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ABSTRACT: Fulvic acid (FA) is a complex organic mixture Ligotts s

composed of small molecules. The structure and composition of ‘\ | - —
FA vary greatly because of the different raw materials used for | | FulveZeRSaL) | anaysls
preparing FA. In this work, FA was extracted from shallow low- A )

rank lignite by hydrogen peroxide (H,0,) in a microwave field, — ] FT-R analysis

Characterization

°
S Fluorescence
spectroscopy

XPS analysis

and the functional groups of FA were characterized. The optimal
extraction process was determined, with the H,O, concentration
being the key factor affecting the yield of FA. Thermogravimetric
analysis showed that FA was mainly composed of low molecular
weight and readily pyrolyzed compounds. As shown by Fourier
transform infrared spectroscopy, in the process of FA extraction by
H,0, oxidation of lignite, the content of —COOH increased, long-
chain aliphatic compounds decreased, stretching vibrations of
aromatic ring skeletons disappeared, and aromatic ring substitution became mainly tri- or disubstitution. Fluorescence spectroscopy
indicated that FA had a low degree of aromaticity. X-ray photoelectron spectroscopy qualitatively and quantitatively revealed that the
main modes of carbon—oxygen bonding in FA were C—O—, COO—, and C=O0. Thus, this study not only lays a foundation for
studying the composition and structure of coal-based FA but also opens a new avenue for a clean and efficient utilization of lignite.

1. INTRODUCTION regulatory molecules, and induce apoptosis of cancer
cells.' ** Compared with HA, FA contains a more diverse
range of functional groups, has a higher degree of humization,
and is more stable in the chemical and biological adsorption of
some heavy metals.'” FA-based electrospun hard carbon
nanofibers (PF—CNF) have been applied as negative electro-
des of sodium ion batteries, where cycling 100 times at 100
mA-g~" current density resulted in a capacity retention rate of
91%; this indicated that FA-based carbon nanomaterials have
excellent cycling performance.'*

Humus is a complex polydisperse polymer mixture with diverse
structures and aggregation states, which is widely distributed in
natural soils, water, and minerals. It is mainly composed of C,
O, H, and N, in which the proportion of organic carbon is
generally between 40 and 60%.'~* According to its source,
humus can be divided into soil humus, aquatic humus, and
mineral humus. According to its composition and structure,
humus can be divided into fulvic acid (FA), humic acid (HA),
and humin. Among these three components of humus, FA is : 3 . .
the alkali- and acidioluble componenlz, HA is the alkali-soluble The conventional extraction method for FA and HA is alkali

and acid-insoluble component. and humin is the insoluble dissolution and acid precipitation. First, humus in the raw
residue.S~7 P ’ material is extracted by NaOH or KOH, and then the pH is

FA has a low molecular weicht of onlv a few hundred adjusted with HCI or HNOj; to obtain an FA solution.">~"*
Daltons. It can have a wide rangegof pH valZes Because of its However, because of the introduction of high concentrations

of Na* and K" in the extraction process, it is difficult to obtain
unique physical and chemical properties, FA has been used in a ) o p ’ ]
wide range of fields including agriculture, medicine, environ- pure FA by this method. Additionally, as large volumes of acid

ment, and materials. In agriculture, FA can significantly

improve the morphological characteristics of crops as well as Received:  July 16, 2020 )
their seed and straw yields. In addition, chelation of FA with Accepted: September 25, 2020
metals can regulate metal absorption by crops, thereby Published: October 22, 2020

affecting the growth and metabolism of plants.””'" As a
donor or recipient with a variety of biomedical functions, FA
can promote electrochemical balance, stimulate immune
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Table 1. Comparison of Different Extraction Methods of FA

method

alkali-soluble acid
preci];)ita'cionzs'24

principle

conventional
extractor

solubility differences

25,26 .
S conventional

extractor

oxidation increases acid

solubility

chemical degradation

ultrasound-assisted”” ultrasound energy

bath

. . 28 s
microwave-assisted microwave energy

equipment

ultrasonic water

microwave extractor

time advantages disadvantages
S—6h easy to time-consuming
operate
low extraction yield
high content of impurities
36—72 h high yielding  time-consuming
expensive
1h rapid lower efficiency than the microwave
method
range of ultrasonic action is narrow
10—20 min  very rapid difficult to industrialize

