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ABSTRACT: Lignin is a natural aromatic compound in plants.
Several lignin structural models have been proposed in the past
years, but all the models cannot be converted to benzene
carboxylic acids (BCAs) for all aromatic rings connected to
oxygen. This inspired us to explore the structures of lignin. Based
on the yields of BCAs, the results of 13C NMR and ethanolysis
residues, and gas chromatography−mass spectrometry and electro-
spray ionization mass spectrometry of ethanolysis of lignin, we
have constructed a structural model of lignin with a formula
C6407H6736O2590N147S3. The model not only satisfies the results of
analyses, but also explains the generation of BCAs from lignin
oxidation and the ethanolysis products. Importantly, double-ring
and triple-ring aromatic clusters are found in lignin, and some of
them are connected by alkyl bridges, which results in conventional low conversions of lignin. Our findings in the structures of lignin
may significantly influence the structures and applications of lignin.

1. INTRODUCTION
Biomass is highly attractive for a sustainable source of
chemicals, materials, and fuels.1 As the most abundant form
of biomass, lignocellulose has a production of around 170
billion metric tons per year.2 Lignocellulose is inedible for
humans, and it is mainly found in agricultural and forestry
waste. The efficient use of this cheap and abundant carbon-
neutral resource can greatly alleviate the energy crisis and
environmental problems. Therefore, lignocellulose is a highly
promising alternative to fossil energy sources.
As we know, cellulose, hemicellulose, and lignin are the three

main components in lignocellulose. Among them, hemi-
cellulose and cellulose are composed of five-carbon and six-
carbon sugars,3 but the structure of lignin is very complicated
and there is no exact structural model.4 Lignin acts as a binder
in lignocellulose and holds cellulose and hemicellulose
together.5 More specifically, lignin is a three-dimensional
reticulated macromolecular structure made up of randomly
crosslinked oxygenated aromatic units. By crosslinking with
cellulose and hemicellulose, lignin provides strength, rigidity,
and flexibility with lignocellulose as well as aiding in water
transport and protecting against attack by marauding insects
and microorganisms. Nowadays, in human’s daily life, the
majority of lignin is used for direct combustion for heat and
power because of its complicated structure. Only by clarifying
the structure of lignin can we put it to better use. Traditionally,
as shown in Scheme 1, three phenylpropane structures are
considered as basic structural units in lignin.4,6−8 The most
prominent feature is that the structural units of lignin are all

single-ring aromatic clusters and directly connected with
oxygen functional groups, such as −OH and −OCH3.
Therefore, lignin is attracting much attention because of its
potential as a renewable aromatic,9,10 especially mono-
phenols.11 However, we produced almost all types of benzene
carboxylic acids (BCAs) from enzymatic lignin by alkali-
oxygen oxidation in this work. The structures of 12 BCAs are
shown in Scheme S1. To the best of our knowledge, the
production of BCAs from lignin has not been reported. On the
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Scheme 1. Structures of the Primary Building Blocks of
Lignin
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other hand, BCAs cannot be produced from the existing lignin
structures (as shown in Scheme 1) for every aromatic ring
directly connected with oxygen functional groups. What are
the real structural units in lignin leading to BCAs’ formation?
The most accredited theories about the lignin structure go

back to the early 1960s. Freudenberg performed the process of
lignin biosynthesis in plants by coniferyl alcohol12 and then
plotted the first structural model of lignin through detecting
the intermediates during lignin synthesis.13 Then Nimz
proposed another structural model of lignin by detecting the
products of thioacetic acid depolymerization of lignin.14 The
above two most famous structural models put a foundation for
later research studies about lignin structures and many
transformation routes of lignin. After that, several structural
models of lignin were further proposed.15−17 Recently, several
review articles18,19 have discussed the structures of lignin, but
the features of lignin structures are similar to those previously
proposed. In summary, these structural models in the literature
are very similar in terms of structure units and chemical bonds,
mainly including β-O-4 ether bonds and β-5, β-1, β-β, 5-5
strong carbon bonds; and the structural units are all single-ring
aromatic clusters directly connected with −OH or −OCH3.
There are two main methods to analyze the lignin structure:

direct spectrum characterization and inversion of depolymeri-
zation products. As for the spectrum method, solid 13C NMR
is an effective tool for characterizing the structures of organic
macromolecules. The signal areas are proportional to the
amount of carbon contained in each functional group.20 Peak
fitting of solid 13C NMR spectra is then used to study the
structures in detail. Nowadays, solid 13C NMR plays an
important role in the structure characterization of oil shale,21

coal,22 and lignin.23−29 Hence, the method was also applied in
this work to study the structure of lignin.
As for the depolymerization method, to better retrieve

lignin’s structure, it is expected to find a suitable way to
produce the real molecular structure originating from lignin,
that is to say, neither over depolymerization nor repolymeriza-
tion happened. At present, many chemicals are produced from
lignin through hydrolysis,30 hydrogenolysis,31 and pyrolysis.32

Here, we obtained BCAs through the oxidation of lignin.
However, we only make sure that in lignin there exist aromatic
rings that are not connected directly with oxygen functional
groups. The oxidation method is too harsh to depolymerize
lignin to relatively small acids, so we cannot obtain the
macromolecular structure in lignin.
Supercritical ethanolysis is an effective way to depolymerize

organic substances by breaking weak bonds (such as C−O
bonds) without further reactions or called the second
reactions. It has been widely used in the depolymerization of
lignin.33,34 As we know, C−O bonds are the most common
linkages in lignin. Hence, we can obtain the macromolecules
from lignin through supercritical ethanolysis. After the
depolymerization of lignin, the detection of products is also
a pivotal factor in deducing the structure of lignin. Gas
chromatography−mass spectrometry (GC−MS) is usually
used in most cases; however, some strongly polar and/or less
volatile products cannot be detected with GC−MS.35 Thus, we
applied electrospray ionization mass spectrometry (ESI-MS) to
detect ethanolysis products of lignin, which is adapted for the
investigation of both the primary and supramolecular
structures of biopolymers,36 and it is also suitable to detect
solutions containing nonvolatile and thermally labile com-
pounds with high molecular weights.37

As mentioned above, all the proposed structural models and
structural units of lignin before cannot be oxidized to BCAs. In
this work, we proposed a new lignin structure model based on
the distribution of BCAs combined with the results of ultimate
analysis, Fourier-transform infrared spectroscopy, 13C NMR,
and ethanolysis of lignin. The result showed that there were
not only single-ring aromatic clusters directly connected to
oxygen atoms, but also multiring aromatic clusters, including
double-ring aromatic clusters and triple-ring aromatic clusters
in lignin.

2. RESULTS AND DISCUSSION
The alkali-oxygen oxidation of the lignin was performed, and
the effects of temperature, initial oxygen pressure, reaction
time, and the alkali/enzymatic lignin on reaction were
investigated. The results are shown in Figures S1−S4 in the
Supporting Information (SI). It can be found that 11 kinds of
BCAs have been obtained. The distribution of BCAs at the
maximum yield is shown in Figure S5 and Table 1. The total

mass yield of BCAs was 8.14% obtained under the optimum
conditions. It can be seen that BCAs containing three or more
carboxyl groups are main products, especially benzene
pentacarboxylic acid. This result is undoubtedly determined
by the structure of the lignin.
We constructed the new structural units of the lignin based

on BCA distribution, and the data processing of BCAs is
shown in Section 1.2 of the SI. The amounts of BCA
distribution in the model are also shown in Table 1.
From Table 1, we can obtain the total molecular weight

(10,604) of BCAs by adding the number in column 5 of Table
1 multiplied by BCA’s molecular weight. Because the
maximum yield of BCAs is 8.14%, so the molecular weight
of the lignin structure model can be roughly calculated as
10,604/0.0814 = 130,270 Da (a hypothetical value proposed
to construct the lignin model to ensure that the lowest-BCA,
isophthalic acid, has one aromatic structural unit). Then, based
on the ultimate analysis of the lignin (shown in Table 2), the
atom numbers of C, H, O, N, and S were calculated as 6404,
7035, 2763, 147, and 3, respectively, in the structural model.
CP/MAS 13C NMR was utilized to analyze the lignin to

obtain structural parameters of various carbons. The 13C NMR
spectrum and peak fitting spectra of enzymatic lignin are

