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ABSTRACT: Lignin is a biopolymer that accounts for up to 30% of biomass and is the most abundant aromatic feedstock in nature.
Therefore, extraction of valuable aromatic compounds from lignin is regarded as an attractive way for producing various organic
chemicals, which are currently derived from fossil fuels. We report an electrochemical approach for the depolymerization of three
ethanol organosolv lignins (EOLs), isolated from sweetgum (SW), aspen (AS), and loblolly pine (LP), utilizing a low-cost nickel
foam as the working electrode under alkaline conditions. Gas chromatography—mass spectrometry, two-dimensional (2D)
heteronuclear single quantum coherence nuclear magnetic resonance (NMR) spectroscopy, and gel permeation chromatography
were employed to analyze and quantify the obtained products after electrolysis. Vanillin and syringaldehyde with a combined
maximum yield of 17.5% were produced from the electrochemical depolymerization of EOL-SW. Finally, the difference in oxidized
products among these three lignin samples was rationalized from the analysis of their native structures.

B INTRODUCTION

To meet the ever increasing demand of fuels and chemicals
while simultaneously decreasing our reliance on nonrenewable
fossil resources, it is imperative to explore the conversion and
upgrading of biomass, which is a green carbon source with
worldwide abundance.' ™ As one of the most widely available
biomass, lignocellulose is particularly attractive for upgrading
to generate value-added products. Over the past few decades,
great progress has been achieved in developing biorefinery
technologies for the fractionation of lignocellulose to its three
primary constituents: cellulose, hemicellulose, and lignin, all of
which require further valorization to produce marketable
chemicals. Lignin is the second most abundant renewable

Quite a few chemical conversion strategies have been
examined to convert lignin to value-added products, such as
steam reforming at high temperature,” gasification in super-
critical water,'® pyrolysis,'' hydrogenation,'” hydrocracking, "
hydrothermal fragmentation,* and catalytic depolymeriza-
tion.”” In general, most chemical conversion approaches
necessitate harsh conditions (e.g., high pressure and elevated
temperature), and it is difficult to overcome limitations like
overoxidation and poor selectivity.'® The past research efforts
have made it clear that cost-effective catalytic systems are
critical for successful lignin valorization.

Among many catalytic conversions,"’~'" oxidative depoly-
merization of lignin enables the production of a great variety of
valuable aromatics,”*~>* especially the benzaldehyde deriva-

carbon source after cellulose, and approximately 40—60 million
tons of lignin is produced annually, mostly as a byproduct from
the paper and pulp industry.’” Compared to cellulose and
hemicellulose, lignin is extremely challenging for depolymeri-
zation because of its complex structure and recalcitrant nature.
Lignin is an amorphous three-dimensional (3D) biomacromo-
lecule consisting of sinapyl alcohol, conifery alcohol, and p-
coumary alcohol units, which are cross-linked by C—C and C—
O—C bonds forming the recalcitrant backbone of lignin.®
Currently, the commercial potential of lignin remains largely
underexplored (<2% of lignin is recovered for the production
of chemical products), and it is almost exclusively burned as a
low-grade fuel in the paper and pulp industry, resulting in
environmental pollution and resource waste.” In contrast,
lignin valorization could be very rewarding in that lignin is the
largest green carbon source of aromatic building blocks in
nature and it represents a sustainable alternative to petroleum-
derived BTX (benzene, toluene, and xylene) to obtain
aromatic compounds, which play critical roles in many
chemical and pharmaceutical processes.”
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tives like vanillin and syringaldehyde, which can find
applications in the fields of flavor, fragrance, and pharmaceut-
icals.”**> A large number of chemical oxidants, starting from
nitrobenzenes”® to hydrogen peroxide,”” metal alloy,*®
LaMnO,,*’ Pd/AL,0,>" LaFe,_,Cu,0;°" and even air,”>*’
have been utilized for the oxidative depolymerization of lignin.
Besides, ozonation is another oxidative process for lignin
degradation, which is usually conducted at low temperatures
(20—40 °C) due to its high reactivity toward all unsaturated
structures.”* Aulin-Erdtman et al. demonstrated that the
extensive ozonation of lignin degraded the aromatic moieties
while the side chains of the dominant structure could be
recovered in the forms of erythronic and threonic acids.
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Therefore, compared to the other oxidative process, the
ozonation process would provide more reliable information on
various side chain structures in lignin.35 Nevertheless, the
requirement of stoichiometric amount of chemical oxidants
renders these processes less economically attractive for large-
scale applications. In contrast, electrocatalytic depolymeriza-
tion appears very appealing in lignin valorization because of the
following reasons: (i) facile control over oxidation via
electrochemical parameters (e.g., potential, current, electrolyte,
etc.), (ii) electricity-driven oxidation with no chemical oxidants
needed, and (iii) operation under ambient conditions.

