
Fundamental Insights into Walnut Shell Bio-Oil Electrochemical
Conversion: Reaction Mechanism and Product Properties

Xinhua Yuan1
& Xiefei Zhu1

& Liqiang Zhang1
& Zejun Luo1

& Xifeng Zhu1

Received: 19 March 2020 /Accepted: 14 June 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
The potential for electrochemical conversion of bio-oil was overlooked for a long period due to the poor electrical conductivity
and unclear reaction mechanism. This study aimed to provide an insight into bio-oil of electrochemical conversion mechanism
and product distribution. In this study, using walnut shell bio-oil with enhanced electrical conductivity by ammonium carbonate
as raw material, electrolysis experiments were carried out using different electrolysis times by constant current method (20 mA)
in H-type electrolytic cell at a stable temperature (0 °C). The results showed that phenols, aldehydes, and lignin were
copolymerized; meanwhile, unsaturated fatty acids such as oleic acid underwent decarbonylation and decarboxylation. The
hydrogen-releasing electrode reaction also occurred at the cathode during the conversion process. Besides, the properties of
products were characterized by elemental analysis, GC-TCD/FID, GC/MS, 1H NMR, FTIR, and TG-FTIR. Solid products were
of possibility for application in new materials owing to containing copolymers with lignin structure, and gas products could be
utilized as gas fuels with the combustible gas (H2, CO, CH4, and olefins) content as 79.24%.
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Introduction

Considering the risk of fossil fuel depletion and pollution to
the environment, bio-oil, a pyrolysis product from sustainable
biomass sources with zero net CO2 emission and better trans-
port property, becomes a promising option and attracts more
and more interest. It can be applied in combustion or chemical
processing because it is a mixture of hundreds of organic
compounds containing important chemical raw materials and
high value-added chemical components including acids, ke-
tones, aldehydes, phenols, ethers, esters, sugars, and furans
[1–4]. However, such complexity in components, high water
content, high viscosity, strong corrosivity, and poor thermal
stability, have brought various technical difficulties in its ap-
plications [5]. Consequently, many methods have been devel-
oped by researchers for bio-oil upgrading, such as supercriti-
cal fluids, esterification, catalytic cracking, hydrogenation,
molecular distillation, hydrodeoxygenation, emulsification,

and catalytic pyrolysis [6–11]. These methods have alleviated
some practical application problems like high viscosity and
hard to combustion. Nevertheless, many other problems are
still waiting to be resolved, such as harsh application condi-
tions, difficulty in control, high equipment cost, and low con-
version rates. Therefore, it is necessary and meaningful to
explore more potential upgrading methods.

Compared with the above upgrading methods, electro-
chemical conversion, which plays a pivotal role in the produc-
tion of some organic products and metals such as adiponitrile,
phthalate, Al, Na, K, and Li, might have been overlooked in
bio-oil upgrading [12, 13]. As a mature industrial method,
electrochemical conversion has many obvious advantages
[14]. For instance, it requires no extreme conditions or special
heating and pressure equipment; its reaction speed even spe-
cies can be changed effectively and continuously by control-
ling the electrode potential; its product is easy to separate and
has high purity, causing low environmental pollution. As early
as 1983, Bargon et al. [15] studied the polymerization of aro-
matic compounds through electrochemical synthesis.
Bernardo et al. [16] believed that biomass could be the mate-
rial for electrochemical synthesis because of the abundant ar-
omatic polymer lignin, one of the most effective and renew-
able sources of aromatic compounds. This shows the potential
of electrochemical conversion in the application of bio-oil.
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Furthermore, hydrogen, a clean and highlighted energy, can
also be produced in the electrochemical conversion processes
of bio-oil. Presently, hydrogen production can be achieved by
hydrocarbon reforming, hydrocarbon pyrolysis, biomass pro-
cess, and water splitting [17, 18]. Among these methods, wa-
ter splitting seems to be a feasible way to produce large quan-
tities of hydrogen stably and efficiently because of the easy
access and pollution-free to raw materials. Therefore, the high
water content in bio-oil provided an available source for hy-
drogen production through electrocatalysis [19, 20]. Thus,
even the high water content and the complex aromatic com-
pounds in bio-oil, which have been so far always a hindrance
to the application of bio-oil, may turn out to be the merits of
bio-oil in electrochemical synthesis and preparation of hydro-
gen. Hence, this method is expected to greatly facilitate the
application of bio-oil.

