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ABSTRACT: To study the effect of H2O2 on the content and properties
of humic acids (HAs) in lignites, the experimental conditions including
oxidation time, H2O2 concentration, and the solid−liquid ratio were
investigated. Under the optimum oxidation conditions, the contents of
HAs of YL and HB lignite were 45.4 and 40.9%, respectively. The HAs
extracted from oxidized and raw lignites were characterized and
compared. The results showed that the HAs extracted from oxidized
lignites contain more total acidic groups, carboxyl groups, and aliphatic
carbon than that in HAs extracted from raw lignites, and their
hydrophilic−hydrophobic index value is higher and thermooxidative
stability is better than those in HAs extracted from raw lignites. In
addition, the composition of polycyclic aromatic hydrocarbons and
fluorophore types in HAs extracted from oxidized lignites are similar to
the HAs extracted from raw lignites. The results indicated that the oxidation operation can increase the content of HAs in lignites,
and simultaneously increase the content of oxygen-containing functional groups and biological activity of HAs, which provided a
reference for the subsequent application of HAs.

1. INTRODUCTION

Lignites are low-rank coals, and their reserves are abundant in
China.1 Generally, lignites have the characteristics of a low
calorific value, low stability, high moisture, and high ash
content,2 and these shortcomings reduce their effective
utilization rate as fuels in real life. The oxygen content in
lignites is relatively high, and the main existing forms of
oxygen-containing functional groups are hydroxyl, methoxy,
phenolic hydroxyl, ether, carbonyl, and carboxyl groups,3 and
these oxygen-containing functional groups have a great
influence on the chemical properties and applications of
lignites. The high efficiency and clean application of lignites
should be paid more attention to, including produce clean
fuels, high value-added products, and carbon materials, and
among which the extraction of HAs is an important way to
increase the added value of lignites.
HAs are natural organic polymers that are widely found in

peats, lignites, leonardites, soil, and water. The humic
substances in lignites are traditionally classified into three
categories according to their alkaline and acid solubility,
including alkali-insoluble, alkali-soluble, and acid-insoluble,
and alkali- and acid-soluble components, corresponding to
humin, humic acids, and fulvic acids, respectively.4,5 HAs are
rich in a variety of oxygen-containing functional groups such as
carboxyl, hydroxyl, phenolic hydroxyl, carbonyl, methoxy, and
so on.6 The chemical and physiological activities of HAs are
directly related to their molecular weight, structural character-

istics, and the type and number of oxygen-containing
functional groups.7 HAs have many properties, such as
exchange, adsorption, complexation, and chelation with metal
ions,8,9 and are widely used in the agriculture,10−12 industry,13

environmental management,14−16 medicine,17,18 and other
fields.19,20 Therefore, research on HAs is of great significance.
HAs are insoluble under acidic conditions but can be

dissolved and extracted in alkaline solutions.4 The main
methods of extracting HAs from coals are an alkaline extraction
method, an acid extraction method, and a microbial dissolution
method.6,21−23 Due to the low content of free HAs in lignites,
the yield is low when directly extracting HAs. To improve the
yield and activity of HAs, researchers used air thermal
oxidation, oxidant oxidation, mechanical activation, and other
methods to pretreat lignites,24−31 and the changes of HA
structure were investigated. According to the literature,9,24,32

oxidation of lignites by H2O2 to produce HAs is an important
way to increase the additional utilization value of lignites.
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In this study, two different sources of lignites were oxidized
and degraded by H2O2 at room temperature, and HAs were
extracted by the method of NaOH dissolution and HCl
precipitation. On the premise of environmental friendliness,
this experiment studied the optimal process conditions for the
oxidation of lignites with H2O2 at room temperature to
increase the content of HAs. Subsequently, the difference in
physicochemical properties of extracted HAs were analyzed,
including proximate analysis, ultimate analysis, thermogravi-
metric-derivative thermogravimetry analysis (TG-DTG), and
acidic functional groups analysis.33−37 TG-DTG could be used
to study the thermal properties of HAs (including thermal
oxidation and thermal stability). The thermal properties and
the content of acidic functional groups affect the application of
HAs. Spectral analysis include Fourier transform infrared
spectroscopy (FTIR), fluorescence spectroscopy (FS), NMR,
and X-ray photoelectron spectroscopy (XPS), among which
FTIR was often used to analyze the functional groups in HAs,
NMR was used to analyze the types of carbon in HAs, XPS was
used to analyze the surface elements of substances, and FS was
a sensitive method for studying the structure of macro-
molecules.4,7,21,23,24,38−44 The composition and properties of
HAs extracted from H2O2 oxidized and raw lignites were
studied comprehensively through a combination of multiple
analysis methods. This study aimed to improve the content of
HAs by H2O2 oxidation, provide a reference for the
preparation of high-quality HAs from lignites, and provide
theoretical basis for further application of HAs.

