relative error
being 67.03% for Cut 1 at the 0.1 wt% addition concentration.
The actual tested induction times and theoretical induction
times for the high-antioxidant Cut 5 and Cut 6 fractions,
which had been verified through previous experimental ana-
lyses, showed a good correlation, with the maximum relative
errors being 7.72% and 11.75%, respectively. The correlation
analysis results indicated that, within the compound mixture
system of each fraction, the compounds studied had largely
maintained their individual contributions to antioxidant
activity, with minimal potential for mutual interference.

Phenolic compounds in bio-oil were demonstrated to have
a significant impact on antioxidant activity and could be
directly used as additives for BD. Although fractionation
enriched the phenolic compounds, a small amount of other
types of compounds remained. The effects of these com-
pounds on antioxidant activity required further investigation.
Representative model compounds, including acetic acid,
2-acetylfuran, cyclopentanone, 5-hydroxy-2-pentanone, fur-
fural, furfuryl alcohol, and benzyl ether, were selected for oxi-
dation stability testing, as shown in Table S1.† Acetic acid,
cyclopentanone, furfural, and benzyl ether exhibited a certain
negative effect on antioxidant activity. At a concentration of
0.1 wt%, 2-acetylfuran, 5-hydroxy-2-pentanone, and furfuryl
alcohol had almost no effect on the oxidation stability of BD
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(the pure BD IP was 0.62 h). Given that the actual content of
these compounds in the bio-oil fractions was low, their impact
on the oxidation stability of BD was considered negligible and
was ignored.

The enrichment effect of phenolic compounds in the
middle fraction of bio-oil using chemical extraction methods
was examined. Phenolic compounds were able to react with in-
organic acids to form salts, while bases dissolved acidic com-
ponents. Lipophilic solvents were used to separate the extracts
into acidic, basic, and neutral fractions. A pH-gradient extrac-
tion method was applied for further component separation.38

The effects of three concentrations of acid–base solutions,
combined with different solvents, on the extraction yield of
phenolic compounds from the middle fraction were investi-
gated, with the results shown in Table 2. Considering the solu-
bility of the phenolic compounds, as well as the collection of
extracted products and solvent recovery, DEE, DCM, and EAC
were studied as extraction solvents. At the concentration of
5 wt%, the extraction yields with the three solvents did not
exceed one-third. This was because the low-concentration alka-
line solution did not completely convert the phenolic com-
pounds in the middle fraction of bio-oil into phenolate salts,
which remained in the alkaline aqueous phase, thereby
affecting the subsequent extraction efficiency. When the solu-
tion concentration increased to 10 wt%, the extraction yields
of the solvents increased by 2 to 3 times. However, when the
alkaline solution concentration was further increased to
15 wt%, there was no significant change in the extraction
yields of phenolic compounds from bio-oil fractions with DEE
and EAC, whereas the yield with DCM increased by 20.57%,
reaching 79.60 wt%.

The phenolic components extracted from the middle frac-
tion of bio-oil, using 15 wt% acid–base solutions combined
with three organic solvents, were identified and analyzed
using GC/MS, with the distribution of specific phenolic com-
pounds and their relative content shown in Fig. 5. Specifically,
the middle components include a mixture of phenolic com-
pounds that have distinct antioxidant properties. The signifi-
cance of focusing on these middle components lies in their
balanced composition, which includes both monophenols and
polyphenolic structures, offering enhanced antioxidant capa-
bilities. The extraction method was used to enrich phenolic
compounds in the middle component. The results revealed
that the relative contents of phenolic compounds in the
extracts with DEE, DCM, and DAC were 83.16%, 83.82%, and
82.41%, respectively. Oxidation stability testing showed that

the induction times for the three extracts were 13.66 h,
16.71 h, and 12.11 h, respectively. A chemical extraction
method using 15 wt% acid–base solutions combined with di-
chloromethane as an organic solvent was employed to extract
Cut 5 and Cut 6. The phenolic extraction yields of Cut 5 and
Cut 6 were 86.50 wt% and 89.10 wt%. The relative contents of
phenolic compounds in the two extracted fractions were
87.11% and 68.62%, representing an increase of 1.48% and
13.99%, respectively, compared to the unextracted samples.
The contents of binary phenols in the extracted fractions of
Cut 5 and Cut 6 were 12.64% and 15.02%, respectively, while
the contents of triphenols were 10.55% and 14.84%. Oxidation
stability testing indicated that the induction times for BD
containing 0.5 wt% of the Cut 5 and Cut 6 extracts were
10.61 h and 14.01 h, respectively. The antioxidant capacities of
the Cut 5 and Cut 6 fractions were similar at low concentration
levels. However, the Cut 5 fraction, with a higher yield
(14.72 wt%), showed greater potential for use as a BD anti-
oxidant. At higher concentration levels, the Cut 6 fraction
exhibited stronger antioxidant properties, presenting a more
advantageous application potential. The extracted fractions
obtained by coupling distillation and extraction techniques
exhibited higher phenolic compound content, with reduced
other impurity compounds, and demonstrated considerable
antioxidant activity.