However, the electrochemical conversion demands an in-
depth understanding of the reaction mechanism.
Unfortunately, despite this encouraging potential, the reaction
mechanism was unclear due to the poor electrical conductivity
and complex components. This leaves bio-oil electrochemical
synthesis groundless and obstructs the further application of
bio-oil. Therefore, this study aims to provide a basic under-
standing of the bio-oil electrochemical conversion mechanism
based on product properties and reaction processes.

In this study, the electrical conductivity of walnut shell bio-
oil was enhanced by ammonium carbonate, avoided the ap-
pearance of ion metals in bio-oil. The electrolysis device was
designed based on H-type electrolytic cell to electrolyze the
processed bio-oil by constant current method (20 mA) at a
stable temperature (0 °C). The products were collected accord-
ing to different electrolysis time, consisting of residual bio-oil,
gas products, and solid products. The residual bio-oil was
analyzed by 1H NMR, GC/MS, and elemental analyzer to
study the change of functional groups and compounds in the
process. Additionally, to study the chemical compositions and
product properties, gas products were determined by GC-
TCD/FID and solid products were detected by FTIR and
TG-FTIR. The reaction mechanism was deduced by studying
the change of functional groups and components of products.

Materials and Methods

Materials

Bio-oil was prepared by pyrolysis of the walnut shell at
500 °C in a fluidized bed, with the condensing temperature
at 40–50 °C. Walnut shell is produced in Ningguo, Anhui
Province, and content of cellulose, hemicellulose, and lignin
was 22.06 wt%, 19.90 wt%, and 53.81 wt% respectively. The
pyrolysis details were reported in our previous study [21]. The
elemental analysis and determination of water content were

preformed to bio-oil. The analysis was conducted with an
Elementar Vario EL-III analyzer. Besides, the content of O
was calculated by the difference. The water content was de-
termined by the Karl–Fischer titration. The titration solvent
was a mixture of chloroform and methanol at the mass ratio
of 1:3, and the accuracy of the results was checked by water
addition. Besides, in this study, the high heating value (HHV)
was calculated from the elemental compositions (Eq. 1) [22].
The result was showed in Table 1.

HHV MJ=kgð Þ ¼ 1:87 C2
� �

−144 Cð Þ−2802 Hð Þ
þ 63:8 CHð Þ þ 129 Nð Þ þ 20147 ð1Þ

The compounds in bio-oil were mainly weak electrolytes
and non-electrolytes, which resulted in the poor conductivity
of bio-oil [23]. The conductivity would have a great influence
on the effect of electrolysis. However, the metal ion in most
salts would go against the process of application bio-oil.
Therefore, a small amount of ammonium carbonate (0.48 g/
100 ml) was added to the bio-oil to enhance the electrical
conductivity (ammonium carbonate (AR) is produced by
Sinopharm Chemical Reagent limited corporation).

Electrolysis Device and Experiment

Figure 1 shows the schematic diagramof the experimental device
for electrolysis. According to the previous literature, a two-
electrode system with a divided H-type electrolytic cell was de-
signed [24, 25]. The power supply was adjustable (100 V/1 A
dc), and the size of the electrode was 10 × 10 × 0.1 mm. After
adding ammonium carbonate and stirring for 24 h, it is filtered
several times to remove impurities and precipitates from the bio-
oil. Before the experiment, the prepared bio-oil (94.15 g/100mL)
was put into the electrolytic cell, which had been immersed in an
ice-water mixture to maintain a constant temperature. N2 (con-
centration, 99.999%) was used as the carrier gas, and the gas
flowwas 20mL/min, swept out for 30min. The electrolysis time
was set to 6, 12, 18, and 24 h at 20 mA (the current was limited
by equipment) respectively, to study the effect of different elec-
trolysis time.