and alkali are used in this process, it is not an environmentally
friendly method. Natural organic matter has been used to
synthesize FA, with a composition similar to natural FA, but as
the process is complex and the raw materials hard to obtain,
this approach has not become popular.'” Recent studies have
shown that the oxidation of coal increases the yields of FA and
HA, and the macromolecular structure of coal is greatly
affected by free radical chain reactions in the oxidation
process.”” Among the oxidation methods, nitric acid not only
increased the yield of HA from 20 to 85%, but also obtained
FA and HA with low molecular weight and low aromaticity.”’
However, nitric acid treatment is expensive, and pre-oxidation
by H,0, causes some weak covalent bonds in coal to break and
introduces oxygen functional groups; this is similar to the effect
of treatment with nitric acid, but high concentrations of H,0,
are not conducive to the formation of FA and HA.”” Different
methods of extracting FA are compared in Table 1.

Lignite is a type of inferior fuel with abundant reserves and
rich organic matter, but with high moisture and ash content
and low calorific value, it produces very high levels of
pollutants in direct combustion. Therefore, the conversion of
lignite into value-added chemicals or liquid fuel under mild
conditions is of great value. For example, lignite has been used
as a raw material for the effective production of FA.”*™** In
this paper, FA was extracted from lignite using H,O, in a
microwave field, with a focus on exploring the optimal process
conditions and investigating the composition and structure of
the resulting FA. FA was analyzed and characterized by
thermogravimetric (TG) analysis, Fourier transform infrared
spectroscopy (FT-IR), fluorescence spectroscopy, and X-ray
photoelectron spectroscopy (XPS) to provide theoretical and
technical support for the production of high-purity FA
products.

2. RESULTS AND DISCUSSION

2.1. Extraction of FA from Lignite. The effects of
microwave power, reaction time, the concentration of H,0,,
and the ratio of oxygen to coal on the yield of FA were
investigated using an orthogonal experimental design. The L9
(3*) orthogonal array was used, with the factors and levels
shown in Table 2 and the experimental results shown in Table
3.

Table 3 shows that the yield of FA in the fifth group of
experiments was the highest, at 30.55%. As a higher K value
indicates higher priority, with K3 > Ky, > Ky, A; was the
optimal level for factor A; and, by the same token, B,, C;, and
D, were the optimal levels for factors B, C, and D, respectively.
Therefore, the optimal level combination for FA was
A;B,C;D,; under these conditions, the oxygen—coal ratio was

27954

Table 2. Orthogonal Experiment Factors and Levels for FA
Extraction Using H,0,”

factor
level A B C D
9 18 200 8
10 21 300 10
3 11 24 400 12

“Note: A—oxygen—coal ratio; B—H,0, concentration/%; C—
microwave power/W; D—time/min.

Table 3. Orthogonal Experiment Results and Range
Analysis for FA Extraction Using H,O,

factor
number A B C D yield/%
1 9 18 200 8 23.58
2 9 21 300 10 28.17
3 9 24 400 12 29.82
4 10 18 300 12 24.04
S 10 21 400 8 30.55
6 10 24 200 10 27.19
7 11 18 400 10 28.67
8 11 21 200 12 30.12
9 11 24 300 8 27.03
K, 27.180 25.420 26.953 27.043
K, 27.260 29.613 26.413 28.010
K; 28.607 28.013 29.680 27.993
R 1.427 4.193 3.267 0.967

11, the H,O, concentration was 21%, the microwave power
was 400 W, and the reaction time was 10 min. Because the
experimental combination of A;B,C;D, was not included in the
orthogonal experimental scheme, the A;B,C;D, combination
was tested three times with an average FA yield of 31.67%.