Since electrocatalytic oxidation has been regarded as an
environmentally friendly and sustainable process for lignin
degradation,®® great efforts have been devoted to exploring
various electrocatalytic systems for effective conversion of
lignin to valuable products. Most studies have centered on
noble metal- (e.g, RuO, and 1rO,)*” or toxic metal-based (e.g,
Pb/Pb0,)***” electrocatalysts. More recently, redox media-
tors, like 2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO)
and 4-acet-amido-TEMPO as catalytic mediators, have also
been utilized for the electrocatalytic oxidation of lignin model
compounds and natural lignin.*’ Given the increasing
motivation in green chemistry, more economically attractive
and environmentally friendly electrocatalysts are desired for
lignin depolymerization.*'

Herein, we report a facile electrocatalytic approach for the
depolymerization of three native ethanol organosolv lignin
(EOL) samples utilizing nickel foam as a low-cost electro-
catalyst under alkaline conditions. As a greener alternative to
precious or toxic metals, nickel electrodes are known for their
stability and catalytic activity for lignin degradation. Under
alkaline conditions, NiOOH is formed on the surface of nickel
foam that could further increase its catalytic activity and avoid
overoxidation of the monomers.*”

EOLs from three woody biomass, including sweetgum
(SW), aspen (AS), and loblolly pine (LP), were directly
subjected to electrochemical oxidation on nickel foam in 1.0 M
KOH. Post-electrolysis analysis employing gas chromatogra-
phy—mass spectrometry (GC—MS), two-dimensional (2D)
heteronuclear single quantum coherence (HSQC) nuclear
magnetic resonance (NMR), and gel permeation chromatog-
raphy (GPC) was performed to identify and quantify obtained
products. Our results demonstrate the effectiveness of nickel in
electrochemical depolymerization of lignin with vanillin and
syringaldehyde as the primary products from EOL-SW and
EOL-AS, whereas no syringaldehyde was detected from the
electrolysis of EOL-LP, which was rationalized from the
structural analysis of each native lignin sample.

B EXPERIMENTAL SECTION

Wood chips (L X W X H: 1.0 X 1.0 X 0.3 cm®) including sweetgum (
Liquidambar styraciflua), loblolly pine (Pinus taeda), and aspen were
gathered by the Forest Products Laboratory at Auburn University.
Nickel foam with purity >99.99% was purchased from MTL All
chemicals and solvents were commercially available and used without
further treatment.

Ethanol organosolv lignin (EOL) was precipitated from ethanol
organosolv pretreated hydrolysate of each woody biomass.*’ Prior to
the pretreatment, wood chips (80 g of dry weight) were soaked in
0.56 L of 65% ethanol solution with 1.0% (w/w) sulfuric acid
overnight to achieve sufficient impregnation. The pretreatment was
performed at 160 °C (sweetgum and aspen) or 170 °C (loblolly pine)
for 1 h in a 2 L Parr batch reactor. Afterward, the reaction was
immediately quenched to room temperature in a cold water bath. The

liquid hydrolysate fraction was collected via vacuum filtration. EOLs
were precipitated by adding threefold DI water into the hydrolysate
and collected by vacuum filtration with Whatman No. 1 filter paper.
The collected EOLs were washed with threefold warm water to
remove the potential contaminations and air-dried for further
experiments.