After electrolysis, a thick black gel appeared at the bottom
of the electrolytic cell and gas products were also generated,
collected by the gas collector. However, because there were
few gas products with short electrolysis time, the gas products
for 24 h were collected and analyzed, named GP. Classified
according to different electrolysis time, the bio-oils were
named RB-0, RB-6, RB-12, RB-18, and RB-24 (collectively
called RB). Correspondingly, the thick black gels, dried in the
oven at 50 °C for 24 h, were named SP-6, SP-12, SP-18, and
SP-24 (collectively called SP).
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Analytical Methods

1H NMR Analysis

1H NMR analysis was implemented on RB. The nuclear mag-
netic resonance (NMR) spectroscopy was operated at room
temperature on a Bruker 400 MHz liquid nuclear magnetic
resonance apparatus. For 1H NMR, about 20 mg of the sample
was dissolved in 0.5 mL of deuterated dimethyl sulfoxide
(DMSO-d6), and tetramethylsilane (TMS) was used as the in-
ternal standard. Experimental parameters were listed: 30° pulse
angle, 1-s relaxation delay, and 300 K test temperature [26].

GC/MS Analysis

RB was analyzed by GC/MS (Trace DSQII, Thermo Scientific,
USA), coupledwith the TG-5MS chromatographic column. The
split ratio was 40:1, and the carrier gas was helium (concentra-
tion, 99.999%). The inlet temperature, ion source, and transmis-
sion line temperature were set to 280 °C. The heating procedure
of the furnace box was to hold for 2 min at 40 °C, then rose to
180 °C at the rate of 3 °C/min and held for 2min, and finally rose
to 280 °C at 10 °C/min and held for 3 min [27].

The electron ionization (EI) voltage and the scanning range of
themass spectrometry were set to 70 eV and 45–650 amu (atom-
ic mass unit) respectively. To ensure the repeatability of the
experiment, each test was repeated three times, and the results
were analyzed with the average value of the experiment.

Elemental and Bio-Chemical Analysis

RB was analyzed for their elemental compositions, and the
analysis of elemental and bio-chemical compositions was

conducted to SP. The element detection procedure was the
same as the bio-oil. After treatment with neutral detergent
[28], the two-stage acid hydrolysis (2 mol/L HCl and
75 wt% H2SO4) was performed on the sample. The lignocel-
lulosic contents were determined by using gravimetric
methods [29, 30].

GC-TCD/FID Analysis

The gas chromatograph (GC1690) equipped with TCD (ther-
mal conductivity detector) and FID (hydrogen flame ion de-
tector) was used for the detection and analysis of GP. The
equilibrium gas of the standard mixture was nitrogen, and
the other main effective components were CO2, H2, CH4,

C2H4, C2H6, C3H6, C4H8, and C4H10, respectively.

FTIR Analysis

The functional groups of SP were detected by FTIR through
pelleting the sample with KBr powder. The Nicolet 8700
Fourier transform infrared spectrometer was used for infrared
spectroscopy, with a resolution of 4 cm−1, 32 scanning times,
and a wavenumber of 4000–400 cm−1 [31].

TG-FTIR Analysis

TG-FTIR was performed on SP by a thermogravimetric ana-
lyzer (TGA, Q500, TA Instruments, USA) with N2 as the
carrier gas and a flow rate of 100 mL/min. The speed of
equilibrium gas flow was 20 mL/min, and the temperature
increased from 30 to 800 °C at the rate of 20 °C/min.

Fig. 1 Schematic diagram of the
electrolysis device

Table 1 Characterization of
walnut shell bio-oil Name (wt%) N C H Oa Water content HHV (MJ/kg)

Bio-oil 2.02±0.09 23.88±0.34 6.83±0.12 67.27±0.21 30.93±0.24 9.32

a Calculated by the difference
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Results and Discussion