As shown in Table 3, the range analysis results of Ry > R¢ >
R, > Ry showed that the order of influence of the four factors
was H,0, concentration > microwave power > oxygen—coal
ratio > reaction time. Orthogonal test results with different
parameters are shown in Figure 1, which indicates that
increasing the oxygen—coal ratio and microwave power could
promote the extraction of FA. When the concentration of
H,0, was too high, the large amounts of *HO and O,
produced may have oxidized and decomposed the generated
FA, resulting in its decreased yield.”> Figure 1 also shows that
with oxygenolysis of the shallow low-rank lignite (SLL), the
yield of FA first increased, but as H,O, did not oxidize the
lignite continuously, the yield stabilized.

https://dx.doi.org/10.1021/acsomega.0c03388
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Figure 1. Yields of FA under orthogonal experimental conditions.

2.2. Elemental Analysis. As shown in Table 4, the content
of C and H in FA was significantly lower than in SLL, while the

Table 4. Elemental Analysis of SLL and FA®

elemental analysis (W %, daf) molar ratio

sample C H N S O* C/H C/0
SLL 76.20 4.25 1.7 0.39 17.46 149 5.82
FA 40.22 3.81 1.82 0.22 53.93 0.88 0.99

“Note: *determined by subtraction.

content of O was significantly higher. The ratios of C to H and
C to O in FA were less than 1. The main reason for this was
that, under the microwave field, H,O, destroyed weak covalent
bonds such as R—O—R, R—OH, a-H, and so forth. In SLL, this
resulted in the cleavage of fatty side chains and other
substituents, and many oxygen-containing hydrogen-rich
groups were introduced into the molecular structure;
alternatively, small oxygen- and hydrogen-rich molecules
were formed, such as C=0, —OH, and —COOH, from
fragments of the broken alkyl chains.”

The content of N increased, while S decreased, indicating
that microwaves combined with H,0, could regulate the
structure of N- and S-containing components in SLL coal, but
whether these components were inorganic salts in SLL or
organic molecular structural elements of SLL and FA needs to
be further verified.*®

2.3. TG Analysis. The pyrolysis behavior of SLL and FA at
0—800 °C is shown in Figure 2. The temperature range of 50—

100 °C was a common region for SLL and FA, where drying
and dehydration occurred. As can be seen from Figure 2a, the
weight loss for both SLL and FA was less than 5% at this stage,
as water adsorbed on the surface of SLL and FA surface
evaporated’’ with increasing temperature. Figure 2b shows
that the weight loss rate of the FA increased rapidly after 75
°C, indicating that the loss of small molecular substances
present in its structure began to accompany the moisture
removal. As shown in Figure 2a, from 100—300 °C, the weight
loss of SLL was only 4.7%, but FA lost more than 40% weight.
The derivative TG (DTG) curve shows a maximum weight
loss peak for FA near 200 °C, which was about 250 °C lower
than the maximum weight loss peak for SLL (Figure 2b). This
showed that FA contained many volatile small molecular
compounds with poor thermal stability. At about 400 °C, a
nonsignificant weight loss peak appeared in the FA DTG
curve, which may have been caused by bridge bond fracture
and the decomposition of most oxygen-containing functional
groups. At 500 °C, the weight loss rate of FA was basically
unchanged at 65% (Figure 2b), which was much higher than
that of SLL (Figure 2a); this was because the content of readily
pyrolyzed substances in FA was higher than in SLL.”®> When
the temperature exceeded 600 °C, the pyrolysis reaction
entered the final stage.”

2.4. FT-IR Analysis. The types and relative content of
functional groups in SLL and FA were studied by using
qualitative and semi-quantitative FT-IR analysis methods. The
IR spectra of SLL and FA were fitted and analyzed in detail by
Peakfit V4.12. R* and SE were used to measure the fitting
effect. In order to obtain a better fitting effect, four regions of
SLL were fitted and three regions of FA were fitted. Absorption
peaks corresponding to functional groups are shown in Figures
3 and 4, and the relative contents of functional groups in each
region are shown in Tables 5 and 6. The absorption peaks of
SLL and FA could be divided into aromatic ring substituents
from 900 to 660 cm™', oxygen-containing functional groups
from 1900 to 1000 cm™', aliphatic alkyl groups from 3000 to
2700 %rgl, and hydroxyl functional groups from 3600 to 3000