2. EXPERIMENTAL SECTION
2.1. Materials. In the experiment, two kinds of lignite from

Yiliang (YL) in Yunnan (the young lignite) and Hulunbeir
(HB) in Inner Mongolia (the old lignite) were used as the
experimental raw materials, the total HA content in lignites
was determined by the volumetric method of Chinese standard
GB/T11957-2001, and the total HA contents were 27.8 and
23.9%, respectively. Before the experiment, each lignite was
crushed and sieved through an 80 mesh inspection sieve. The
lignites were placed in the atmosphere and dried to a constant
weight, and then they were put into a sample bag and sealed
for storage for later use. Hydrogen peroxide (H2O2) and
sodium hydroxide (NaOH) were purchased from Tianjin
Fengchuan Chemical Reagent Technology Co., Ltd., and
hydrochloric acid (HCl, 37%) and sulfuric acid (H2SO4, 98%)
were purchased from Chongqing Chuandong Chemical
(Group) Co., Ltd. All reagents used were of analytical grade
unless otherwise states.
2.2. H2O2 Oxidation of Lignites. The oxidation experi-

ments were carried out as follows: The H2O2 aqueous solution
(4, 5, 6, 7, 8, 9 wt %) was added into 2 g of YL lignite to give a
final extractant to coal ratio of 1:1, 2:1, 3:1, 4:1, and 5:1 mL/g,
and the mixtures reacted at room temperature for 1, 2, 3, 4, 5,
6, and 8 h. The H2O2 aqueous solution (5, 10, 15, 20, 25, 30
wt %) was added into 2 g of HB lignite to give a final extractant
to coal ratio of 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, and 4:1 mL/g,
and these mixtures reacted at room temperature for 1, 2, 3, 4,
5, 6, 8, and 10 h. After oxidation treatment, the mixture was
filtered by a Buchner funnel to separate the solid residue from
the aqueous solution. The solid residue was freeze-dried and
then weighed, after that measured for the HA content.
2.3. Preparation of HAs. Alkali-soluble acid separation

was a common method for extraction of HAs.4,21 The YL
lignite was added sufficiently into a 0.39 mol/L NaOH

solution at a liquid-solid ratio of 32:1 mL/g and reacted at
room temperature for 4.1 h. The HB lignite was added
sufficiently into a 0.31 mol/L NaOH solution at a ratio of 20:1
mL/g and reacted at room temperature for 5.6 h. The
supernatant solution was collected by centrifugation at 6000
rpm for 5 min, and the residue was washed with deionized
water three times. The supernatant was collected and filtrated
with a Brinell funnel. Finally, the filtrate was acidified with HCl
by pH < 2 and aged for 24 h, and then centrifuged to separate
the HA (precipitate) fraction. The precipitate was slurried with
distilled water and the slurry was transferred to a dialysis bag
(MWCO 3500D), and then dialyzed against regularly
exchanged distilled water for about 20 days. All of the
extracted products were freeze-dried for further character-
ization and analysis, and the yield of HAs was calculated
according to eq 1

=
×

×Y
m

m a
100%HAs

1

2 (1)

where m1 corresponds to the quality of the HAs product, g; m2
corresponds to the mass of the lignites, g; and a corresponds to
the total amount ratio of HAs in lignites.

2.4. Chemical and Spectral Features Analysis.
2.4.1. Proximate and Ultimate Analysis. The proximate
analysis of lignites was determined according to the national
standard of GB/T 212-2008 in China.27,36 The moisture
content was determined by air drying in a vacuum drying oven
at 105−110 °C for 2 h. The ash and volatile content of the
samples were automatically determined by an intelligent muffle
furnace model 5E-MF6100K produced by Changsha Kaiyuan
Instrument Co., Ltd. at 815 and 900 °C, respectively. The fixed
carbon content could be obtained using the subtraction
method.
The ultimate analyzer of a Vario macro cube model

produced by Elementar, Germany, was used for ultimate
analysis. C, H, N, and S were measured, respectively, and the O
content was obtained by the subtraction method.