Yield Analysis

The yields of RB, GP, and SP with different electrolysis time were
shown in Fig. 2, and the yield of GP was calculated by the differ-
ence. The presence of GP revealed that hydrogenmight be released
in the electrolysis process, which was the common product in elec-
trochemical reactions. Aswe saw, the yields of GP reached 15.53%
with 24 h electrolysis time, and the increase was 3.70%, 4.98%,
3.78%, and 3.07% in each stage. It indicated that the growth rate of
GP increased in the first 12 h, and then decrease. It could be spec-
ulated that there might be multiple gas release reactions, some of
which occurredmainly in the first 12 h. Another interesting product
was SP, which might be the product of polymerization of com-
pounds in bio-oil, such as phenols, aldehydes, lignin, and furans.
It had a marked decrease in the growth of SP, which was reduced
from 0.72 to 0.05% in the process. It demonstrated that the rate of
reactions to produce SPwas decreased,whichmight be attributed to
the reduction of reactants. When the reactants ran out, the growth
rate of SP had a rapid decrease, which resulted in the inconspicuous
differences in the yield of 18 h and 24 h. Therefore, by comparing
the yield and growth rates of GP and SP, it could be obtained that
the gas releasing reactions taken place at all times, and the growth
rate peaked at 12 h in the process of electrolysis, while the rate of the
reactions that produced solids decreased with the extension of time.

Residual Bio-Oil Analysis

GC/MS Analysis of Residual Bio-Oil

RB was analyzed by GC/MS, and the compounds with rela-
tive concentrations higher than 0.5% were screened out in
Table 2. It showed that the compounds in bio-oil produced
by walnut shells contained acids, furans, phenols, and

aldehydes. It could be found that the content of phenols was
relatively high in bio-oil. This might originate from the raw
material, walnut shell, which has lower cellulose and hemicel-
lulose content and much higher lignin [32]. It could be found
there was a remarkable change in the content of acids, furans,
and phenols after electrolysis. A rapid decrease in the content
of furfural, trans-m-propylene guaiacol, and phenol in RB-6
appeared, compared with RB-0. According to the result of
yield analysis, the yield of SP had a rapid increase at first
6 h. Both Long et.al [33] and Wu et.al [34] found that there
could be a polymerization between phenols and furfural to
produced aerogels in acidic conditions. It indicated that the
reactions between furfural and phenols might be the source
of SP, and the gels collected from the bottom of the electro-
lytic cell might contain the product of copolymerization in SP.
Additionally, the content of some phenols kept decreasing in 6
to 18 h, such as 4-ethyl-2-methylphenol and 4-allyl-2-
methoxyphenol, which might due to the copolymerization of
phenols, aldehydes, and lignin [35–38]. The adequate lignin in
walnut shell provides sufficient raw materials for the copoly-
merization reaction. In the meantime, a gradual increase

Table 2 The compounds in RB

Compounds Peak area/%

RB-
0

RB-6 RB-
12

RB-
18

RB-
24

Acetic acid 7.24 10.58 12.18 9.66 15.82

Glycol aldehyde diethyl acetal 3.67 3.08 3.50 2.74 4.66

Furfural 2.12 0.33 0.34 0.39 0.55

2,5-Dimethoxytetrahydrofuran 3.04 3.86 3.95 4.00 3.86

Trimethoxybutane 0.70 0.97 1.10 1.10 1.33

Phenol 2.79 1.76 2.08 1.97 2.01

O-cresol 1.89 1.65 1.62 1.68 1.59

Guaiacol 6.58 6.65 7.05 6.88 7.11

Hexanal dimethyl acetal 1.40 1.73 1.63 1.57 1.34

3,4-Dimethylphenol 2.01 1.61 1.55 1.45 1.48

Naphthalene 0.55 0.55 0.42 0.54 0.24

P-hydroxyphenyl ethanol 1.59 0.55 1.43 0.61 0.53

2-Methoxy-4-methylphenol 3.92 4.97 5.15 4.72 4.65

4-Ethyl-2-methylphenol 1.50 1.54 1.03 0.78 0.99

4-Ethyl-2-methoxyphenol 3.17 4.05 4.19 3.96 3.70

2,6-Dimethoxyphenol 2.03 2.17 2.19 2.02 1.95

4-Allyl-2-methoxyphenol 2.21 2.63 2.52 2.39 2.29

Phenol, 2-methoxy-4-propyl- 1.20 1.37 1.23 1.13 0.87

Trans-m-propylene guaiacol 3.16 1.44 1.45 1.77 1.38

Isoeugenol 6.28 7.03 6.94 7.11 5.81

5-Tert-butyl pyrogallol 1.41 2.30 2.53 1.76 3.24

4-Allyl-2,6-dimethoxyphenol 1.19 3.22 3.09 3.25 2.68

Oleic acid 2.50 2.25 1.08 1.21 0.27
Fig. 2 Yields with different electrolysis time
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appeared in the relative content of many substances, such as
trimethoxybutane, guaiacol, and 5-tert-butyl pyrogallol. It was
due to the amount of bio-oil decreased as the electrolytic re-
action progressed; therefore, the content of those substances
that did not participate in the reaction increased.
Consequently, it can be inferred that two factors were affect-
ing the content of phenols. One was the decrease because of
the copolymerization; the other was the relative increase due
to the decrease of bio-oil.