Table 1. Yields of BCAs from Enzymatic Lignin via
Oxidation and Their Distribution in the Structural Model

products

mass
yield/
wt %

molar yield/
mmol·g−1

distribution
in products

distribution
in the model

benzoic acid 0.182 1.49 × 10−2 1.99 2
phthalic acid 0.686 4.13 × 10−2 4.49 5
isophthalic acid 0.148 0.89 × 10−2 1.19 1
trimellitic acid 1.14 5.43 × 10−2 7.24 7
hemimellitic acid 0.488 2.32 × 10−2 3.09 3
trimesic acid 0.390 1.86 × 10−2 2.48 2
prehnitic acid 0.191 0.75 × 10−2 1 1
pyromellitic acid 0.963 3.79 × 10−2 5.05 5
mellophanic acid 0.967 3.81 × 10−2 5.08 5
benzene
pentacarboxylic
acid

2.05 6.88 × 10−2 9.17 9

mellitic acid 0.937 2.74 × 10−2 3.65 4
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shown in Figure S6, and every position of carbon is shown in
Table S1.
Based on the peak fitting spectra of 13C NMR, carbon types

and molar content have been determined and are shown in
Table 3. The specified carbon numbers in the structural model
are shown in column 6 of Table 3.
Based on the data in Table 3, several structure parameters of

the lignin were calculated as follows.

(1) Ratio of aromatic carbon ( fa): fa = far
H + far

B + far
C + far

O1 + far
O2

= 55.3%
(2) Molar fraction of aromatic bridgehead carbon (Xb): Xb =

far
B/fa = 0.160

(3) Ratio of aliphatic carbon ( fal): fal = fal
1 + fal

2 + fal
3 + fal

4 + fal
O1

+ fal
O2 + fal

O3 = 35.3%
(4) Substituted degree of aromatic ring (δ): δ = ( far

C + far
O1 +

far
O2)/fa = 0.56

As a natural aromatic substance, the ratio of aromatic carbon
is as high as 55.3%. The substituted degree of aromatic ring (δ)
is 0.56, which indicates that more than half aromatic carbons
are substituted. The molar fraction of aromatic bridgehead
carbon (Xb) is 0.160, which means that there are double- or
more ring aromatic clusters in the lignin. The molar fraction of
aromatic bridgehead carbon Xb is always an index for multiring
aromatic clusters, and the Xb of single-ring, double-ring, and
triple-ring aromatic clusters is 0, 0.2, and 0.286, respectively.
To identify a more exact number of aromatic rings, we

applied supercritical ethanolysis to break weak bonds (β-O-4
and α-O-4) and obtained liquid products in ethanol. The
effects of temperature and reaction time on the yield of
ethanolysis products were investigated. The results are shown
in Figures S7 and S8. The results of the two figures indicate
that the carbon yield of ethanolysis products reaches 54.65%
under relatively mild conditions (290 °C, 120 min). The
ethanolysis liquid and residue were characterized separately,
and it is found that the aromatic bridge carbon of residues over
300 °C is more than that of raw lignin, which may indicate
repolymerization. Thus, the ethanolysis liquid and residue
obtained at 290 °C were investigated. The total ion
chromatogram spectrum obtained using GC−MS is shown in
Figure S9, and the compounds identified by the NIST11
database are shown in Table S2. It should be noted that the
substances with relative contents higher than 0.5% are
considered.
However, only single-ring aromatic clusters were detected by

GC−MS; all these structural units conform neither to Xb from
13C NMR nor to produce 11 BCAs via oxidation. As
mentioned above, because of the limitation of GC−MS,
some large-molecule compounds may not be detected, which
may result from the residue in the column of GC. Hence, we
applied ESI-MS to detect if there were multiring aromatic
clusters existing in lignin ethanolysis products. The ESI-MS
spectrum is shown in Figure 1.