m~*

Phenolic, alcohol, and carboxylic acid hydroxyl groups were
the main types of hydroxyl groups, as shown in Tables 5 and 6
(3600—3000 cm ™). Because of the moisture in the sample, the
spectral value of alcohol hydroxyl groups was larger than the
actual hydroxyl content in SLL and FA. Figure 4c shows that,
near 3030 and 3014 cm™’, FA had a moderate energy band
corresponding to —OH stretching vibrations on —COOH. It
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Figure 2. (a) TG and (b) DTG curves of SLL and FA.
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Figure 3. FT-IR spectrum peak fitting curves for SLL: (a) 660—810; (b) 900—1800; (c) 2800—3000; and (d) 3000—3600 cm ™.
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Figure 4. FT-IR spectrum peak fitting curves for FA: (a) 550—850; (b) 900—1900; and (c) 2800—3600 cm™".

was determined that the SLL hydroxyl groups were mainly but FA also contained a considerable proportion of carboxylic
phenolic (77.58%), as were the FA hydroxyl groups (43.3%), acid hydroxyl groups (28.85%).
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Table 5. FT-IR Spectrum Peak Attributions for SLL

wavenumber range/ cm™! peak number wavenumber/cm™! area/% attribution
3600—3000 1 3429 77.58 phenolic hydroxyl
2 3220 2242 alcohol hydroxyl
3000—2800 1 29SS 16.55 RCH,; symmetric stretching
2 2922 44.03 R;CH,R, anti-symmetric stretching
3 2889 15.85 RCH; symmetric stretching
4 2853 23.57 R;CH,R, symmetric stretching
1700—-900 1 1634 7.79 COO- anti-symmetric stretching
2 1585 5.40 aromatic ring skeleton
3 1519 1.20 aromatic ring skeleton
4 1448 4.65 aromatic ring skeleton
S 1383 4.28 C—0 on phenol
6 1322 3.20 C—O on phenol
7 1270 4.12 C—O on phenyl ether
8 1217 4.66 C—O on phenol
9 1161 12.61 C—O on phenyl ether
10 1100 30.14 C—O on aliphatic ether
11 1039 11.35 C—O on acid anhydride
12 1017 10.60 C—O on aliphatic ether
810—660 1 799 2593 tri-substituted aromatics
2 788 9.52 tri-substituted aromatics
3 778 20.13 tri-substituted aromatics
4 765 4.14 di-substituted substitutions
S 751 2.86 di-substituted aromatics
6 705 4.87 mono-substituted aromatics
7 694 12.25 mono-substituted aromatics
Table 6. FT-IR Spectrum Peak Attributions for FA
waverange/cm™ peak number wavenumber/cm ™" area/% attribution
3600—2800 1 3454 23.44 phenolic hydroxyl
2 3363 19.86 phenolic hydroxyl
3 3238 18.11 alcohol hydroxyl
4 3134 19.84 hydroxyl on carboxylic acids
S 3030 9.01 hydroxyl on carboxylic acids
6 2940 9.74 RCHj stretching vibration
1890—-850 1 1725 33.79 C=0 on carboxylic acids
2 1638 15.91 COO- anti-symmetric stretching vibration
3 1405 15.56 C—O on hydroxyl
4 1283 11.66 C—O on phenyl ether
S 1191 13.33 C—O on aliphatic ether
6 1106 6.06 C—O on aliphatic ether
7 1017 3.68 C—O0 on acid anhydride
830—690 1 801 15.23 tri-substituted aromatics
2 774 4.96 di-substituted aromatics
3 748 3.81 di-substituted aromatics
4 720 5.54 di-substituted aromatics
S 696 4.95 mono-substituted aromatics

The aliphatic structure forms a bridge bond to connect the
aromatic part of the molecular structure and various functional
groups. As shown in Table 5 (3000—2700 cm™'), RCH; and
R,CH,R, were the main components of the aliphatic structure
in SLL, as indicated by their stretching vibrations. It was
inferred that the peaks at 2922 and 2853 cm ™' corresponded to
R,CH,R, anti-symmetric stretching and symmetrical stretch-
ing, respectively, and 2889, 2955, and 2940 cm™! corresponded
to symmetrical stretching of RCH;. In SLL, the ratio of
R,CH,R, anti-symmetric stretching to symmetric stretching
was 1.871 and the ratio of R;CH,R, to RCH; was 2.09.