Techno-economic analysis

The process flow diagram of this route is shown in Fig. 6. The
process details of the graded utilization of bio-oil are pre-
sented in the ESI.† The bio-oil from a biorefinery (11.52 wt%
moisture) was used as the raw material for the project, with a
designed scale of 115.2 tons per day. The project plant had an
annual operating time of 8410 hours (96% of the normal oper-
ating time) and a design lifespan of 20 years, which included a
construction period of 3 years and a startup period of
6 months. It was assumed that the project factory was the nth

Table 2 Effect of chemical extraction on the enrichment of phenolic
compounds

Concentration of acid
and alkali solutions DEE DCM EAC

5 wt% 24.83 wt% 19.76 wt% 30.43 wt%
10 wt% 63.39 wt% 66.02 wt% 66.36 wt%
15 wt% 65.04 wt% 79.60 wt% 64.03 wt%

Fig. 5 Distribution of phenolic compounds in the extracted
components.
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of similar projects designed and established based on this
technological route.

The technical specifications for the project were derived
based on the aforementioned experimental results and rele-
vant research findings, as shown in Table S2.† The total esti-
mated acquisition cost of the required equipment, calculated
using the production scale index method, amounted to
$4 705 837.91, with the detailed cost breakdown presented in
Table S3.† The estimated proportions of various costs and
expenses have been detailed in previous studies, and the calcu-
lation results obtained based on these are summarized in
Table S4.†33 The total installation and equipment cost (TIEC)
of the project was $14 211 634.62, the fixed capital investment
(FCI) amounted to $22 079 793.96, the working capital (WC)
was $3 311 964.29, the land acquisition and use cost (LU) was
$282 348.90, and the total project investment (TPI) was
$25 674 107.14.

After the project facility was completed, an Operating Cost
(OC) was required to ensure its continuous operation. The
operating costs could be categorized into variable costs, fixed
costs, and project loans.33 The facility or plant did not operate
continuously throughout the day or year, so the estimation of
operating costs also needed to account for the facility capacity
factor f0, which represented the proportion of actual operating
time over a full day or year. In this study, f0 was taken as
96%.34 Based on the specific circumstances of this project,
detailed operating costs were provided in Table S5.†33

The discounted cash flow analysis elements for this
research project are presented in Table S6.† The project had a
construction period of 3 years and a startup period of
6 months. During the startup period, product revenue was
50% of the expected full revenue, variable operating costs were
75% of the full costs, and fixed operating costs remained
unchanged.55 The required funds for the project were self-

financed. The baseline discount rate for the project was set at
10%, and the income tax rate was assumed to be 25%, in
accordance with relevant regulations.

According to the discounted cash flow analysis, when the
price of the BD antioxidant was $2060.44 per ton (with the
common market price for commercial antioxidants ranging
from $4000 to $6500 per ton) and the baseline discount rate
was 10%, the project’s NPV was calculated to be
$21 036 373.63, significantly greater than zero, indicating
strong profitability for the project. The internal rate of return
(IRR) was considered with the product price as an independent
variable and represents the discount rate when the NPV equals
zero, reflecting the project’s ability to recover invested capital.
The IRR provides greater flexibility for economic analysis
across multiple product combinations and technological path-
ways. When IRR > i0, it indicates that the project’s return
exceeds the baseline return, suggesting economic feasibility.
Additionally, the higher the IRR, the greater the economic
benefits. Based on the discounted cash flow analysis, when the
BD antioxidant price was $2060.44 per ton, the IRR of the
project was found to be 25.67%, greater than the 10% baseline
discount rate, confirming that the project exhibited excellent
capital return capability. By maintaining the baseline discount
rate, the product price at which the net present value equals
zero represents the MSP of the project under conditions of
investment and profit balance. A summary of the key financial
indicators of the project is presented in Table 3. The MSP for
the BD antioxidant was calculated to be $1072.98 per ton,
which is far lower than the market price of common commer-
cial antioxidants (ranging from $4000 to $6500 per ton), indi-
cating the project’s highly attractive profitability. Detailed data
for the discounted cash flow analysis can be found in
Table S7.† The project began to generate significant profits
starting from the 7th year of plant operation.

Fig. 6 Process flow diagram for graded utilization of bio-oil (ARS: acid–base solution recovery system; BF: bitumen filter; BP: bitumen pump; C1:
cooling tower; C2–5: condenser; D1–4: distillation column; R1 and 2: reactor; WT: wastewater treatment unit).
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The NPV, IRR, and MSP are point estimates represented by
single values, which introduce considerable uncertainty in
technical-economic analysis. Sensitivity analysis, through the
examination of one or more key variables, quantifies the sensi-
tivity of point estimates to economic parameters. This analysis
first assumes the baseline parameter values, then varies a key
variable within a certain percentage range (to its maximum or
minimum value) while keeping other variables constant. The
MSP, IRR, or NPV for the current scenario is then recalculated
to assess the impact of the variable on the project’s economics.
In this study, the key variables for analysis were assumed to
vary within a ±25% range, and the assumptions for sensitivity
analysis variables are shown in Table 4.