The electro-oxidation of EOL was conducted at room temperature
using a BioLogic potentiostat. All of the electrochemical experiments
were performed in 1.0 M KOH with a three-electrode configuration,
in which a commercially purchased nickel foam was directly used as
the working electrode, a Hg/HgO electrode as the reference
electrode, and a Pt wire as the counter electrode. Cyclic voltammetry
was first scanned from open circuit potential to 0.7 V vs Hg/HgO at
20 mV/s without the lignin sample several times until stable cyclic
voltammetry curves were obtained. After the addition of lignin sample
(20 mg), cyclic voltammetry was conducted followed by long-term
electrolysis at a constant potential.

After electrolysis, the electrolyte was first acidified to pH = 3—4
with 0.5 M H,SO,. Afterward, chloroform of the same volume was
added to the electrolyte to form a two-phase mixture. The upper layer
was the aqueous phase, and the bottom layer was the organic phase.
The extraction process was repeated three times, and all of the
collected chloroform phase solutions were combined and evaporated
at room temperature on a rotary evaporator. The aqueous phase was
concentrated at 35 °C on a rotary evaporator as well, and yellow solid
products were obtained, which were washed with water several times
to remove inorganic salts and finally dried under vacuum conditions.

The chloroform extractive was redissolved in 700 uL of chloroform
and analyzed via gas chromatography—mass spectrometry (GC—MS).
The GC—MS was equipped with an Agilent 19091S-433 column (30
m X 0.25 mm X 0.25 mm). The injection volume of sample solution
was 1 L with helium as a carrier gas at a flow rate of 1.1971 mL/min.
The temperature program was set at 50 °C for 5 min and then
increased to 250 °C with a rate of 1S °C per min followed by
maintaining the same temperature for another 5 min. The
identification of detected compounds from GC—MS results was
based on the NIST database. Quantification of target products was
performed from the integration of the peak area in the total ion
chromatogram (TIC) of each target compound based on the pre-
established calibration curves of commercial samples. The yields (%)
of vanillin and syringaldehyde were calculated based on the following
equation

mass of vanillin and syringaldehyde

yield (%) = X 100%

mass of initial EOL sample

Analysis of native and oxidized EOLs was performed using 2D
heteronuclear single quantum coherence (HSQC) NMR. EOLs were
dissolved in 500 uL of dimethyl sulfoxide (DMSO)-ds and analyzed
on a Bruker AVANCE 600 MHZ NMR spectrometer. The spectra
were recorded with the Bruker pulse program “hsqcetgpsi”, and the
parameters used were as follows: the number of collected complex
points was 1 K for the 'H dimension with a delay time of 2 s. The
number of scans were 64, and 256 time increments were recorded in
the '*C dimension. The Q-HSQC spectra were collected using the
following parameters: the 'H dimension (F2) was acquired from
11.28 to —1.88 ppm with 2048 data points, and the *C dimension
(F1) was acquired from 185 to —35 ppm with 256 increments. The
number of scans was 16, and the recycle delay was 10 s. Acquisition
times of 0.19 and 0.0058 s were used for 'H and *C, respectively.
The total acquisition time was 11 h 40 min. Afterward, Fourier
transformation and phase correction were applied in both dimensions
on spectra with MNova X64. The molecular weights of the native and
oxidized EOLs were determined via gel permeation chromatography
(GPC) using an ultraviolet (UV) detector. The column was equipped
with a PL-gel 10 mm mixed-B 7.5 mm id column, which was
calibrated with PL polystyrene standards. The calibration curve of
GPC is shown in Figure SI. The lignin samples were dissolved in
tetrahydrofuran followed by sonication for at least 1 h prior to filtering
through a PFTE membrane (0.2 ym).
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B RESULTS AND DISCUSSION