2.4.2. Determination of Oxygen-Containing Functional
Groups. The total acidic functional group content was
determined by the barium hydroxide method.36,45 In the
experiment, about 200 mg of the sample was suspended in a
0.05 mol/L Ba(OH)2 solution (25 mL), stirred for 48 h under
room temperature, filtered, and rinsed three times with
distilled water without CO2. The ion-exchanged sample was
suspended in 0.1 mol/L HCl (25 mL) added in advance and
titrated with 0.1 mol/L NaOH standard solution. The blank
experiments were concurrently performed to calculate the total
acidic groups content.
The carboxyl group content of HAs was determined by a

calcium acetate method. The procedure was similar to that for
total acid group determination except that the exchange
solution was 0.5 mol/L Ca(AC)2 instead of 0.05 mol/L
Ba(OH)2 (25 mL) and titrated with a 0.1 mol/L NaOH
standard solution directly. The content of phenolic hydroxyl
groups could be obtained by subtracting the content of
carboxyl groups from the content of total acidic groups.

2.4.3. Spectroscopic Analysis. 2.4.3.1. FTIR Spectroscopy.
A Fourier transform infrared spectrometer (FTIR), Nicolet
iS50, was used to determine the functional groups of HAs. The
KBr tablet method was used for sample measurement; the
spectral resolution was 4 cm−1 and the spectral scanning range
was 4000−500 cm−1.
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2.4.3.2. Fluorescence Spectroscopy (FS). The 10 mg/L HA
solution was prepared for testing, and the solvent was NaOH
(0.05 mol/L). A Hitachi F-4600 fluorophotometer was used to
test the HA samples; the slit was 5 nm during the test and the
scanning speed was 120 nm/min when measuring the
excitation and emission wavelengths.
2.4.3.3. CP/MAS 13C NMR Spectroscopy. Nuclear magnetic

resonance (NMR) spectroscopy of the HAs was tested with an
AVWBIII600 nuclear magnetic resonance spectroscopy instru-
ment produced by Bruker. The test speed was 14 kHz and the
resonance frequency was 150.9 MHz.
2.4.3.4. X-ray Photoelectron Spectroscopy (XPS). The

multifunction scanning imaging photoelectron spectroscopy
model PHI 5000 Versaprobe-II was used to analyze the surface
element of HAs; the instrument power was 50 W, the voltage
was 15 kV, the Al target (hv = 1486.6 eV) was selected as the X
light source, and the hemispherical pass energy analyzer was
46.95 eV, and the spectrum used was C 1s with a binding
energy of 284.8 eV for correction.
2.4.3.5. TG-DTG Analysis. The thermogravimetric-derivative

thermogravimetry analysis (TG-DTG) of the experimental
samples was carried out with a NETZSCH STA 449F3
equipment produced by NETZSCH. The atmosphere used in
the experiment was air, the heating rate was 10 °C/min, and
the heating range was from 20 to 900 °C.

3. RESULTS AND DISCUSSION
3.1. Extraction Conditions of HAs. According to the

single-factor experiments, the optimal oxidation conditions of
HAs are obtained and are shown in Table 1. The content of

HAs increases after the oxidation of H2O2, and it is speculated
that the oxidation makes some macromolecular aromatic
substances in lignites oxidize into small molecular acids.46,47

The HAs extracted under the optimum oxidation conditions
and raw lignites are used for analysis to guide the subsequent
industrial production.
3.2. Proximate Analysis and Ultimate Analysis. The

proximate analysis and ultimate analysis of the four HAs
extracted from oxidized and raw lignites are shown in Table 2.
It can be seen from the proximate analysis that the ash content
of YLHA is higher. After the oxidation process, it is proved that
the content of the carbon element in HAs extracted from
lignites decreases after oxidation, and the content of oxygen

and the O/C ratio increases, which indicates that they contain
more oxygen-containing functional groups in HAs extracted
from lignites after oxidation. The H/C atomic ratio can be
used as an index to evaluate the aromaticity of HAs.4,48 The
larger the H/C ratio, the lower the aromaticity of the HAs. The
experiment shows that the aromaticity of the four HAs is OHB
> HBHA > YLHA > OYL. In addition, the O/C atomic ratio
mainly reflects the content of oxygen-containing functional
groups of HAs.36,37 The content of oxygen-containing
functional groups of four HAs is OYL > YLHA > OHB >
HBHA. The N/C atomic ratio is assigned to the content of
nitrogen in HAs, and the N/C ratio of HAs from lignite is
generally less than 0.05.48 The N/C ratios of the four HAs in
the experiment are all within this range.

