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Sustainable production of catechol derivatives
from waste tung nutshell C/G-type lignin via

heterogeneous Cu—NC catalytic oxidationf
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Bing Liao® and Jiazhi Chen () *a

The sustainable production of catechol derivatives is a challenging task. Catechyl (C) and guaiacyl (G) lignins
coexisting in waste tung nutshells are promising feedstocks to form valuable catechol derivatives, but the
depolymerization of C/G lignin typically involves a catalytic reductive process that cannot produce these
oxidized aromatic chemicals. Herein, we demonstrated that the sustainable production of catechol
derivative aldehydes and acids from C/G lignin could be achieved through a heterogeneous copper-
catalyzed oxidative process. Under optimized conditions, the Cu—NC-800 catalyst affords a 43.5 mg g~*
yield (8.9 wt%, based on Klason lignin) of aromatic aldehydes (protocatechuic aldehyde, vanillin) and
acids (protocatechuic acid, vanillic acid). XRD and XPS analyses showed that CuO and Cu,O may be the
active species during the heterogeneous oxidation of the Cu—NC-800 catalyst. This study opens new
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Introduction

Catechol derivatives are important functional molecules that
have wide applications in food, medicine, and polyester
industries (Scheme 1A).*”* For instance, protocatechuic alde-
hyde and acid have notable biological activity such as antioxi-
dant, antibacterial, and anti-aging properties.** The global
market demand for protocatechuic acid was more than 250 tons
in 2015 and is expected to grow by 10% annually. Vanillin is
used in food, cosmetic, and bio-based polymer industries.
Around 20000 tons of vanillin is produced per year, 85% of
which comes from petro-based resources."® Currently, these
catechol derivatives are mostly produced from the oxidation of
aromatic hydrocarbons or phenols derived from nonrenewable
fossil resources. In recent years, the coordinated development
of the economy, energy, and environment has driven research
efforts toward the utilization of renewable carbon resources.” In
this regard, the sustainable production of catechol derivatives
from carbon-neutral renewable resources, such as
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opportunities for the sustainable production of catechol derivatives from C/G-type lignin.

lignocellulosic biomass, has attracted increasing interest from
both industrial and academic researchers.

As an important component of lignocellulose, lignin is
a kind of promising feedstock to produce catechol derivatives
owing to its natural aromatic skeleton.*® In modern industry,
lignin is mainly generated as the by-product of the cellulosic
bioethanol process as well as the pulp and paper industry,
annually contributing approximately 60 million and 50 million
tons of lignin globally, respectively.’® However, most of this
lignin cannot be effectively exploited because of its structural
complexity. Lignin is generally composed of three basic units,
namely, guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H). In
2012, catechyl (C) units were discovered as a unique structure in
some plant seed coats."™*> Representative C lignin can be found
in vanilla, castor, tung, candlenut, jatropha, Chinese tallow,
and other natural products.’** Among these, tung nutshells
contain both C lignin and G lignin. Unlike the common H/G/S
lignin, C lignin is formed via the polymerization of a caffeyl
alcohol monomer with a linear benzodioxane structure and has
gradually attracted interest in the preparation of materials and
chemicals.* " In the last several years, Roman-Leshkov, Ralph,
Song, et al. have reported that catalytic reduction is an effective
strategy for the depolymerization of C lignin. Ni/C, Pd/C, Ru/
ZnO/C and other catalysts afforded around 71-81 mol% of
propylcatechol, propanolcatechol, or propenylcatechol prod-
ucts in CH3;0H or DES solvent at 200-250 °C, which are the
typical cleavage products of C-O bonds.'**>'** Although cata-
Iytic reduction enables the depolymerization of lignin to mono-
phenolic compounds, it is hard to obtain the valuable catechol
derivative aldehydes or acids under reduction®>*® because the
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formation of these aromatics corresponds to the oxidation of
the C, position.”””®* More importantly, catalytic oxidation
enables the formation of highly functional aromatic
compounds.” With careful examination of the tung nutshells’
lignin structure, both the catechyl (C) and guaiacyl (G) units
could act as the basic structure of catechol moieties.****
Inspired by the lignin-to-vanillin process in industry,***
promising to employ a catalytic oxidation strategy to convert C/
G lignin feedstocks to valuable catechol derivative aldehydes
and acids (Scheme 1B).