27957

As shown in Tables S and 6 (1900—1000 cm™"), the oxygen-
containing functional groups of SLL and FA were mainly
carboxyl, acid anhydride, and ether moieties. It can be seen
from Figures 3b and 4b that there was a strong energy band
corresponding to COO— anti-symmetric stretching vibrations
near 1630 cm™'. For FA, carboxylic acid C=O groups
appeared at 1725 cm™' with a relative content of 33.79%,
which indicated that there were more carboxyl groups in FA
than in SLL. Aliphatic ethers and phenyl ethers are two
important types of ethers, and their ratios were 2.44:1 and
1.66:1 for SLL and FA, respectively; thus, the relative content
of aliphatic and phenyl ethers was lower in FA than in SLL,

https://dx.doi.org/10.1021/acsomega.0c03388
ACS Omega 2020, 5, 27953—-27961
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which could be explained by the cleavage of C—O bridge
bonds during oxygen hydrolysis.

It is also worth noting that aromatic ring skeleton vibrations
appeared near 1448, 1519, and 1585 cm™' in SLL, which
showed that SLL had stronger aromaticity than FA. The
aromatic moieties of SLL and FA were examined via their
characteristic peaks from 900 to 600 cm™. Tables S and 6
show that both SLL and FA had aromatic rings with tri-, di-,
and mono-substitution, with relative content of 55.58, 7.00,
and 17.12% in SLL, respectively, and 15.23, 14.31, and 4.95%
in FA, respectively. Thus, tri-substitution was the main
substitution pattern in SLL, while FA mainly had tri- or di-
substituted aromatic rings.

Results of FT-IR analysis showed that in the process of
extracting FA by H,0, oxidation of SLL, the content of
—COOH, aliphatic alkyl groups decreased, long-chain aliphatic
structures decreased, stretching vibrations of aromatic ring
skeletons disappeared, and aromatic ring substitution was
mainly tri- and di-substitution.

Compared with the structure of FA obtained by alkali-
soluble acid precipitation (FA,), microwave-assisted H,O, had
a better oxygen hydrolysis effect on macromolecules and
aromatic structures in the SLL. FA had fewer aromatic
structures and lower molecular weight and had stronger
absorption peaks than FA, at 1660 and 1081 cm™. The band
at 1660 cm™ was attributed to the C=C vibrations of
aromatic structures, conjugated with C=0. The band at 1081
cm™! was attributed to C—O stretching, indicating the
presence of polysaccharide or polysaccharide-like com-
pounds.”**® Compared with FA obtained without H,O,
oxygenolysis (FA,), FA had a wider band near 1100 cm™
arising from tensile vibrations of C—O. This indicated that the

27958

ox;zrgenation process with H,O, increased the content of C—
0.7

2.5. Fluorescence Spectroscopy. As shown in Figure Sa,
there was a strong fluorescence peak at 465 nm and the
fluorescence intensity reached 804. This indicated that the
complex structure of FA was composed of a variety of groups
with fluorescent characteristics, and the superposition of
multiple peaks led to the high intensity and wide shape of
the fluorescence peak. The fluorescence index (fi50/500) refers
to the ratio of the fluorescence intensities emitted by the
sample at 450 and 500 nm when the fixed excitation
wavelength was 370 nm, which reflects the aromaticity of the
structure.”” As this value is negatively correlated with
aromaticity, the fy50/500 value of 1.05 indicated that FA has
low aromaticity.