Prior to electrocatalytic depolymerization, all of the lignin
samples derived from wood chips, including sweetgum, aspen,
and loblolly pine (EOL-SW, EOL-AS, and EOL-LP), were
isolated via an organic solvent extraction method (see the
Experimental Section for details). Such a pretreatment yielded
EOLs with high purity and a nativelike lignin structure.
Subsequent electrochemical studies were conducted in a three-
electrode configuration with 1.0 M KOH as the electrolyte.
With the aim of low-cost and green operation in mind, a
commercially available nickel foam (NF) was directly utilized
as the working electrode. As shown in Figure 1, NF exhibited
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Figure 1. Cyclic voltammograms of nickel foam in 1.0 M KOH before
and after the addition of 20 mg of EOL-SW (scan rate: 20 mV/s).

the anticipated Ni"™ redox couple in the potential region of

0.3-0.5 V vs Hg/HgO," followed by an anodic current rise
after 0.6 V vs Hg/HgO, which could be attributed to the O,
evolution reaction (OER). Upon the addition of 20 mg of the
EOL-SW sample, an apparent anodic current increase around
the Ni'"™" redox couple could be observed, indicating the
oxidation of the lignin substrate on NF. To delineate the
oxidation products, controlled potential electrolysis was first
conducted for EOL-SW at three applied potentials, 0.4, 0.5,
and 0.6 V vs Hg/HgO for 1 h. The post-electrolysis
electrolytes were neutralized and then exacted via chloroform
(see the Experimental Section for details). The resultant
oxidation products in both organic and aqueous layers were
collected and analyzed individually.

The oxidation products of EOL-SW in the organic phase
were characterized via GC—MS. As shown in Figure S2, a
range of oxidation products could be detected in the retention
time between S and 25 min. Vanillin and syringaldehyde were
detected as the major products with retention times of 11.3
and 13.5 min, respectively. The identity of vanillin and
syringaldehyde was confirmed by comparing their correspond-
ing retention time and mass spectrum with those of
commercial standard samples (Figures S3 and S4). Based on
the calibration curves (Figure S5) derived from the purchased
model compounds, the yields of vanillin and syringaldehyde
obtained at three different electrolysis potentials could be
quantified. Table 1 compares the yields resulting from different
electrolysis experiments. For 1 h electrolysis, the combined
yield of vanillin and syringaldehyde was 11.0% when the
applied potential was 04 V vs Hg/HgO, implying that
oxidative lignin depolymerization takes place even before
reaching the anodic peak potential of NF. If the applied
potential was 0.5 V vs Hg/HgO, an increased yield of 17.5%
was obtained, consistent with the high anodic current observed
around 0.5 V vs Hg/HgO (Figure 1). However, further anodic

Table 1. Combined Yields of Vanillin and Syringaldehyde
Obtained from the Electrocatalytic Depolymerization of
EOL-SW on Nickel Foam under Different Conditions

entry  potential (V vs Hg/HgO) electrolysis time (h) yield (%)
1 0.4 1 11.0
2 0.5 1 17.5
3 0.6 1 9.5
4 0.5 0.5 10.5
S 0.5 2 12.5

shifting of the applied potential to 0.6 V vs Hg/HgO resulted
in a decrease of the combined yield of vanillin and
syringaldehyde to 9.5%, most likely due to the involvement
of OER, which is the primary competing reaction at high
anodic potentials. Hence, it was apparent that 0.5 V vs Hg/
HgO was the optimal applied potential for the depolymeriza-
tion of EOL-SW on NF in 1.0 M KOH. To assess the impact
of electrolysis time, we further varied the duration of
electrocatalytic oxidation at 0.5 V vs Hg/HgO from 0.5 to 2
h (Figure S6). As included in Table 1, 0.5 h electrolysis led to a
combined yield of 10.5% while 2 h resulted in 12.5%, both of
which were lower than the 17.5% yield obtained after 1 h
electrolysis. The lower yield for the 2 h electrolysis could be
due to the overoxidation of vanillin and syringaldehyde during
prolonged oxidative electrolysis. Overall, the maximum yield
(17.5%) of vanillin and syringaldehyde from EOL-SW was
achieved on NF at an applied potential of 0.5 V vs Hg/HgO
for 1 h electrolysis in 1.0 M KOH. Notably, the yield of vanillin
is higher than previous reported yields obtained via
electrolysis,"*® which enabled 1.7 and 7 wt % yields of
vanillin, respectively.