3.3. Determination of HAs’ Functional Groups. The
acidic functional groups in HAs play a significant role in the
application of HAs. Therefore, the acidic functional groups of
four HAs are compared and analyzed. The analysis results are
shown in Table 3. It can be seen that the total acidic groups of

the four HAs are OYL > OHB > YLHA > HBHA, and the
content of carboxyl groups is OYL > YLHA > OHB > HBHA.
The content of total acidic groups and carboxyl groups in OYL
and OHB both increase, indicating that H2O2 oxidation can
increase the active groups in HAs, thereby increasing the
molecule activity of HAs.

3.4. FTIR Spectroscopy Analysis. FTIR is used to analyze
the functional groups of the four HAs, and the FTIR spectra
are shown in Figure 1. It shows that the four HAs have almost
the same characteristic peak positions in the infrared spectrum,
which demonstrates that the types of functional groups
contained are similar. It can be clearly seen from the
illustration that the shoulder peak at about 1714 cm−1 is
attributed to the stretching vibration of CO bond in the
carboxyl group.4 Meanwhile, the peak intensities of OYL and
OHB are both stronger than YLHA and HBHA, which
indicates that the carboxyl content of HAs increases after
oxidation. The characteristic peak at 1232 cm−1 is assigned to
the stretching vibration of the C−O bond in esters, ethers,

Table 1. Optimal Oxidation Conditions of H2O2 for HAs

sample
time
(h)

concentration
(%)

liquid-solid ratio
(mL/g)

HAs content
(%)

YL 3 6 3:1 45.4
HB 6 30 3:1 40.9

Table 2. Proximate and Ultimate Analyses of HAsa

proximate analysis (wt %,
ad) ultimate analysis (wt %, d) atomic ratios

sample Mad Aad C H N S O H/C O/C N/C

YLHA 7.33 8.09 50.23 4.64 2.04 1.64 41.46 1.11 0.62 0.03
HBHA 4.01 1.80 63.37 4.95 0.96 30.72 0.94 0.36 0.01
OYL 7.43 7.04 48.25 4.64 1.73 1.13 44.24 1.16 0.69 0.03
OHB 7.44 2.55 57.92 4.34 37.73 0.90 0.49

aWhere ad stands for air-dry basis and d stands for dry basis. YLHA refers to HAs in YL lignite, HBHA refers to HAs in HB lignite, OYL refers to
HAs in oxidized YL lignite, and OHB refers to HAs in oxidized HB lignite.

Table 3. Determination of Functional Groups and the fh/h
Indexa

functional groups (mequiv/g)

sample total acid carboxyl f h/h

YLHA 5.84 3.74 0.50
HBHA 5.23 3.36 0.31
OYL 5.94 4.20 0.61
OHB 5.93 3.47 0.47

aWhere mequiv/g is the capacity of ion exchange.
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phenols, and lignin and the deformation of OH in the carboxyl
group.49,50 The peak intensity of OYL and OHB at 1232 cm−1

is larger than YLHA and HBHA, which indicates that the C−O
content in HAs increases after oxidation, which is consistent
with the results of ultimate analysis.
The FTIR spectra are fitted using a curve fitting method, and

then the peaks of the correlation curve are located precisely.
The content of carboxyl groups and the aromatic structure is
an important index that affects the performance of HAs, so the
peak fitting of the oxygen-containing functional group region
(1800−1500 cm−1) in the FTIR of four HAs is carried out to
discuss its difference, and the fitting results are shown in Figure
2 and Table 4. It can be seen from Table 4 that the main

oxygen-containing functional groups of the four HAs are
carboxyl and carbonyl, and the carboxyl contents of OYL and
OHB are larger than those of YLHA and HBHA, indicating
that the oxidation process increases the carboxyl content of
HAs, which is consistent with the result of acidic functional
group determination. It can be seen from Table 4 that the main
oxygen-containing functional groups of the four HAs are
carboxyl and carbonyl, and the carboxyl contents of OYL and

OHB are larger than those of YLHA and HBHA, indicating
that the oxidation process increases the carboxyl content of
HAs, which is consistent with the results of acidic functional
groups determination.