Cu catalysts have demonstrated excellent performance in the
catalytic aerobic oxidation of biomass conversion.**** Pioneer
works by Wang,** Zhang,*® Riisager,*” Westwood,*® and Tom
Baker*>* reported that Cu salt catalysts could catalyze oxidative
cleavage of lignin C-C bonds to produce highly functional
aromatic compounds. Very recently, we found that commer-
cially available CuCl, catalyst enabled the oxidative depoly-
merization of C/G-lignin to catechol derivative aldehydes and
acids.”* However, these results are homogeneous catalytic
processes, which makes it hard to effectively separate the
catalyst from the aromatic products in a simple way. Metal-
containing nitrogen-doped carbon (M-NC), a common cata-
lyst, has been widely used for the aerobic oxidation of organic
molecules as well as lignin.**** Herein, in continuation of our
previous work,*! copper-containing nitrogen-doped carbon (Cu-
NC) is reported in the catalytic oxidation conversion of C/G-
lignin (Scheme 1B). To the best of our knowledge, this is the
first report of a heterogeneous catalytic process that realizes
oxidation conversion of C/G-lignin, which may provide new
guidance for sustainable production of catechol derivatives
from C/G lignin by an oxidation approach.

it is
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Valuable catechol derivatives

of catechol derivatives from tung nutshell C/G-type lignin (this work).

Results and discussion
Oxidation-depolymerization of tung nutshell lignin

Heterogeneous catalytic oxidative depolymerization of tung
nutshell lignin was conducted according to the reported CuCl,
homogeneous reaction conditions.** These supported catalysts
were used at 10 wt%, corresponding to metal loadings of 0.2-
0.5 wt% based on the mass of the tung nutshell. To examine the
heterogeneous catalytic oxidative performance, a variety of non-
noble metal catalysts were screened. After the reaction, the
mixture was filtrated to separate the solid (including the pulp
and catalyst) and the liquid, where the four different catechol
derivative aldehydes and acids (vanillin, vanillic acid, proto-
catechuic aldehyde, and protocatechuic acid) from the C/G
lignin could be obtained with the furfural byproduct from the
hemicellulose hydrolysis (Fig. S11). Euphorbiaceae plant seed
coats are a special lignin feedstock. The content of lignin is
around 45-70 wt% based on the traditional Klason method.
Notably, the lignin content is usually overestimated because
many fatty acids and waxes present in seeds with high C lignin
content are acid-insoluble and are always regarded as Klason
lignin. Therefore, the mass ratio of monomers to tung nutshell
feedstock (mg g~ ') was calculated as the quantitative yield of
products in this manuscript (eqn (1)). A similar expression can
be found in recent literature.’>**** As a comparison or supple-
ment, the yield based on the Klason lignin content was also
calculated and presented in brackets (eqn (2)), and the Klason
lignin content is 49 wt% in this study.

. total monomer mass(m
Monomer to feedstock ratio = (me)

tung nutshell feedstock mass(g)

(1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Monomer to Klason lignin ratio

total monomer mass(mg)

= —— 100%
tung nutshell mass(mg) x Klason lignin content x ’

(2)

Around 30.0 mg g~ (6.1 wt% based on Klason lignin) of C/G
aromatic monomer was formed when using the Fe, Co, Mo, and
Mn-based catalysts (Table 1, entries 3—-6), which was almost no
difference from a blank experiment (entry 1), implying poor
catalytic activity. It should be noted that the blank yield might
be related to the special solvent system and reaction atmo-
sphere, as discussed in the ESI (Table S1).f Inspired by the
homogeneous CuCl, catalytic system, a supported Cu-based
catalyst was tested (entry 7). The Cu-NC-800 catalyst showed
a43.5mg g 'yield (8.9 wt%) of the total C/G aromatic monomer
under identical conditions. The yield was 45% higher than that
of the blank experiment, indicative of good catalytic oxidative
performance for the Cu-based catalyst. Compared with the
previous homogeneous CuCl, catalytic process, the Cu-NC-800
catalyst exhibited a higher molar specific activity. To exclude the
effect of the carbon-based support, the NC-800 catalyst was
prepared without Cu loadings. There was no obvious improve-
ment in activity (entry 2), implying that nitrogen-doped carbon
could not be the main active species. Further, commercially
available noble metal Pd/C and Ru/C catalysts were also studied
(entries 8 and 9). It is known that Pd/C and Ru/C are common
catalysts for the reductive catalytic fractionation (RCF) of
lignocellulose. In addition to RCF, supported platinum-group
metals (PGMs), including Pd and Ru-based catalysts, have
been also used as catalysts for aerobic oxidation.**** Although
the Pd/C catalyst could generate more protocatechuic acid and
vanillic acid compared with the blank condition, considering
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the economic feasibility, the Cu-NC-800 non-noble metal cata-
lyst was selected for the current process.