The results of the sensitivity analysis are shown in Fig. 7.
The three most significant parameters affecting BD anti-
oxidant MSP were fixed asset investment, bio-bitumen additive
price and bio-bitumen additive yield. Previous studies had con-
firmed the potential of separating the heavy components of
bio-oil as a substitute for petroleum-based bitumen.56 FCI had
a significant impact on the MSP of the BD antioxidant, with a
25% reduction leading to approximately a 28.35% decrease in
MSP. The price and yield of the bio-bitumen precursor also
notably altered the MSP by about 16.17%. The positive effects
of factors such as BD antioxidant yield, production scale (daily
processing capacity), raw material bio-oil price, and utility
costs (water and electricity) on the MSP gradually diminished,
with respective impacts of 12.98%, 8.52%, 6.91%, and 5.42%.
Notably, the negative impact caused by the reduction in BD
antioxidant yield and production scale was much larger than
the positive effect from their respective equivalent increases.

Table 3 Summary of techno-economic analysis results for graded util-
ization of bio-oil

Parameters

Production capacity (t day−1) 21.89
Plant life (year) 20.00
Total purchased equipment cost (106 $) 4.70
Working capital (106 $) 3.31
Total fixed capital investment (106 $) 22.08
Total project investment (106 $) 25.67
Total fixed costs (106 $ per year) 1.52
Total variable costs (106 $ per year) 5.98
Annual total operating costs (106 $) 7.50
Biodiesel antioxidant minimum sales price ($ per t) 1072.98

Table 4 Assumed values for sensitivity analysis variables

Variable Unit
Minimum
value

Base
value

Maximum
value

Raw bio-oil costs $ per t 41.2 54.95 68.68
Production scale
(daily processing capacity)

t 86.40 115.20 144.00

Dichloromethane price $ per t 339.97 453.30 566.62
Sodium hydroxide price $ per t 309.07 412.09 515.11
Hydrochloric acid price $ per t 30.91 41.21 51.51
Investment in fixed assets 106 $ 16.56 22.08 27.60
Labor costs 106 $ 0.29 0.39 0.48
Water and electricity costs 106 $ 1.36 1.81 2.27
Biodiesel precursor yield wt% 22.50 30.00 37.50
Biodiesel antioxidant yield wt% 14.25 19 23.75
Bio-bitumen additive yield wt% 24.00 32.00 40.00
Biodiesel precursor price $ per t 41.2 54.95 68.68
Bio-bitumen additive price $ per t 309.07 412.09 515.11

Fig. 7 Sensitivity analysis of the biodiesel antioxidant minimum selling price.
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This was due to the relatively small production scale of the
project, which also made the FCI the primary factor affecting
the MSP. The changes in the raw material prices of sodium
hydroxide, hydrochloric acid, and dichloromethane had an
impact on the MSP of less than 1%.

Conclusions

This study explored the separation of phenolic compounds
from complex bio-oil. The potential of this mixture as an anti-
oxidant for BD was explored. Specific phenolic compounds
with the highest antioxidant activity were identified, offering
valuable insights into the clean and sustainable utilization of
biomass resources. Phenolic compounds were effectively
enriched in the 175–300 °C range, with the fractions from
175–250 °C primarily containing phenols and alkylphenols.
Methoxyphenols, along with significant amounts of binary
phenols and ternary phenols, were commonly present in the
250–350 °C range. Antioxidant activity analysis revealed that
electron-withdrawing groups at the ortho and para positions of
phenolic hydroxyl groups significantly enhanced antioxidant
capacity, and an increase in the number of phenolic hydroxyl
groups further amplified this effect. Acetic acid, cyclopenta-
none, furfural, and benzyl ether exhibited a certain negative
effect on antioxidant activity. 2-Acetylfuran, 5-hydroxy-2-penta-
none, and furfuryl alcohol had almost no effect on the oxi-
dation stability of BD. When incorporated into BD, the dis-
tilled fractions demonstrated antioxidant activity comparable
to that of commercial antioxidants, achieving a maximum
induction period (IP) of 14.01 hours. Future research could
explore upgrading the monophenolic compounds in the
mixture to polyphenolic products in order to further enhance
antioxidant activity. Based on these findings, a graded utiliz-
ation pathway for bio-oil was developed, incorporating practi-
cal engineering scenarios. The economic feasibility of this
pathway was rigorously evaluated through the estimation of
fixed capital investment and operational costs required for
commercialization, along with discounted cash flow and sensi-
tivity analyses. The minimum sales price of the bio-antioxidant
was determined to be $1072.98 per ton, significantly lower
than the market price of conventional commercial antioxi-
dants, underscoring the strong economic potential of the strat-
egy and laying a solid theoretical foundation for the future
implementation of graded bio-oil utilization. This strategy can
be expanded to other bio-based applications, contributing to
the development of greener and more economically viable
solutions in renewable energy and biomass valorization.
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