3.5. Fluorescence Spectroscopy. The electron-with-
drawing groups in the HA molecules (such as carboxyl and
carbonyl) can reduce the fluorescence intensity of HAs, and
the electron-donating groups (such as amino, hydroxyl,
methoxy, etc.) can increase the fluorescence intensity of
HAs, and the presence of these oxygen-containing and
nitrogen-containing functional groups can shift the fluores-
cence to longer wavelengths by reducing the energy difference
between the ground state and the first excited state.
Synchronous fluorescence spectroscopy can reduce the over-
lapping phenomenon of the spectrum and reduce the influence
of scattered light on the spectrum. The most commonly used
step size Δλ (the difference between the emission wavelength
(Em) and the excitation wavelength (Ex)) is 18 nm.39,40,42

The fluorescence spectra of the excitation and emission
wavelengths of the four HAs are shown in Figure 3. The
maximum Ex of the four HAs is about 270 nm, and the
maximum Ems of the four HAs are in the range of 410−450
nm. The maximum Em of YLHA is 442.8 nm and the intensity
is 34.05; the maximum Em of HBHA is 438.2 nm and the
intensity is 44.73. The maximum Em of OYL is 445.5 nm, and
the intensity is 22.74, which is slightly larger than the
maximum Em of YLHA, and the intensity is lower, indicating
that OYL has more electron-withdrawing groups (such as
carboxyl and carbonyl). The maximum Em of OHB is 434.4
nm, and the intensity is 28.69, which is lower than the
maximum Em and intensity of HBHA. The possible reason is
that there are more electron-withdrawing groups (such as
carboxyl and carbonyl) in OHB, which reduces its fluorescence
intensity, and the unsaturated aliphatic structure or the
aromatic system is reduced. At the same time, the reduction
of the conjugated system in HAs makes the Em shift to the
shortwave direction.
The synchronous fluorescence spectra of the four HAs are

shown in Figure 4. It can be seen that YLHA has one obvious
peak and two weaker small peaks, and HBHA has two obvious
peaks, which indicates that YLHA has a simpler structure and
minimal dispersion. When the Ex of the synchronous
fluorescence spectrum (Δλ = 18 nm) is in the range of
340−370 nm, the corresponding polycyclic aromatic hydro-
carbons (PAHs) are composed of about three to four benzene
rings; when Ex is in the range of 370−420 nm, the
corresponding PAHs are composed of about five benzene
rings; when Ex is in the range of 438−487 nm, the
corresponding PAHs have about seven benzene rings or the
molecule contains a lignin structure.51 The PAHs in YLHA
contain three to five benzene rings, and are mainly composed
of five benzene rings. The PAHs in HBHA are mainly
composed of three to four benzene rings, and YLHA and
HBHA also contain a small amount of PAHs composed of
seven benzene rings and/or lignin structures.
In the synchronous fluorescence spectrum of OYL, there is a

relatively obvious peak in the Ex range of 340−420 nm,
indicating that the PAHs in the molecule are mainly composed
of three to five benzene rings. In the synchronous fluorescence
spectrum of OHB, there is an obvious peak in the Ex range of
340−370 nm, and a small peak near 390 nm, indicating that
the polycyclic aromatic hydrocarbons in the molecule are
mainly composed of three to five benzene rings. In the Ex

Figure 1. FTIR spectra of four HAs.

Figure 2. Fitted-peak curves of FTIR spectra of four HAs.

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

https://doi.org/10.1021/acsomega.1c03257
ACS Omega 2021, 6, 24051−24061

24054

https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


range of 438−487 nm, OYL has a small peak near 450 and 480
nm, respectively, and OHB also has a small peak at 440 nm,
indicating that there is a small amount of PAHs with seven
benzene rings or lignin structures in both OYL and OHB
molecules, similar to the YLHA and HBHA. It also can be seen
that the synchronous fluorescence intensity of OYL and OHB
is both larger than that of YLHA and HBHA, which may be
related to the more C−O bond in OYL and OHB.
3.6. CP/MAS 13C NMR Spectroscopy. CP/MAS 13C

NMR can be used to analyze the type of carbon in HAs, and
nuclear magnetic data can be used to calculate the aromaticity,
the aliphatic carbon ratio, and the hydrophilic−hydrophobic
index ( f h/h) of HAs. Furthermore, the oxygen-containing
functional group, the aliphatic structure, and the aromatic
structure in HAs can be analyzed. In this paper, CP/MAS 13C
NMR is used to analyze the carbon types of four HAs, and the
nuclear magnetic spectrum is shown in Figure 5.
The four samples showed an obvious peak in the range of