In addition to the identification and quantification of low-
molecular-weight organic products in the chloroform extrac-
tives, we also sought to investigate the resultant oxidation
products in the aqueous phase, which were expected to have
higher molecular weight and larger polarity compared to those
in the organic phase. Two-dimensional heteronuclear single
quantum coherence spectroscopy (HSQC) NMR and gel
permeation chromatography (GPC) were performed to probe
the structural and molecular weight changes of post-electrolysis
products in the aqueous phase, respectively. It should be noted
that the assignments of 2D HSQC NMR spectra were
determined based on the reported results’' and are compiled
in Table S1. The 2D HSQC NMR spectra of EOL-SW prior to
and postelectrocatalytic oxidation in the aliphatic region are
shown in Figure 2a, and the corresponding substructures are
presented in Figure 2b. It is apparent that after electrolysis the
NMR signals from the $-O-4 (A) and a-OEt $-O-4 (A')
substructures were both substantially decreased. In addition,
the f/—f resinol (B) and phenylcoumaran (C) substructures
almost disappeared in the post-electrolysis sample. Further-
more, the 2D HSQC NMR spectra in the aromatic region are
also compared in Figure 2c, and the related syringyl (S and S’)
and guaiacyl (G) structural units are included in Figure 2d.
The much weaker NMR signals of S and S’ substructures,
together with the nearly disappeared signal of the G unit, after
electrolysis, all supported lignin depolymerization during
electrolysis. Taken together, our 2D HSQC NMR measure-
ments confirmed the effectiveness of electrocatalytic depoly-
merization of lignin into useful aromatic compounds.

The molecular weights of the native EOL-SW and the
oxidation products in the aqueous phase were also determined

https://dx.doi.org/10.1021/acs.energyfuels.0c02284
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Figure 2. (a, c) HSQC spectra of EOL-SW before (top) and after
(bottom) electrochemical oxidation in the aliphatic (a) and aromatic
(c) regions. (b, d) Structural units existing in native lignin, including
B-0-4 (A), a-OEt 5-O-4' (A’), f-p resinol (B), phenylcoumaran (C),
syringyl (S and S’), and guaiacyl (G) units.

via the GPC analysis. The GPC chromatograms are compared
in Figure S7. The number-averaged (M,) and weight-averaged
(M,,) molecular weights of the native EOL-SW were 3123 and
5163 g/mol, respectively. Post-electrolysis, the M, and M,
values of the oxidized lignin sample in the aqueous phase
decreased to 2650 and 4435 g/mol, respectively, lower than
those of the pristine sample. These GPC results further
confirmed the depolymerization of EOL-SW during electro-
catalytic oxidation on NF.

The success of electrocatalytic oxidation in the depolyme-
rization of EOL-SW prompted us to explore the versatility
toward other lignin substrates. Therefore, EOL-AS and EOL-
LP, which were obtained from an analogous pretreatment,
were also utilized for electrochemical depolymerization. As
shown in Figure 3, the addition of EOL-AS (Figure 3a) and
EOL-LP (Figure 3b) resulted in apparent anodic current rise
around the Ni"™!" redox feature of NF in 1.0 M KOH,
suggesting the oxidation of these lignin samples on NF, similar
to the situation observed for EOL-SW (Figure 1). Following
the same conditions for the oxidative electrolysis of EOL-SW,
0.5 Vvs Hg/HgO for 1 h, controlled potential electrolysis was

performed for the EOL-AS and EOL-LP samples. The same
post-electrolysis extraction of the electrolyte solutions using
chloroform resulted in two phases. The organic phase solutions
were analyzed via GC—MS. As shown in Figure S8, both
vanillin and syringaldehyde were detected as the primary
oxidation products from the electrochemical depolymerization
of EOL-AS, showing a combined yield of 11.5%. Even though
vanillin could still be identified in the oxidation products of the
EOL-LP electrolysis with a yield of 13.0%, interestingly no
syringaldehyde trace could be detected in its GC—MS
spectrum.