Further, to test the effects of Cu precursor, calcination
temperature, and atmosphere, the Cu-based catalyst was
investigated by adjusting these preparation conditions. Three
common Cu(n) salt precursors (CuCl,, CuSO,, Cu(OAc),) were
selected to get Cu-NC-800-Cl, Cu-NC-800-S and Cu-NC-800,
respectively. In comparison with the carbon-based support
(NC-800), both the Cu-NC-800-Cl and Cu-NC-800-S catalysts
showed around 38.0 mg g~ (7.8 wt%) of aromatic monomer,
with small amounts of protocatechuic aldehyde and proto-
catechuic acid produced (Fig. 1A, entries 2 and 3). When
examining the catalytic performance of Cu-NC-800, the total
yield of C/G aromatic monomer further increased to 43.5 mgg ™"
(Fig. 1A, entry 4). The increasing tendency indicated that
Cu(OAc), precursor might be more suitable for the preparation
of Cu based catalyst than CuCl, or CuSO,. Next, fixing Cu(OAc),
as the precursor, the catalysts were prepared in a N, inert
atmosphere at 400 °C, 600 °C, and 800 °C to explore the effect of
calcination temperature. When the calcination temperature is
400-800 °C, the total yield increases from 31.9 mg g ' to
43.5 mg g~ ! (Fig. 1B, entries 1-3). The Cu-NC-400N and Cu-NC-
600N exhibited lower yields under identical conditions, which
might be because they could not proceed effectively for the
precursors’ thermal decomposition to form CuO or Cu,O
species at relatively low temperatures. In addition, the catalyst
(Cu-NC-400H) calcination in H, reducing atmosphere was
carried out to generate the Cu® species by the redox interaction.
The Cu-NC-400H catalyst showed moderate activity, with a yield
of 38.9 mg g~ " (7.9 wt%), which is higher than that of the Cu-
NC-400N or Cu-NC-600N catalyst (Fig. 1B, entry 4). Based on the
above control experiments, the Cu-NC-800 catalyst exhibited
optimal catalytic performance. Both CuO and Cu,O might be
the active species of Cu-NC-800 catalyst during the oxidative

Table 1 Yields of lignin-derived monomers from tung nutshell oxidation—depolymerization catalyzed by different metal-based catalysts®

WasteTung nut shell

CHO COOH

f:aulyﬂ. Air (2 MPa) " +ff C; "
(RS OH ? OH ?
C/G Lignin Vanillin  Vanillic acid
Aromatic monomer yield (mg g™ ')
Protocatechuic Protocatechuic

Entry Catalyst Vanillic acid Vanillin acid aldehyde Total Furfural
1 None 14.6 14.8 — 0.7 30.1 3.3
2 NC-800 18.8 15.3 — — 34.1 1.8
3 Fe-NC-800 14.0 13.5 0.9 0.4 28.8 3.4
4 Co-NC-800 15.6 12.0 — 0.3 27.9 2.0
5 Mo-NC-800 13.6 12.0 1.3 0.6 27.5 2.8
6 Mn-NC-800 16.1 13.8 — 1.1 31.0 4.1
7 Cu-NC-800 22.2 19.2 1.9 0.2 43.5 2.0
8 Ru/C 18.3 13.8 2.1 1.2 35.4 3.0
9 Pd/C 21.6 16.5 3.2 1.5 42.8 3.3