0−40 ppm, which belongs to aliphatic carbon. The strongest

Table 4. Fitted-Peak Results of FTIR Spectra of Four HAs (1800−1500 cm−1)a

YLHA HBHA OYL OHB

attribution λ RP λ RP λ RP λ RP

carboxylic anhydride CO stretching vibration 1770.1 0.98 1767.0 1.09 1770.0 1.58 1765.0 3.24
carboxyl CO stretching vibration 1712.0 30.05 1714.0 25.13 1716.8 33.34 1714.5 33.29
carbonyl CO stretching vibration 1663.0 3.97 1663.0 13.56 1660.0 9.67 1663.0 5.77
aromatic CC vibration, CCO vibration conjugated with carbonyl 1621.0 39.31 1613.0 33.92 1619.0 31.48 1617.5 36.41
COO-symmetrical stretching vibration 1560.0 18.01 1561.0 19.09 1561.0 20.23 1562.0 15.58
amide CN stretching vibration, aromatic CC deformation vibration 1509.0 7.68 1509.0 7.20 1504.5 3.74 1508.0 5.72

aWhere λ is the wavenumber, cm−1, and RP is the relative percentage, %.

Figure 3. Excitation (left) and emission (right) spectra of four HAs.

Figure 4. Synchronous fluorescence spectra of four HAs (Δλ = 18 nm).

Figure 5. CP/MAS 13C NMR spectra of four HAs.
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peak appears at 100−150 ppm, which is attributed to the
aromatic carbon in HAs. It shows that the relative strength of
OYL and OHB in the aliphatic carbon region (0−100 ppm) is
higher than YLHA and HBHA, indicating that HAs extracted
from oxidized lignites contain more aliphatic structures than
that of raw lignites, while the aromatic structure is slightly
decreased. The relative intensity of the aliphatic carbon region
and the aromatic carbon region (100−150 ppm) of OYL is not
much different, and the aromatic carbon content in OHB is
more than the aliphatic carbon content. The peaks in the range
of 165−190 ppm belong to the characteristic peaks of carboxyl
groups. The intensity of the peaks of OYL and OHB in this
range is greater than YLHA and HBHA, indicating that OYL

and OHB contain a higher carboxyl content, and the results are
consistent with the analysis results of FTIR.
To use CP/MAS 13C NMR to quantitatively analyze HAs,

the NMR spectrum of HAs was fitted by peaks. The fitted-peak
curves of NMR spectra of four HAs are shown in Figure 6, and
the corresponding attributions are shown in Table 5.
Compared with YLHA and HBHA, the aliphatic carbon

content of OYL and OHB increases, while the aromatic carbon
content decreases. The carboxyl content of OYL and OHB is
higher than that of the corresponding HAs in raw lignites,
which is consistent with the analysis results of oxygen-
containing functional groups in Table 3. The hydroxyl carbon
content of OYL phenol (8.1%) is lower than that of YLHA

Figure 6. Fitted-peak curves of CP/MAS 13C NMR spectra of four HAs.

Table 5. Fitted-Peak Results of CP/MAS 13C NMR of Four HAs

YLHA HBHA OYL OHB

attribution δ RP δ RP δ RP δ RP

aliphatic methyl carbon 14.00 4.35 13.50 4.58 15.20 5.94 13.50 4.39
20.42 5.35 20.50 3.62 25.90 7.74 20.40 3.90

methylene carbon 31.50 12.72 31.20 14.11 31.65 3.64 29.00 7.08
polymethylene/alicyclic carbon 41.20 2.84 41.20 3.43 39.00 7.56 38.60 9.27
methoxy carbon 48.59 5.19 50.00 4.39 47.50 2.81 50.50 5.61

56.00 1.94 55.60 4.32
carbohydrates/oxygenated aliphatic carbon 61.81 1.00 77.00 2.59 75.00 6.66 77.00 3.42

72.00 2.68 91.00 0.72
85.00 2.01

proton aromatic carbon 107.00 6.69 104.00 3.05 106.00 6.12 107.00 4.88
116.00 5.69 116.50 12.97 117.60 9.00 118.00 10.35

aromatic carbon 128.30 22.09 128.20 22.51 126.80 7.83 128.60 18.79
substituted aromatic carbon 139.00 4.02 141.20 12.02 134.10 8.46 140.70 9.27

146.00 2.84 144.00 5.08
phenolic carbon 155.00 9.37 155.10 5.57 154.00 8.10 153.00 6.59

162.00 0.51 160.50 2.20
carboxy carbon 173.50 6.69 169.00 3.05 168.00 2.88 170.80 3.51

178.00 1.87 174.20 5.40 179.50 1.95
carbonyl carbon 202.50 2.68 203.83 1.34 204.00 6.84 208.00 8.78

224.00 1.84 222.16 4.39

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

https://doi.org/10.1021/acsomega.1c03257
ACS Omega 2021, 6, 24051−24061

24056

https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03257?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 7. Fitted-peak curves of C 1s spectra of four HAs.