To fully evaluate the impact of the electro-depolymerization
method, 2D HSQC has also been conducted to characterize
the structure characteristics in the organic phase. As shown in
Figure S9, there are well-distinguished signals of A, A’, and B
units in the aliphatic region of the organic phase from EOL-
SW. In the cases of EOL-AS and EOL-LP, various identifiable
peaks could also be observed in the aliphatic region. In
addition, many 2D HSQC features could be in the aromatic
region for all of the three samples as well, which further
support the effectiveness of our electro-depolymerization
approach.

Besides the organic phase, products formed in the aqueous
phase were also analyzed via GPC. The GPC chromatograms
and weight distribution of the native EOL-AS and EOL-LP and
their products in the aqueous phase after electrolysis are shown
in Figures S10 and 11. As shown in Table 2, the number-
averaged molecular weights (M,) of EOL-AS and EOL-LP
samples decreased from 2865 and 2968 to 2664 and 2315 g/
mol, respectively. In addition, a more substantial decrease was
observed in their weight-averaged molecular weights (M,,),
changing from 5338 and 5878 to 3338 and 2770 g/mol,
respectively. These results collectively demonstrate the
competence of our nickel foam in the electrochemical
depolymerization of lignin samples, including not only EOL-
SW but also EOL-AS and EOL-LP. The key steps of
electrochemical depolymerization are proposed in Figure 4,
wherein a secondary benzylic alcohol group at the C, is first
oxidized followed by the cleavage of the f-O-4 linkage, which
affords low molecular compounds. Specifically, in the electro-
oxidation step, a secondary benzylic alcohol group at the C,
position is oxidized to ketone by NiOOH. Subsequently, the f-
carbon is dehydrogenated followed by C—O bond cleavage.

To elucidate the correlation between the native lignin
structure and the oxidation products after electrolysis, 2D
HSQC spectra of the aforementioned three lignin samples are
compared in Figure S. Specifically, the 2D HSQC spectra of
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Figure 3. Cyclic voltammograms of nickel foam in 1.0 M KOH before and after the addition of 20 mg of EOL-AS (a) and EOL-LP (b) (scan rate:

20 mV/s).
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Table 2. Number-Average (M,) and Weight-Average (M,,) Molecular Weights of Three Organosolv Lignin Samples before and

after Electrolysis

EOL-SW EOL-AS EOL-LP
lignin molecular weight M, (g/mol) M,, (g/mol) M, (g/mol) M, (g/mol) M, (g/mol) M, (g/mol)
before electrolysis 3123 5163 2865 5338 2968 5878
after electrolysis 2650 443S 2664 3338 2315 2770
HO_ HO,
X X
Ho. ‘ _ NG | 4j/ N
‘, A O“ Electrooxidation ‘/ X N B-O-4 cleavage |' X j’”‘\ s
_ —_ +
\O/H)\O/ \o/f\(//\o/ OJ o HO \/J
OH OH OH O\

Figure 4. Schematic representation of the oxidation and cleavage of the lignin $-O-4 unit.

a G = By 90 b 8 20 c Ge o] 90
-OCH, -OCHy OCH,
c, & 60 c, & 160 A 60
As ~ 8B A,-OF CV‘:’\':OE!
® oo [0 ) 70 AL @p 70
AsciAie | xs)*vA'mcy L )
c ? . 80 C %m,ﬁﬁw 80 ﬁ&\m.ww 80
B By | g0 < B 1 90 B, 90
50 @[50 50
. a0 % 60 = 60
, L70 o 7o [70
80 180
— 90 — 90
6.0 50 40 3.0 6.0 50 40 3.0
d HOL ~ A
HO. o/k/‘ oM
J{ OMe
i N OMe o
4 o
S 0 OMe
A A c
00 f 100
e S26 g @/ Sze I
&% H10 8 G 110
&g, ©GC;s
%, H20 120 ?Gs 120
130 - 1130 130
100 100 160
B 00 00
° >N '
110 ® 110 p 110
[ .
120 ° 120 120
130 F30 FM30
140