As shown in Figure 1, the m/z peaks of ethanolysis products
focus on 100 to 400, which indicates that the relative molecular
mass focuses on 100 to 400. The relative molecular mass is
larger than that detected by GC−MS. We could find that
single-ring aromatic compounds detected by GC−MS were
also detected by ESI-MS as shown in Table S2. In addition,
several bigger compound formulas were detected based on the
error and isotope analysis, and we could speculate the
structures of different aromatic ring clusters based on these
formulas. The molecular formulas and intensity are shown in
Table S3, which includes double-ring and triple-ring aromatics.
Then we depicted the structures of these multiring aromatic
clusters as shown in Scheme S2. There may be other multiring
aromatic cluster isomers based on the formulas, and we just
provided ones of the possible structures, which are double- and
triple-ring aromatic clusters. The results demonstrate that there
exist double-ring and triple-ring aromatic clusters in the lignin.
The ethanolysis residue was also characterized through 13C

NMR (Figure S10) and Fourier-transform infrared (FTIR)
spectroscopy (Figure 2). The 13C NMR data were processed
using the same way as that of the enzymatic lignin. The total
carbon atoms of the structural model are 6404, so the amount
of carbon atoms in the ethanolysis residue in the structural
model is 2904 for the 54.65% carbon yield of liquid products.
The peak fitting of spectrum and the amount of different
carbon are shown in Figure S10 and Table 3. We also obtained
the structure parameters of the residue as follows.

(5) Ratio of aromatic carbon ( fa): fa = far
H + far

B + far
C + far

O1 + far
O2

= 66.9%
(6) Molar fraction of aromatic bridgehead carbon (Xb): Xb =

far
B/fa = 0.252

(7) Ratio of aliphatic carbon ( fal): fal = fal
1 + fal

2 + fal
3 + fal

4 + fal
O1

+ fal
O2 + fal

O3 = 30.46%
(8) Substituted degree of aromatic ring (δ): δ = ( far

C + far
O1 +

far
O2)/fa = 0.55

The substituted degree of aromatic ring (δ) is almost the
same as that of the lignin, which means more substitution
groups in the ethanolysis residue, considering that multiring
aromatic clusters have fewer aromatic carbons that can be
substituted. Xb is 0.252, which indicates that double-ring
aromatic clusters and triple-ring aromatic clusters exist in the
ethanolysis residue at least. During ethanolysis depolymeriza-
tion, owing to the weak bonds (C−O) being broken, some
single- and multi-ring aromatic clusters were extracted into the
liquid solution (as shown in Table S2 and Scheme S2), which
indicates that some multiring aromatic clusters are also
connected with C−O bonds. From the NMR result of
ethanolysis residue and liquid products of lignin, we concluded
that most multiring aromatic clusters were connected with
strong C−C bonds and could not be broken during the
ethanolysis process. The numbers of carbon atoms of origin
lignin and the ethanolysis residue are compared in Table 3.
From Table 3, the number of oxygen-attached aliphatic

carbon decreases notably, which indicates that the most
connection manners (β-O-4) in lignin are broken to form
phenols and then dissolve in the ethanol solution. In addition,
most of the aromatic bridgehead carbon is left in the residue,
and a small portion is extracted to liquid products. The
mechanism of lignin ethanolysis is shown in Scheme 2 based
on lignin alcoholysis results reported in the literature.38,39

The FTIR spectra of the lignin and the ethanolysis residue
are shown in Figure 2. In the comparison of these two FTIR

Table 2. Proximate and Ultimate Analyses of Enzymatic
Lignina

proximate analysis (wt %) ultimate analysis (in daf. Basis, wt %)