Table 6. Fitted-Peak Results of C 1s Spectra of Four HAsa

aromatic carbon aliphatic carbon ether/alcohol carbon ketone carbon pyrrole/amide carbon carboxyl carbon

sample BE RP BE RP BE RP BE RP BE RP BE RP

YLHA 284.44 35.80 285.02 34.46 286.02 13.56 286.87 4.12 288.18 3.08 288.71 8.97
HBHA 284.42 36.49 285.04 31.73 286.00 15.09 286.93 4.95 288.28 3.95 288.79 7.79
OYL 284.46 30.35 285.17 36.10 286.18 15.12 286.99 7.48 288.02 1.76 288.73 9.20
OHB 284.44 35.11 285.02 33.10 285.94 16.09 286.85 7.28 288.71 8.41

aWhere BE is binding energy (eV) and RP is relative proportion (%).

Figure 8. TG-DTG curves of four HAs.
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(9.37%). The possible reason is that phenol is converted into
other substances during the oxidation process. The OHB
phenolic hydroxyl carbon content (8.79%) is higher than that
of HBHA (6.08%). The possible reason is that oxidation
causes the −C−O bond between the benzene ring and the
main structure to break. The content of carbonyl carbon in
OYL is 6.84%, which is 2.32% higher than that of YLHA
(4.52%). The content of carbonyl carbon in OHB is 8.78%,
which is 3.05% higher than the content of carbonyl carbon in
HBHA (5.73%), indicating that oxidation can oxidize alcohol
ether phenolic compounds in HA molecules to ketones or
carbonyl compounds.
The oxygen-containing and nitrogen-containing alkyl

carbons in HAs were hydrophilic carbons, which affect the
biological activity of HAs. The hydrophilic/hydrophobic
indexes ( f h/h)

52 of four HAs are calculated according to eq
2, and the results are listed in Table 3.

=
+ + + +

+
= − − − −f

C C C C C
C Ch/h

C O COOH Ar OH O Alk O Alk O

Alk Ar
(2)

It can be seen from Table 3 that the f h/h of the four samples is
OYL > YLHA > OHB > HBHA, indicating that OYL has the
most hydrophilic groups, and in agricultural applications, OYL
has higher biological activity.52 It shows that HAs extracted
from oxidized lignites contain more hydrophilic groups than
those of raw lignites, indicating that oxidation can improve the
biological activity of HAs.
3.7. XPS Spectrometry. XPS spectrometry is an analytical

method used to measure the surface elements of samples. This
paper uses XPS to analyze the surface carbon and oxygen
elements of four HAs. When using XPS to analyze the surface
carbon of HAs, there are six main chemical states, including
aromatic carbon, aliphatic carbon, ether/alcohol carbon,
ketone carbon, pyrrole/amide carbon, and carboxyl carbon.4

The C 1s of the XPS of the four HAs were fitted by peaks. The
fitting results are shown in Figure 7, and the fitting results are
shown in Table 6.
The main existing forms of carbon elements on the surface

of four HAs are aromatic carbon and aliphatic carbon.
Compared with the YLHA and HBHA, it can be found that
the aromatic carbon content of OYL and OHB is lower, and
the aliphatic carbon content is higher. The contents of ether/
alcohol carbon, ketone carbon, and carboxyl carbon of OYL
and OHB are larger than YLHA and HBHA, respectively,
indicating that oxidation can increase the oxygen-containing
functional groups in HAs, and can oxidize alcohol ether
phenolic compounds into ketones, carbonyls, and carboxylic
acid compounds. The analysis results are consistent with the
NMR results.
3.8. TG-DTG Analysis. The results of TG-DTG analysis of

the four HAs are shown in Figure 8. The TG and DTG curves
of the four HAs are similar. From the TG curves, it can be seen
that the HAs always suffer from quality loss when the

temperature increases from 20 °C, and the maximum weight
loss rate appears in the temperature ranges of 20−120, 350−
450, and 450−600 °C, indicating that there is greater loss in
the quality of HAs in these three temperature ranges,
respectively.
The weight loss of HAs can be divided into four stages. The