T T T 140 u T T T T T 140
90 80 7.0 6.0 5.0 90 80 7.0 6.0 50 9.0 80 7.0 6.0 50

OH RO

PB

Figure 5. 2D HSQC spectra of EOL-SW (a), EOL-AS (b), and EOL-
LP (c) samples before (top) and after (bottom) electrolysis in the
aliphatic region together with corresponding structures (d). 2D
HSQC spectra of EOL-SW (e), EOL-AS (f), and EOL-LP (g)
samples before (top) and after (bottom) electrolysis in the aromatic
region together with corresponding structures (h).

EOL-SW, EOL-AS, and EOL-LP samples in the aliphatic
region prior to and post-electrolysis are presented in Figure
Sa—c, respectively. The possible units, A, A’, B, and C, of the
corresponding substructures containing aliphatic carbons are
shown in Figure 5d. It is clear to see that all of the three lignin
samples possess these four substructural units in their pristine
state. After electrolysis, all of the corresponding signals in the
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aliphatic region substantially decreased, in agreement with the
depolymerization of these lignin samples during electro-
catalytic oxidation. In contrast, very different structural features
of these three lignin samples could be observed in the aromatic
region. Both EOL-SW (Figure 4e) and EOL-AS (Figure 5f)
contain the syringyl (S and S’) and guaiacyl units (G). In
striking contrast, no syringyl units could be observed in the 2D
HSQC spectrum of the EOL-LP (Figure Sg). As shown in
Figure Sh, the syringyl units (S and S’) feature methoxy groups
at the 3" and S’ positions of a benzyl ring, while the guaiacyl
unit (G) only has one methoxy group at 3'. After electro-
catalytic depolymerization, S and S’ units will lead to the
formation of syringaldehyde and the guaiacyl units will result in
the production of vanillin. The absence of syringyl units in
loblolly pine lignin dictates that there should be no
syringaldehyde detected after depolymerization, which is
consistent with our experimental results. On the other hand,
because of the existence of guaiacyl units (G) in all of the three
lignin samples, their common oxidation product is vanillin.
According to the previous literature,*” softwood lignins are
mainly composed of G units, together with small proportions
of H units and a trace amount of S units. In contrast, hardwood
lignin generally results from G and S units and small quantities
of H units. In our case, loblolly pine is a softwood, while both
sweetgum and aspen are hardwood. Therefore, our exper-
imental results are also consistent with previous reports.

To provide the quantitative analysis of the aqueous phase,
Q-HSQC spectra were collected using the pulse program
described in an earlier study.* The integration values of the
lignin structure were estimated from Figure S13, and the
results are summarized in Table S2. As shown in Table S2, the
amounts of main substructures in these three organosolv lignin
samples decreased substantially after electrolysis. This result
demonstrates that significant cleavage of organosolv lignin
structures occurs under electro-oxidation conditions.

B CONCLUSIONS

A facile and effective electrochemical approach was presented
for the depolymerization of three native lignin samples isolated
from ethanol organosolv pretreatment of different biomass,
including sweetgum, aspen, and loblolly pine. Our results
demonstrate that low-cost and commercially available nickel
foam could be directly employed as a competent working
electrode for the oxidative depolymerization of lignin samples.
Vanillin and syringaldehyde were determined as the primary
small molecule products from the electrochemical depolyme-
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rization of sweetgum and aspen organosolv lignin with the
maximum yield of 17.5% achieved for the sweetgum
electrolysis. Detailed structure analysis of these lignin samples
was also conducted to elucidate the structure—product
correlation and rationalize the absence of syringaldehyde in
the post-electrolysis products of loblolly pine organosolv lignin.
To further improve the performance of NF catalysts, 3D
hierarchically porous nickel-based electrocatalyst (hp-Ni)
could be prepared by electrodeposition of metallic Ni
nanoparticles on nickel foam.*’
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