Another noteworthy finding was that, with longer electrol-
ysis time, the oleic acid concentration declined. It demonstrat-
ed that decomposition might happen to oleic acid in the elec-
trolysis process. It was found that the deoxygenation of the
carboxyl group in oleic acid could be achieved by releasing
CO, CO2, and H2O via decarbonylation, decarboxylation, and
dehydration mechanisms, which will also produce light ole-
fins [39]. In the process, the carboxyl group transformed into
the hydrocarbon and formic acid via deoxygenation, and
formic acid decomposition can occur via two parallel path-
ways, namely, dehydration to CO and H2O and dehydrogena-
tion to CO2 and H2 [40]. Therefore, according to this hypoth-
esis, GP might contain CO, CO2, and some olefins.

1H NMR Analysis of Residual Bio-Oil

The proton NMR spectra and the integral values of selected
regions of the spectra on a percentage basis of RB were shown
in Fig. 3, and the integral values of different regions could
represent the proton number of different functional groups.
The organic functional groups according to the chemical shift
range were presented in Table 3. From the spectra, it could be
found that the functional groups of samples were similar, in-
cluding extended alkyl chains, carbonyl group, aromatic group,
and aldehyde group. However, some interesting changes took
place in the integral values of different regions. As we saw, an
opposite trend could be found out in both regions of 4.4–
3.3 ppm and 3.3–2.3 ppm, which were the two regions with
the highest integral value. The region of 4.4–3.3 ppm (~ 50% of
all protons) could represent protons on carbon atoms next to the
aliphatic alcohol or methylene group that joins two aromatic
rings, which would exist in lignin structures [4, 26]. In the first
6 h, the decrease of the proton number and the methoxy group
in RB was due to the copolymerization reaction of phenols. In
the meantime, with the copolymerization and dehydration reac-
tion going on, the water content would keep increasing, and the
result had a good match with it [36, 40].

About the region of 3.3–2.3 ppm (~ 35% of all protons), it
could represent aliphatic protons attached to carbon atoms
adjacent to a carbonyl or aromatic group. A slight increase
in the integral value was due to the decrease of bio-oil in the
first 6 h. However, when the oleic acid content reduced, as
seen in the 6–24 h, the decrease of the integral value of this
region was because of the decarbonylation reaction of the

methoxy group. Similarly, the change of the region (1.5–
0.5 ppm) represented extended alkyl chains and was attributed
to the decomposition of unsaturated fatty acids like oleic acid.
The integral value of region (2.3–1.5 ppm) was stable, which
indicated that the protons attached to carbon atoms adjacent to
a carbon–carbon double bond or a carbonyl and aromatic
group might not participate in the electrochemical conversion.

Elemental Composition and Water Content Analysis
of Residual Bio-Oil

The data of RB elemental composition and water content were
collected, and the results were presented in Table 4. It could be
found that the content of O was relatively high because of the
existence of water and acid, over 60%, which led to the rela-
tively low HHV of RB [41]. In the first 12 h, the HHV of RB
was sharply decreasing. It was due to the large release of
combustible gas, such as H2, CO, and CH4. Furthermore, a
gradual drop appeared in the number of C. It was due to the

Fig. 3 1H NMR spectra of RB and integral values of selected regions: a
1H NMR spectra of RB; b integral values of selected regions of the
spectra of RB
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generation of solid products and gas products such as
aerogels, CO, and CO2, via the copolymerization and the de-
oxygenation of the carboxyl group. In the meantime, the in-
crease in water content was also owing to these reactions.
Another noticing thing was that the marked change in the
content of H. In the first 6 h, the mass formation of the SP
led to a rapid decline in the content of C and O, resulting in a
rise in the content of H. However, in 6 h to 24 h, the steady fall
in the content of H might be due to the release of H2 and
olefins [39].