“ Conditions: tung nutshell (0.2 g), catalyst (20 mg), CH;CN/H,O (8/2, v/v, 20 mL), air (2 MPa), 190 °C, 4 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Yields of lignin-derived monomers obtained from tung nutshell oxidation—depolymerization to investigate the effects of (A) the Cu(i) salt
precursor, (B) the calcination temperature and atmosphere, (C) the catalyst dosage, and (D) the reaction time. Reaction conditions unless
otherwise stated: tung nutshell (0.2 g), catalyst (20 mg), CH3CN/H,O (8/2, v/v, 20 mL), air (2 MPa), 190 °C, 4 h.

depolymerization of C/G lignin, which is demonstrated in
a later part.

With the optimal Cu-NC-800 catalyst in hand, the reaction
was performed using various dosages of catalyst as well as
different reaction times. The effect of catalyst dosage on the
activity of lignin oxidative depolymerization is shown in Fig. 1C.
When the amount of catalyst was increased from 5 wt% to
40 wt%, the yield increased at first and then descended slightly.
This unfavorable phenomenon might be due to the side reac-
tions of the phenolic monomers. Meanwhile, due to the
heterogeneity of the native biomass, poor material transport
and interactions with the substrate cannot be excluded. Simi-
larly, the yield of aromatic monomer first increased as the time
increased from 0.5 to 4 h and then significantly decreased at
a longer reaction time (Fig. 1D). The yield and reaction time had
a volcano curve relationship, in which reaction at 4 h was the
best, with the highest yield of 43.5 mg g~ " (8.9 wt% based on
Klason lignin). It is believed that a longer reaction time would
generate other undesired products, probably from repolymeri-
zation or condensation under oxidative conditions.*

2D NMR analysis

To obtain further insights into the C/G lignin structure evolu-
tion during the oxidative depolymerization reaction, 2D HSQC
NMR spectra were performed. To better evaluate the catalytic
oxidative depolymerization performance, a blank experiment
for the HSQC analysis was performed without a catalyst under
N, atmosphere, which could approximately serve as a control
experiment due to the negligible total yield of 6.0 mg g *
(1.2 wt%) of the catechol derivatives in such conditions

5072 | RSC Adv, 2024, 14, 5069-5076

(Fig. S21). The signal is mainly divided into two main regions:
alkyl linkage structure (6c/0y = 50-100/2.5-6.0 ppm) and
aromatic structure (6¢/6 = 100-135/6.0-8.0 ppm). For the alkyl
linkage structure, the signal at 56.37/3.74 ppm showed the
existence of the aromatic methoxy (Ar-OCH3) group, which was
from the guaiacyl (G) unit. In addition to the common B-O-4 (A),
B-5 (B), and B-B (E) linkages of the G unit, there existed the cis-
and trans-benzodioxane (D, and D,) linkages of the C unit. In the
aromatic part, the signals of 110.99/6.92 ppm, 115.21/6.76 ppm,
and 119.48/6.59 ppm could be assigned to the G unit. The
special signals of 117.33/6.97 ppm, 116.02/6.77 ppm, and
120.79/6.95 ppm were detected and might be attributed to the C
unit. The two sets of signals partially overlapped at 115-120/6.8-
7.0 ppm, without the signals for the H or S unit in the aromatic
regions. These results confirmed that the C/G-type lignin coex-
isted in tung nutshells, as supported by previous reports.**
The organosolv lignin (OL) was also investigated (Fig. S37).
Based on the semi-quantitation method, the OL of tung
nutshells possessed abundant C (57%) and G (42%) units. The
signals are summarized in Table S2.7''>'*? Next, the 2D HSQC
NMR spectra of lignin oil after oxidative depolymerization
reaction were studied (Fig. 2). Obviously, the signal intensities
of the B-O-4 (A), B-5 (B), B-B (E), and benzodioxane (D, and D,)
linkages became much weakened, suggesting the trans-
formation of the alkyl linkage in C/G units. On the other hand,
the signal of C/G aromatic units reduced notably, possibly due
to the degradation or transformation of the catechol-type
aromatics (Scheme S2t).>>** It should be noted that many new
signals at 6o/6y = 110-125/7.2-7.5 ppm (blue color) could be
detected. These signals were assigned to the C/G aromatic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The 2D HSQC NMR spectra of tung nutshell lignin oils catalyzed
by Cu-NC-800 in air; reaction conditions: tung nutshell (0.2 g), Cu-
NC-800 (20 mg), CHzCN/H,O (8/2, v/v, 20 mL), air (2 MPa), 190 °C,
4 h.