first stage is 20−200 °C, which is attributed to the evaporation
of free water and bound water in the HAs, and the
decomposition of some small molecular weight organic
matters.53 The second stage is 200−350 °C; the mass loss in
this stage is mainly caused by the degradation of sugar
compounds in the samples, the dehydration of aliphatic
alcohols, and the decomposition of functional groups such as
carboxyl, phenolic hydroxyl, and carbonyl.53−55 The third stage
is 350−450 °C. The quality loss in this stage is attributed to
the degradation of more polycondensation structures, the
breaking of C−C bonds, the oxidation of aromatic
components, etc., which are mainly related to the occurrence
of long-chain hydrocarbons and nitrogen-containing com-
pounds.33 The fourth stage is 450−600 °C; the quality loss of
this stage is caused by the pyrolysis of the aromatic
components in the structure of lignin and other polyphenols,
and the destruction of the aromatic structure in HAs.54

Therefore, the relative mass losses of the four HAs at the
corresponding stages are listed in Table 7.
It can be seen that in the range of 200−350 °C, the quality

loss of OYL and OHB is greater than that of YLHA and
HBHA, respectively, indicating that the HAs of oxidized lignite
contain more oxygen-containing functional groups and
aliphatic structures, which are consistent with the analysis
results of ultimate analysis, acid functional group determi-
nation, and NMR. The temperature of the peak of maximum
weight loss on the DTG curves of OYL and OHB is higher
than that of YLHA and HBHA, indicating that the thermal
oxidation of HAs extracted from oxidized lignites is better.37 In
addition, OYL is decomposed at about 484 °C, which is lower
than the decomposition temperature of YLHA (508 °C), and
OHB is decomposed at about 500 °C, which is lower than the
decomposition temperature of HBHA (539 °C). It shows that
the heat resistance of HAs extracted from oxidized lignites is
worse than that of HAs extracted from raw lignites, which is
related to the less aromatic structure in HAs extracted from
oxidized lignites.56

4. CONCLUSIONS AND FUTURE DIRECTIONS
The HA content of YL lignite under the optimal oxidation
condition is 17.6% higher than that of raw lignite (27.8%), and
that of HB lignite under the optimal oxidation condition is
17.0% higher than that of raw lignite (23.9%). Through
ultimate analysis, it is concluded that the carbon content of
HAs extracted from the oxidized lignites reduces and the
oxygen content increases. According to the determination of
acid functional groups, FTIR analysis, and CP/MAS 13C NMR
analysis, the HAs extracted from oxidized lignites contain more

Table 7. Mass Changes of Four HAs

first stage second stage third stage fourth stage

sample 25−200 °C (%) 200−350 °C (%) 350−450 °C (%) 450−600 °C (%) residue (%)

YLHA 14.22 14.43 36.24 24.25 10.86
HBHA 15.58 7.71 30.22 42.82 3.67
OYL 13.51 16.14 40.49 21.32 8.54
OHB 12.41 11.54 29.97 42.86 3.22
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carboxyl groups, C−O groups, and total acidic groups than
those extracted from raw lignites, and the functional groups
and structures of HAs are similar.
Through CP/MAS 13C NMR and XPS analysis, the HAs

extracted from oxidized lignites contain more aliphatic carbon
and less aromatic carbon than that extracted from raw lignites.
The content of ether/alcohol carbon, ketone carbon, and
carboxyl carbon and the f h/h value of HAs extracted from
oxidized lignites are all higher than those of HAs extracted
from raw lignites.
According to TG-DTG analysis, the HAs extracted from

oxidized lignite have the decomposition of moisture, oxygen-
containing functional groups, the aliphatic structure and the
aromatic structure, and have better thermal oxidation property
but worse heat resistance than that of HAs extracted from raw
lignites. The structure, dispersibility, and fluorophore types of
HAs extracted from oxidized lignites are similar to those
extracted from raw lignites by fluorescence analysis.
The abovementioned studies show that the oxidation of

H2O2 can increase the oxygen-containing functional groups in
HAs, and the alcohol−ether phenolic compounds in molecules
of HAs can be oxidized into ketones or carbonyl compounds,
indicating that the oxidation can improve the biological activity
of HAs. The future research can focus on the application of
HAs and make in-depth exploration by comparing the
application effects of HAs extracted from lignites before and
after oxidation; the mechanism of oxidation reaction and its
molecular structure also can be discussed more so as to provide
new ideas for the application of lignites with a high-added
value.
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