Mad Aad Vdaf C H Ob N S

8.31 1.84 61.29 58.99 5.41 33.94 1.58 0.08
aad: air-dry basis; d: dry basis; daf: dry-and-ash-free basis. M:
moisture; A: ash; V: volatile matter content. bBy difference.
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Table 3. Different Types of Carbon between Origin Lignin and Ethanolysis Residues
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spectra, the intensity of the associative hydroxyl peak becomes
narrow at 3500−3300 cm−1, which can be attributed to some
aromatics containing phenolic groups extracted to supercritical
ethanol; the intensity of the methyl group peak increases
slightly at 2937 cm−1 for esterification; the carbonyl groups at
1701 cm−1 also decrease after ethanolysis; the C−O−C
asymmetric stretching vibration of the ether group decreased at
1127 cm−1 after ethanolysis, which indicates the break of ether
bonds (β-O-4) during the ethanolysis process.
The amounts of total carbon, aromatic carbon, and

bridgehead carbon are shown in Table 4. Based on the result
of ESI-MS, we detected large molecules and classified them
into single-, double-, and triple-aromatic clusters. Based on
elemental analysis and 13C NMR spectra, there are 565, 490,
and 75 bridgehead carbon atoms of the structural model of the
lignin, ethanolysis residue, and ethanolysis liquid product,
respectively. The Xb (0.252) of the ethanolysis residue
indicates that the average number of aromatic rings is between
two and three. This suggested that almost single rings were
extracted and the ethanolysis residue contained only double

and triple-aromatic clusters. Thus, it can be concluded that the
ratio of double-ring aromatic clusters: triple-ring aromatic
clusters in the ethanolysis residue of lignin is 1:1.09 based on
the Xb of the ethanolysis residue. Hence, it can be calculated
that the number of the double-ring aromatic clusters is 77, and
that of the triple-ring aromatic clusters is 84. According to 75
atoms of bridgehead carbon in the liquid product, the numbers
of double- and triple-ring aromatic clusters could be identified
as 12 and 13 based on the 1:1.09 ratio of double-ring aromatic
clusters to triple-ring aromatic clusters. Meanwhile, we could
calculate the number of single-ring aromatic clusters in the
liquid product as 216 ((1600 − 12 × 10 − 13 × 14)/6 = 216).
Based on the calculation of liquid products and ethanolysis

residues, there are 216 single-ring aromatic clusters, 89 double-
ring aromatic clusters, and 97 triple-ring aromatic clusters in
the structural model of the lignin. Thus, the number of all
aromatic carbons is adjusted as 3544 (216 × 6 + 89 × 10 + 97
× 14 = 3544).
Based on the yield distribution of BCAs, 44 units in

enzymatic lignin can be converted into BCAs during the
oxidation process, which indicates that some multiring
aromatic clusters cannot be converted into BCAs for their
every aromatic ring connected with oxygen. Based on the
analysis of the ethanolysis liquid and residue, the multiring
aromatic clusters are connected by strong C−C mostly, which
causes most of them to be left in the ethanolysis residue, while
C−O accounts for a large percentage in the connections of
single-ring aromatic clusters.
In addition to C, H, and O, there are N (1.58%) and S

(0.08%) elements that exist in the lignin sample based on
ultimate analysis (Table 2). X-ray photoelectron spectroscopy
(XPS) has been applied to characterize the surface
composition of coals22,40 and biomass.41,42 Here, the S content
is too little to be detected by XPS, and the lignin model only
contains three S atoms. We applied XPS to characterize the
valence and form of N in the lignin sample. As displayed in
Figure 3 and Table 5, the XPS N 1s spectrum of the lignin

Figure 1. Negative-mode ESI-MS spectrum of ethanolysis products.

Figure 2. FTIR spectra of enzymatic lignin and ethanolysis residue.