aldehydes and acids formed under such oxidative conditions
and were consistent with the spectra of the four different
standard compounds vanillin, vanillic acid, protocatechuic
aldehyde, and protocatechuic acid in the aromatic regions
(Fig. S4t). Therefore, it is believed that Cu-NC-800 catalyst
exhibited aerobic oxidative activity in the depolymerization of
tung nutshell C/G lignin by the cleavage of the p-O-4, B-5, B-
B and benzodioxane linkages, and thus formed the oxidized
catechol derivative aldehydes and acids from the C/G units.

Structural properties of the catalysts

To understand the relationship between the catalyst properties
and their oxidative depolymerization performance, various
characterizations were performed for the supported Cu-based
catalysts. X-ray powder diffraction (XRD) patterns of sample
calcinations at different temperatures and atmospheres are
depicted in Fig. 3 and S5.1 The characterizations of uncalcined
catalyst precursors were also provided to have a better under-
standing of the structural evolution. Two sets of intense char-
acteristic diffraction peaks could be easily recognized. The 26 of

a) Cu(Phen),(OAc), *Cu  VCu,0 «Cu0O

b) Cu-NC-800N .,
\

lm

311
“L‘AJ‘\M_\_AJ ¢ v )
(002)(111) pvraa

(-1;13)

Intensity(a.u.)

c) Cu-NC-400H (111)

T (200 (220)
X *

T T T

0 20 30 40 50 60 70 80
20 (degree)

Fig. 3 The XRD patterns of (a) Cu(Phen),(OAc),, (b) Cu-NC-800N,
and (c) Cu—NC-400H.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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36.4°, 42.3° and 61.3° (marked with triangles) were assigned to
the (111), (200), and (220) lattice planes of Cu,O, while 35.5° and
38.7° (marked with squares) were ascribed to the (002) and (111)
lattice planes of CuO, indicating that Cu(u) and Cu() coexisted
in the Cu-NC-800N catalyst.>>*® In contrast, only metallic Cu
was detected for Cu-NC-400H, proving that the complete
reduction of Cu(OAc), precursor occurred to form the Cu®
species when calcined in H, conditions.’”*® These results
revealed that quite different Cu species would be generated for
the preparation of Cu-based catalysts under N, or H, condi-
tions. In addition, no obvious diffraction peaks appeared for the
Cu(Phen),(OAc), sample, possibly indicative of an amorphous
structure. For the Cu-NC-400N and Cu-NC-600N samples, no
obvious signals or only a set of weak signals of Cu,O appeared,
indicating that precursor calcination at such low temperatures
(400-600 °C) did not decompose or only a small amount of
decomposition occurred.

The TEM images are exhibited in Fig. 4 and S6.1 There is no
obvious difference in morphology for the above-mentioned
samples, with a two-dimensional stacked layered structure
(Fig. 4A-C), possibly due to the small amount of metal loading.
EDX mapping of Cu-NC-800N showed that the Cu and O species
are dispersed uniformly on the N-doped carbon-based material
(Fig. 4D-T), without obvious agglomerates observed.

To obtain further insights into the surface properties, the
electronic states of Cu and N were studied by XPS measure-
ments (Fig. 5). The full spectrum depicted in Fig. S7t further
confirmed the existence of C, N, O, and Cu. It was mainly
composed of C element, that is, the main structure of the
catalyst is carbon, only containing a small amount of Cu and N.
For the Cu 2p;/, of the Cu(OAc), precursor (Fig. 5A), the two
intense peaks centered at 934.4 eV and 932.2 eV could be
assigned to the Cu(u) of the Cu(OAc), and the Cu(Phen),(OAc),
coordination species, respectively.** The latter is possibly
related to the strong electron transfer from N to Cu for the
coordination of Cu** ions, and the trend is supported by the

Fig. 4 The TEM images of (A) Cu-NC-800N, (B) Cu-NC-400H, and
(C) Cu(Phen),(OAc),. (D) STEM-HAADF image of Cu—NC-800N, and
(E-1) corresponding HRTEM-EDX mapping images of Cu, O, N, and C
of Cu—=NC-800N sample.