Gas Products Analysis

It was essential to analyze the composition of GP whether to
determine the type of reaction or the mechanism of the reac-
tion. The components of GP were determined by GC-TCD/
FID. The results showed that there were CO, CO2, H2, CH4,

and olefins in GP, and the contents reached 38.66%, 20.76%,
35.51%, 0.72%, and 4.35% respectively. It could be obtained
that CO, CO2, and H2 were the main gas products, and the
combustible gas (H2, CO, CH4, and olefins) content in GP
reached 79.24%. It also showed the great potential of GP in
gaseous fuel. In terms of the reaction mechanism, one of the
main reactions of the gas releasing was the reduction of hy-
drogen ions at the cathode to hydrogen [42]. Hussain et al.
[43] also found that hydrogen evolution was more likely to
occur on platinum electrodes during electrolysis. Meanwhile,
hydrogen can also be released by dehydration of formic acid
[40]. Besides, the generation of CO2 could be divided into two

parts. For one thing, some CO2 was released by the reaction of
carbonate and free hydrogen ions that were produced by the
anodic reaction [44]; for another, the deoxygenation of the
carboxyl group could also produce CO2 [45]. The deoxygen-
ation reaction in bio-oil was also the major source of CO and
olefins [39]. As for the CH4, it was believed, under the catal-
ysis of platinum, CO2 could be reduced to CO2

−, which could
react with hydronium to produce CH4 [46]. In the meantime,
CH4 could also be generated by demethylation [47].

Solid Products Analysis

Elemental Compositions and Bio-Chemical Analysis of Solid
Products

The elemental compositions, HHV and O/C ratios of SP were
presented in Table 5. The results showed the C content of all
the samples was stable and relatively high, over 70%. It might
be due to the abundant aromatic ring structures in the copoly-
merization products, which contained adequate carbon [48]. It
could be found out that there were mainly lignin oligomers in
SP, and the content of cellulose and hemicellulose was rela-
tively low. It was because most cellulose and hemicellulose in
biomass are broken down, and lignin is converted to phenols
and lignin oligomers in the pyrolysis process of biomass [4].
The O/C ratio can depict a characteristic trend for aromaticity
measurements because it traces closely the median of all aro-
matic measurements and thereby shows a typical pattern for
aromaticity [49]. The O/C ratio was increased with the

Table 3 Proton assignment
according to chemical shift range Chemical shifts

(ppm)
Proton assignment

0.5–1.5 Aliphatic protons in extended alkyl chains

1.5–2.3 Protons attached to carbon atoms adjacent to a carbon–carbon double bond or a carbonyl
and aromatic group

2.3–3.3 Aliphatic protons attached to carbon atoms adjacent to a carbonyl or aromatic group

3.3–4.4 Protons attached to carbon atoms singly bonded to oxygen, and protons in water

4.4–8.5 Aromatic protons, carbon–carbon double bond

9.5–10.5 Protons in aldehyde group and carboxyl of acids

Table 4 Elemental composition
and water content of RB Name

(wt%)
N C H Oa Water

content
HHV (MJ/
kg)

RB-0 4.18 ± 0.18 27.45 ± 0.16 7.25 ± 0.05 61.12 ± 0.37 31.72 ± 0.16 10.52

RB-6 4.06 ± 0.12 27.18 ± 0.22 8.25 ± 0.07 60.51 ± 0.33 31.94 ± 0.19 9.33

RB-12 1.76 ± 0.09 25.98 ± 0.03 7.68 ± 0.08 64.58 ± 0.14 32.78 ± 0.03 9.11

RB-18 1.97 ± 0.02 25.12 ± 0.05 7.34 ± 0.06 65.57 ± 0.08 32.74 ± 0.06 9.16

RB-24 2.25 ± 0.06 23.46 ± 0.07 6.64 ± 0.06 67.65 ± 0.07 34.09 ± 0.08 9.42

a Calculated by the difference
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extension of electrolysis time, indicating the increase of aro-
maticity in SP. It was worth noting that a slight increase ap-
peared in HHV of SP before 18 h; however, it turned to a drop
at 24 h. It demonstrated that if high HHV was required in SP,
unquestionable, 18 h was an appropriate electrolytic time.