Scheme 2. Possible Mechanisms during Ethanolysis

Table 4. Distribution of Carbon in the Raw Material, Liquid
Products, and Residue

carbon type
enzymatic
lignin

ethanolysis liquid
product

ethanolysis
residue

total carbon number 6404 3500 2904
aromatic carbon
number

3543 1600 1943

bridgehead carbon
number

565 75 490

Figure 3. XPS spectrum (N 1s) of enzymatic lignin and their fitting
curves.
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sample is fitted with two peaks at 399.50 and 402.04 eV,
corresponding to amino and chemisorbed nitrogen oxides,
respectively. Based on the area of two peaks and the result of
ultimate analysis, the numbers of amino and chemisorbed
nitrogen oxides are found to be 97 and 50. The amino form of
nitrogen may result from amino acids and proteins.42 In
addition, as the source of lignin we used, corn cob contains 17
amino acids besides cellulose, hemicellulose, and lignin.43 The
trace S may also result from the methionine that exist in the
corn cob.
Based on the above information, we constructed a structural

model of the enzymatic lignin (as shown in Figure 4) with a
formula C6407H6736O2590N147S3. In the structural model, there
are 44 aromatic units in red, which can be converted to BCAs
via alkali-oxygen oxidation. In addition, the detected aromatic
units by GC/MS and ESI/MS were depicted, while they are
connected with C−O bonds. Many multiring aromatic clusters
are connected with C−C bonds. In Table S4, the results of the
structural model are compared with those from experiments of
lignin, and it can be found that the average absolute relative
deviation is 1.4%. The formation of BCAs and the ethanolysis
result can be reflected in the constructed model of lignin.
The structural model presented in this work has the

following uses. First, multiring aromatic clusters and their
connections with C−C bonds can explain the low conversions
of lignin to aromatic compounds. Second, the model provides
information that more valuable aromatic chemicals like
naphthene- and anthanthrene-based compounds can be
obtained potentially from lignin. In the future experiments, it
is necessary to consider to cleavage C−C bonds between
aromatic clusters during the depolymerization of lignin and
then yield aromatic chemicals. Third, it is necessary to consider
the formation mechanism and functions of lignin in plants
according to the new model because there are multiring
aromatic clusters in lignin. Fourth, the findings of multiring
aromatic clusters could be helpful for computational analyses,
such as new model construction and parameter optimization.

3. CONCLUSIONS

In summary, we constructed a new model molecular formula of
enzymat ic l ign in wi th a molecu lar formula o f
C6407H6736O2590N147S3 and a model molecular weight of
127,214 Da. The structural model of lignin includes single-
ring, double-ring, and triple-ring clusters. In addition, only a
small part of aromatic clusters where at least one benzene ring
is not directly connected with oxygen can be oxidized to BCAs.
Most single-ring clusters are connected with weak C−O bonds,
while most multiring aromatic clusters are connected with C−
C bonds. The model could reflect not only the yield of BCAs,
but also the products of ethanolysis and the 13C NMR result of
enzymatic lignin.

4. MATERIALS AND METHODS

4.1. Materials. Enzymatic lignin used in this work was
purchased from Shandong Longlive Bio-technology Co., Ltd.,
Shandong province, China. The isolated process of enzymatic
lignin is depicted as reported elsewhere.7 Briefly, corncob was
used to isolate lignin via enzymatic hydrolysis. First, corncob
was treated with dilute acid to remove hemicellulose and then
treated with cellulase to remove cellulose. After that, the
residue was dissolved in an alkaline solution and then
precipitated by adjusting its pH, and the residue from
precipitation is enzymatic lignin. It was pulverized to pass
through a 200-mesh sieve (particle sizes less than 0.075 mm)
before use.
The proximate and ultimate analyses of enzymatic lignin

were conducted, and the results are listed in Table 2. Sodium
hydroxide (96%), concentrated sulfuric acid (98%), ethanol
(≥99.7%), and phosphoric acid (≥85%) were purchased from
Beijing Chemical Plant, Beijing, China; All reagents are
analytical reagents. Acetonitrile (99.9%, HPLC) was purchased
from Thermo Fisher Scientific Co., Ltd., Shanghai, China;
oxygen (99.995%) and nitrogen (99.9%) were supplied by
Beijing Beiwen Gas Industry Co., Ltd., Beijing, China.