RSC Adv, 2024, 14, 5069-5076 | 5073
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800N, and (3) Cu-NC-400H samples and (B) N 1s signals: (1)
Cu(Phen),(OAc),, (2) Cu—NC-800N, and (3) Cu—-NC-400H samples.

binding energy shift of N 1s. After calcination in N, at 400-600 ©
C (Fig. S8t1), both the Cu-NC-400N and Cu-NC-600N samples
show similar signals as the precursor, only a weaker signal at
932.2 eV. The signals at 934.1-934.3 eV and 932.1-932.2 eV
should belong to Cu(OAc), and Cu(Phen),(OAc),, respectively.
In addition, these two signals may also be from the Cu** of CuO
and Cu'"® of Cu,O or Cu®, respectively, because the values of
these binding energies are consistent with those of CuO (934.1-
934.6 eV) and Cu,O/Cu® (932.1-932.9 eV).3*55¢162 Therefore,
partial decomposition occurred for the Cu-NC-400N and Cu-
NC-600N samples. As for the Cu-NC-800N sample, the peaks at
934.4 eV and 932.9 eV are more likely to be the Cu®* of CuO and
Cu""® of Cu,0/Cu’. Since the binding energy values of the latter
are similar, the distinction between Cu,0/Cu® was not achiev-
able even by the Cu LMM Auger signal. However, according to
the XRD of the Cu-NC-800N sample, CuO and Cu,O coexisted
without Cu®. Therefore, combining the XRD and XPS analyses, it
is probable that no decomposition or partial decomposition
occurred when the precursor was calcinated in N, at 400-600 °©
C. With the calcination temperature increasing to 800 °C, the
precursor could effectively decompose to generate both the CuO
and Cu,O species, which might be the active species for
oxidative conversion. When calcinated in a H, atmosphere,
combined with the XRD and XPS data of Cu-NC-400H, the
surface Cu species exists in the form of Cu® and CuO,, probably
due to partial surface oxidation when exposed to air.>

The N 1s signals are shown in Fig. 5B. The peak at 399.5 eV
was assigned to the Cu(Phen),(OAc), coordination, supported
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by the 1,10-phenanthroline and metal chelate results in
previous literature.®* Compared with the free 1,10-phenanthro-
line (binding energy of N 1s = 398.9 eV), a shift value of 0.6 eV
resulted from the interaction between Cu and N.** For Cu-NC-
400N (Fig. S91), pyridine nitrogen (N 1s = 398.3-398.5 eV) was
formed,®**® with the N of Cu(Phen),(OAc), coordination (N 1s =
399.2 eV) still existing, also indicative of partial decomposition.
With increasing calcination temperatures or in a H, atmo-
sphere, pyrrole nitrogen (N 1s = 399.8-400.6 eV) could be
generated in case of the Cu-NC-600N, Cu-NC-800N and Cu-NC-
400H samples. We attempted to distinguish the differences in N
species and further reveal the role of N species in the aerobic
oxidation reaction for different Cu-NC catalysts. However, the
distinction of N species was not achievable in the current study.

Conclusions

In summary, catechol derivatives, including protocatechuic
aldehyde, protocatechuic acid, vanillin, and vanillic acid, were
efficiently produced from waste tung nutshells containing C/G-
type lignin by heterogeneous Cu-NC catalysts. 2D HSQC NMR
demonstrated that the B-O-4, -5, B-B and benzodioxane link-
ages in the C/G units were almost cleaved during the catalytic
aerobic oxidation. The XRD and XPS characterizations showed
that CuO and Cu,O in the Cu-NC-800 catalyst might be the
active species for oxidative conversion. This work introduced
the heterogeneous catalytic oxidative production of catechol
derivatives directly from C/G-type lignin and could inspire the
oxidative valorization of C-type lignin.