FTIR Analysis of Solid Products

The functional groups of SP were analyzed by FTIR, and the
IR spectra of SP were shown in Fig. 4. No significant differ-
ence between these infrared curves was found. It indicated
there was no marked change in the category of the major
functional groups in SP during the electrochemical conversion
processes. Furthermore, it could be seen that the significant
characteristic band of 3440–3200 cm−1 was attributed to the
stretching vibration of –OH [29]. The increasing peak inten-
sity indicated the increase of the carboxyl group in SP. The
absorption peak at 3000–2820 cm−1 related to the stretching
vibration of –CH2 and –CH3, demonstrating the existence of
hydrocarbon compounds, which might be the product of the
decomposition of oleic acid. What’s more, the absorption
peaks at 1612, 1514, and 1368 cm−1 were attributed to the
stretching vibration of C=C, C–C, and C–H, respectively,
originating from the skeleton of the aromatic ring [31]. The
absorption peak at 1375 cm−1 and 1250 cm−1 represented the
symmetrical variable angles of C–H and the stretching of C–O
respectively, indicating that SP contained R-OH structure.
The gradual rise was found in the intensity as a consequence
of copolymerization, which also proved from the side that SP
contained phenols copolymerization products. This also
corresponded to the gradual increase of aromaticity in SP in
elemental analysis. Another absorption peak was found at
885–820 cm−1, representing the lateral curvature of the car-
bonate. The carbonate might be derived from the addition of
ammonium carbonate. The decline of the peak intensity was
due to the reaction of carbonate and free hydrogen ions.

TG-FTIR Analysis of Final Solid Product

SP-24, as the final solid product, was selected to analyze the
pyrolysis properties. Both TG (in wt%) and DTG (in wt%/
min) curves were shown in Fig. 5. It could be observed that
a significant weight loss peaks, in which SP loss 60% mass,
appeared in DTG curve of SP-24 between 50 and 600 °C,
which reached the maximum mass loss rate (0.89 wt%/°C)
at 170 °C and maintained until 350 °C. Generally, the weight
loss process could be divided into three stages [50]. The first
stage was between 30 and 200 °C, due to the evaporation of
moisture and small molecules. The second stage was between
temperatures of approximately 200 °C and 600 °C, owing to
the cracking of the polymer backbones and the thermal deg-
radation of the components with lignin structures. The third
stage was at 660 °C, attributed to the dissociation of diaryl
ethers at higher temperatures and secondary pyrolysis of vol-
atiles [51]. Additionally, there was still a 40% solid residue
left at 800 °C after pyrolysis. In the previous study, the lignin

Table 5 Elemental compositions
and bio-chemical analysis of SP SP-6 SP-12 SP-18 SP-24

N (wt%) 3.24 ± 0.08 3.01 ± 0.28 2.07 ± 0.22 2.13 ± 0.02

C (wt%) 70.79 ± 0.38 70.63 ± 0.72 71.33 ± 0.78 70.27 ± 0.26

H (wt%) 6.13 ± 0.39 6.22 ± 0.11 6.17 ± 0.02 6.25 ± 0.19

Oa (wt%) 19.84 ± 0.07 20.14 ± 0.77 20.43 ± 0.87 21.35 ± 0.16

Cellulose (wt%) 2.29 ± 0.12 2.42 ± 0.15 2.12 ± 0.09 2.15 ± 0.04

Hemicellulose (wt%) 3.01 ± 0.15 3.25 ± 0.05 3.10 ± 0.25 3.05 ± 0.08

Lignin (wt%) 85.58 ± 0.17 85.43 ± 0.22 86.02 ± 0.38 86.07 ± 0.36

HHV (MJ/kg) 30.25 30.29 30.45 30.04

O/Cb 0.280 0.285 0.286 0.304

a Calculated by the difference
bAtomic ratio

Fig. 4 FTIR spectra of SP
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structure has the characteristics of slow decomposition at high
temperatures [26, 52]. Hence, the residues might be the carbon
and incomplete pyrolytic copolymer with lignin structures.