4.2. Analyses of Enzymatic Lignin and Ethanolysis
Residues. Based on the ion-exchange method (Section 1.3 in
the Supporting Information),44 the amount of the phenolic
group and carboxyl group were determined. The results are
shown in Table 6.
Structural parameters of various carbons in enzymatic lignin

and ethanolysis residues were obtained by 13C NMR. All CP/
MAS 13C NMR spectra were obtained on a Bruker AV-300
spectrometer with a 13C frequency of 67.8 MHz. The chemical
shift of 13C was calibrated by adamantine (an external standard
substance). The cross-polarization contact time was 2 ms, and
the cycle time was 7 s.
FTIR spectra of enzymatic lignin and ethanolysis were

recorded on a Nicolet 6700 FTIR spectrometer at a resolution
of 4 cm−1 in reflectance mode with a measuring region of
4000−400 cm−1. Samples for the FTIR measurement were
prepared by mixing 1 mg of sample with 100 mg of KBr, and
the mixture was pressed to form a pellet.
XPS analysis of enzymatic lignin was conducted on an X-ray

photoelectron spectroscope (Thermo Fisher ESCALAB-250)
equipped with a monochromatized Al Kα X-ray source and
operated at 150 W. The pass energies of whole spectra and
narrow ones of all elements were fixed at 200 and 30 eV,
respectively. Energy calibration was made using the contain-
ment carbon (C 1s = 284.6 eV).

4.3. Alkali-Oxygen Oxidation of Enzymatic Lignin.
The oxidation of the enzymatic lignin sample was shown as
follows: 1.00 g enzymatic lignin, 0−5 g sodium hydroxide, and
20 mL deionized water were added into a 50 mL high-pressure
reactor provided by Haian Petroleum Scientific Research Co.
Ltd., Jiangsu, China. Before reaction, the reactor was purged by
high-purity oxygen and then filled with oxygen to a desired
pressure (4−6 MPa). Next, the reactor was heated at a rate of
8−10 °C/min to a desired temperature (240−280 °C). When
the reaction was finished, the reactor was rapidly cooled to
room temperature in an ice-water bath prepared in advance.
After releasing the gas, the reaction mixture was filtered, and
the pH of the filtrate was adjusted using concentrated sulfuric
acid to 1.5. The filtrate was diluted and then analyzed via high-

Table 5. Distribution of Carbon in the Raw Material, Liquid
Product, and Residue

elemental
peak functionality

binding energy/
eV

mole
content/%

N 1s amino 399.50 66.0
chemisorbed nitrogen
oxides

402.04 34.0
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performance liquid chromatography. Product analysis is
provided in the Supporting Information.

4.4. Supercritical Ethanolysis of Enzymatic Lignin
and Product Analysis. One gram of lignin and 30 mL
ethanol were loaded into a 50 mL high-pressure batch reaction

Figure 4. Proposed structural model of organic matter of enzymatic lignin. Aromatics clusters in red are convertible to BCAs via oxidation.
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vessel provided by Haian Petroleum Scientific Research Co.
Ltd., Jiangsu, China. Before reaction, the reactor was purged
with high-purity nitrogen five times. The sealed reactor was
then heated to a desired temperature and kept for a desired
reaction time. After reaction, the reactor was rapidly cooled to
room temperature in an ice-water bath. After releasing the gas,
the reaction mixture and reaction vessel were washed with
ethanol and then filtered. The ethanolysis products, which
were ethanol-soluble fraction (ES), were concentrated by
reduced pressure rotary evaporation. The remaining residues
were dried at 80 °C in a vacuum oven for 24 h. The conversion
of lignin was calculated using eq 1.