Experiment section

Catalyst synthesis

Pretreatment of XC-72R: 10 g of XC-72R and 350 mL of dilute
nitric acid (10 wt%) were added into a 500 mL round-bottom
flask. Under stirring, the mixture was refluxed at 95 °C for 4
hours to remove surface impurities. After cooling to room
temperature, the mixture was vacuum filtered and washed to
neutrality with distilled water. The solid was dried at 100 °C
overnight and finally ground to powder (denoted as C-HNOj3).

Preparation of nitrogen-doped carbon-supported transition-
metal catalysts: according to the method reported by Shannon
S. Stahl,>* 1 mmol of metal salt and 2 mmol of 1,10-phenan-
throline (Phen) were dissolved in 25 mL of absolute alcohol,
followed by adding 1.35 g of pretreated C-HNO;. The mixture
was stirred for 24 h at room temperature, then dried at 80 °C
overnight to get the precursor (denoted as M(Phen),(OAc),).
Finally, the precursor was calcinated at 800 °C (ramp rate: 5 °
C min™") for 2 h under N, flow to obtain the final catalyst
(denoted as M-NC-800).

To screen the metal catalysts, cobalt acetate, copper acetate,
iron acetate, manganese acetate and molybdenum acetylaceto-
nate were selected, corresponding to the Co-NC-800, Cu-NC-
800, Fe-NC-800, Mn-NC-800, and Mo-NC-800 catalysts,
respectively (M = Co, Cu, Fe, Mn, or Mo). To investigate the
anion effect of the metal salt, the copper acetate was replaced by
copper chloride or copper sulfate under identical conditions,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the obtained catalyst was denoted as Cu-NC-800-Cl or Cu-
NC-800-S. The calcination temperature of copper acetate was
reduced to 600 °C or 400 °C (denoted as Cu-NC-600N or Cu-NC-
400N) to test the temperature effect. Calcination at 400 °C with
H, flow was carried out to study the effect of redox atmosphere
(denoted as Cu-NC-400H). For safety considerations, it was not
calcinated at a higher temperature with H,.

Catalyst characterization

X-ray diffraction (XRD) was conducted on a PANalytical
PW3040/60 powder diffractometer to test the phase analysis of
the catalysts. Specific parameters: Cu Ko radiation (A = 0.15418
nm), tube voltage of 40 kV, tube current of 40 mA, scanning
speed of 5° min ", scan range of 20 = 5-80°. A Thermo Scientific
K-Alpha spectroscope was employed to determine the X-ray
photoelectron spectroscopy (XPS) signals, with a voltage of 12
kv and filament current of 6 mA. After the powder was pressed
into a sheet, the sheet was attached to the sample tray. The
sample was sent to the analysis chamber when the pressure in
the sample chamber was less than 2.0 x 10”7 mbar. The signals
were calibrated using the C 1s level (284.8 eV) as a standard
reference of binding energies using Avantage software. The
morphologic structure was obtained on a FEI Talos F200X
transmission electron microscope with an accelerating voltage
of 200 kv. The power sample was dispersed in ethanol and then
dropped in an ultra-thin molybdenum net.

Oxidative depolymerization of lignin

To produce tung nutshell powder feedstock (150 mesh) (Scheme
S17), the tung seeds were dried and peeled to obtain the bulk
seed coats. After ultrasonic washing with EtOH/H,O0, the dried
seed coats were ground into powder and then sieved by the 150
mesh sieve. The heterogeneous catalytic oxidative reaction was
performed in a 60 mL stainless autoclave. Typically, tung
nutshell powder (200 mg, 150 mesh), Cu-NC-800 (20 mg) cata-
lyst, and acetonitrile/water (16 mL/4 mL) co-solvent were added
into the autoclave. The reactor was refilled with compressed air
five times and then charged with air (2.0 MPa) after being
sealed. With temperature programming, the reaction proceeded
at 190 °C for 4 h under stirring. After the reaction was finished
and cooled in an ice-water bath, 2,6-dimethoxyphenol (12 mg,
internal standard) was directly added to the autoclave for the
analysis. The qualitative and quantitative analysis procedures
were based on those in our previous report.** All the important
data were carefully obtained based on repeated experiments.
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