The three-dimensional fluorescence spectrum of FA is
shown in Figure Sb. It was clear that FA had only one
fluorescence peak, positioned at Ag, g, = 360—393/443—498
nm. The peak appeared similar to an HA fluorescence peak,
and it was considered that the appearance of the peak was
related to the rich carboxyl and carbonyl groups in the material
structure. This confirmed the presence of many carboxyl and
carbonyl groups in FA.*’

2.6. XPS Analysis. Data were fitted and analyzed in detail
by Peakfit V4.12 (Figure 6). According to the XPS C 1s data
given in Table 7, of the four forms in which carbon was found
on the FA surface, the highest content was carbon in the form
of C—H and C—C, corresponding to binding energy of 284.8
eV, and the relative content was 48.5%. This was followed by
carbon in the form of C—O—, including C—OH and C—0-C,
with a total relative content of 22.7%. The content of carbon in
the form of COO— was slightly less than that of C—O,
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Table 7. XPS Results for FA, Including Binding Energies,
fwhm, and Relative Percentages (Area)

binding energy/eV fwhm/eV area/% compound
Cls 284.8 1.4 48.5 C-C, C-H
286.2 1.9 22.7 C-0
287.6 2.0 8.1 C=0
289.1 1.3 20.7 COO—-
O 1s 531.8 1.1 10.6 C=0
532.7 22 75.9 C-0-
533.8 1.6 13.5 COO-

accounting for about 20%, indicating that FA contained a large
proportion of COO—. There was least C=O carbon in FA,
only 8.1%, indicating that C=0 carbon made up only a small
amount relative to the content of COO— carbon.

The oxygen elements identified via XPS O 1s mainly existed
in three forms: C=0, C—0, and COO-. The relative content
of C—O was the highest at 75.9%, followed by COO—, and
then C=0, confirming the XPS C 1s results, which indicated
that FA contains more C—O and COO—- than C=0.

3. CONCLUSIONS

With the assistance of microwave energy, high-yield FA was
obtained by oxidation of SLL with H,0,. Elemental analysis,
TG analysis, and FT-IR showed that *OH and O,~ produced
by H,0, caused SLL to undergo aromatic ring opening under
the microwave fleld, destroying the long alkyl chains and
aromatic structure of SLL. The obtained FA had low
aromaticity and short molecular chains and was rich in
functional groups such as —COOH and C—O. Fluorescence
spectroscopy and XPS showed that the content of oxygen-
containing functional groups in FA was C—O > —COO > C=
O. Compared with the traditional method of extracting FA
with alkali and acid, this process has advantages of a high
extraction yield, environmentally friendly reagents, and process
simplicity. Through characterization, it was determined that
coal-based FA is a low molecular weight substance rich in
—COOH and C—O. This work provides an effective method
for the eflicient utilization of low-rank coal and lays a
foundation for in-depth understanding of coal-based FA
molecules.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. Reagents were all analyti-
cally pure, and the mass fraction of H,0, was 30%. The coal
sample was SLL from the eastern mining area of Inner
Mongolia, which was dried at 80 °C for 24 h.

SLL (2 g) and a certain concentration H,0, solution were
placed in a microwave chemical reactor to react at a certain
microwave power. The reaction mixture was then filtered, and
the filtrate was concentrated by a rotary evaporator. The
concentrated filtrate was dried in a blast drying box at 60 °C to
obtain solid FA. The yield of FA was calculated according to eq
1, where 7 is the yield of FA, m, is the mass of FA, and m, is
the mass of SLL.

m
n=—L X 100%
mg (1)

The source of SLL and the reaction device are shown in
Figure 7. The FA obtained was purified by the sulfuric acid-
acetone method.*’

@ ~ ®) .
R 0 o

FA [ | e

Figure 7. (a) Coal and FA (solid and liquid) samples and (b) reaction
device.

4.2. Characterization. Elemental analysis was performed
using a Kaiyuan S5e-CHN2000 and S5E-S3200, and the
fluorescence index of FA was measured using a Hitachi
F4600 fluorescence spectrophotometer with a fixed excitation
wavelength of 370 nm. The state of C and O on the surface of
FA was determined by photoelectron spectroscopy using a
Thermo Fisher ESCALAB 250Xi X-ray photoelectron
spectrometer. TG and DTG curves of SLL and FA at the
heating rate of 5 min/°C were measured by a Netzsch TG—
DSC synchronous thermal analyzer. Infrared spectra of SLL
and FA were measured on a Bruker VERTEX 80v Fourier
transform infrared spectrometer, and the infrared spectrum
data between 500 and 4000 cm™ were obtained.
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