=
−

×
m m

m
Conversion 100%

lignin residue

lignin

i

k
jjjjjj

y

{
zzzzzz (1)

The liquid products were detected using an Agilent 7890B-
5977A (GC−MS) system equipped with a HP-5 capillary
column (30.0 m × 250 μm × 0.25 μm). The injection volume
was 1 μL, and the injection split ratio was 20:1. The oven
temperature was set to 60 °C and hold for 3 min, then heated
to 290 °C and hold for 2 min. Compounds were identified by
comparing mass spectra with NIST11 library data. Because
some strongly polar or less volatile products cannot be
detected with GC−MS, we applied a Bruker micrOTOF-QII
for the ESI-TOF-MS test. ESI conditions were 3.5 kV voltage,
a dry gas (N2) flow of 4 L/min, and a dry temperature of 180
°C. All liquid products were tested in negative mode, and the
flow rate was 180 μL/h.
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(41) Bañuls-Ciscar, J.; Abel, M. L.; Watts, J. F. Characterisation of
cellulose and hardwood organosolv lignin reference materials by XPS.
Surf. Sci. Spectra 2016, 23, 1−8.
(42) Shchukarev, A.; Sundberg, B.; Mellerowicz, E.; Persson, P. XPS
study of living tree. Surf. Interface Anal. 2002, 34, 284−288.
(43) Chen, J.; Yu, W.; Yu, R.; Wu, H.; Wu, D.; Lai, F. Analysis of the
nutritional components of corn cobs. Modern Food Sci. Technol. 2012,
28, 1073−1075.
(44) Zhou, J.; Wang, Y.; Huang, X.; Zhang, S.; Lin, X. Determination
of o-containing functional groups distribution in low-rank coals by
chemical titration. J. Fuel Chem. Technol. 2013, 41, 134−138.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01812
ACS Omega 2022, 7, 18861−18869

18869

https://doi.org/10.1126/science.148.3670.595
https://doi.org/10.1126/science.148.3670.595
https://doi.org/10.1126/science.148.3670.595
https://doi.org/10.1002/anie.197403131
https://doi.org/10.1002/anie.197403131
https://doi.org/10.1007/BF00365615
https://doi.org/10.1515/hfsg.1974.28.1.5
https://doi.org/10.1515/hfsg.1974.28.1.5
https://doi.org/10.1007/BF00584038
https://doi.org/10.1016/j.copbio.2019.02.019
https://doi.org/10.1016/j.copbio.2019.02.019
https://doi.org/10.1002/cssc.202001324
https://doi.org/10.1021/ef200738p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef200738p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef200738p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2015.02.117
https://doi.org/10.1016/j.fuel.2015.02.117
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1038/s41467-018-08252-0
https://doi.org/10.1016/j.fuel.2014.10.039
https://doi.org/10.1016/j.fuel.2014.10.039
https://doi.org/10.1021/jf062199q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf062199q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf062199q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/hfsg.1993.47.4.302
https://doi.org/10.1515/hfsg.1993.47.4.302
https://doi.org/10.1016/S0031-9422(97)00359-2
https://doi.org/10.1016/S0031-9422(97)00359-2
https://doi.org/10.1016/S0031-9422(97)00359-2
https://doi.org/10.1080/02773813.2017.1393436
https://doi.org/10.1080/02773813.2017.1393436
https://doi.org/10.1515/hf-2019-0011
https://doi.org/10.1515/hf-2019-0011
https://doi.org/10.1515/hf-2019-0011
https://doi.org/10.1021/jacs.5b03693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.200800080
https://doi.org/10.1002/cssc.200800080
https://doi.org/10.1021/ef0502397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef0502397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5GC01120E
https://doi.org/10.1039/C5GC01120E
https://doi.org/10.1039/D0SE01016B
https://doi.org/10.1039/D0SE01016B
https://doi.org/10.1021/ef501414g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef501414g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef501414g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef501414g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mabi.200350006
https://doi.org/10.1002/mabi.200350006
https://doi.org/10.1002/mabi.200350006
https://doi.org/10.1515/HF.1999.086
https://doi.org/10.1515/HF.1999.086
https://doi.org/10.1039/C5NJ02916C
https://doi.org/10.1039/C5NJ02916C
https://doi.org/10.1039/C5NJ02916C
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1039/c2ee23741e
https://doi.org/10.1021/ef502373p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef502373p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef502373p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.4943099
https://doi.org/10.1116/1.4943099
https://doi.org/10.1002/sia.1301
https://doi.org/10.1002/sia.1301
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