Figure 6 shows the IR absorption spectra of the gases pro-
duced by SP-24 at several representative temperatures in the
pyrolysis process. Two hundred, 300, and 650 °C were the
temperatures at different stages of pyrolysis, and 400 °C was
the point with the fastest decreases in the weight loss rate. It
could be found that the main gas products were H2O (3965–
3500 cm−1), CH4 (3100–2780 cm

−1), CO2 (2360–2310 cm
−1),

CO (2180–2110 cm−1), and methanol (1085–970 cm−1), ac-
cording to the relationship between wavenumbers and prod-
ucts [51]. Among them, CH4 could be the product of the
release of the weak key methoxyl and methylene CH2 frac-
ture. The cleavage of carbonxyl and carboxyl groups was the
source of CO2, and CO could originate from the dissociation
of diaryl ether and the secondary pyrolysis of volatiles at high

temperature. Generally, the methoxyl substituents in the lignin
structures might be the source of methanol [53]. Based on
Lambert–Beer law, absorbance has a linear relationship with
gas concentration at a specific wavenumber [54]. Therefore,
the change of absorbance in the whole process related to the
changing trend of gas product yield. The absorption peaks at
1880–1640 cm−1 and 1300–1100 cm−1 were related to the
absorption of C=O bond and R–OH respectively. With higher
temperatures, a significant decrease appeared in both of them,
which was due to the reduction in the number of carboxyl
groups and phenols. On the contrary, the absorption band at
1605–1370 cm−1, which represented the C=C bond attributed
to the aromatic component, was increased with higher temper-
atures. It was owing to the increase in the degree of aromati-
zation. Below 400 °C, the absorption peaks represented CO at
2180–2110 cm−1 did not appear, and a marked increase could
be found in the intensity of this absorption peaks at 650 °C. It
was owing to a large amount of energy requirement in disso-
ciation of diaryl ether and the secondary pyrolysis of volatiles.

A Proposed Reaction Mechanism for Bio-Oil
Electrochemical Conversion

To understand the electrochemical conversion process of the
bio-oil more clearly, basing on the above discussions, the
main reactions involved during the electrolysis of the bio-oil
are summarized in Fig. 7. In the process of electrolysis, the
copolymerization of phenols, aldehydes, and lignin, the
decarbonylation and decarboxylation of unsaturated fatty
acids and the splitting of water occurred in the bio-oil. The
solid products were generated by the copolymerization; how-
ever, with the increase of reaction time, the growth rate was
decreased because of the exhaustion of reactants. Therefore,
the copolymerization mainly occurred at 0–12 h. The gas
products consist of CO, CO2, H2, CH4, and olefins. Among
that, CO, CO2, and olefins were mainly from the
decarbonylation and decarboxylation of unsaturated fatty
acids. Furthermore, the reaction of carbonate and free hydro-
gen ions could also produce CO2. And H2 and CH4 were
produced by the reduction at the cathode.

Conclusion

In the process of bio-oil electrochemical conversion, three
kinds of products were collected: residual bio-oil, gas prod-
ucts, and copolymerized solids. The results showed that there
were several major reactions during electrolysis: the copoly-
merization between phenols, furfural, and lignin, the
decarbonylation and the decarboxylation of unsaturated fatty
acids like oleic acid, and reduction of hydrogen ions at the
cathode. Among them, the decarbonylation and the decarbox-
ylation of unsaturated fatty acids and the reduction of

Fig. 6 The infrared spectra of the gas products produced from SP-24 at
different temperatures

Fig. 5 TG-DTG curves of SP-24
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hydrogen ions were the major sources of gas products. The
gas releasing reactions took place at all times, and the growth
rate peaked at 12 h due to the decarbonylation and decarbox-
ylation reaction. Due to the depletion of reactants such as
furfural and phenols, copolymerized solids yields increased
first and then reached an upper limit at 18 h. Additionally,
both solid and gas products exhibited promising properties.
Copolymerized solids with lignin structure and gas products
containing 79.24% combustible gas content could be possible
to apply to new materials and gas fuels respectively.

This present work displayed the basic understanding of
bio-oil electrochemical conversion mechanism and the prom-
ising product properties. It showed the great potential in the
electrochemical conversion of bio-oil, providing the founda-
tion for the further bio-oil application.

Funding Information This work was funded by the National Natural
Science Foundation of China (No. 51676179).
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