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The lignite reserves of Zhaotong and Mile in China are abundant and lignite utilizations are limited, however,

humic acids (HAs) extracted from lignites play a significant role in many fields including agriculture,

environmental protection and so on. Herein, the structures of HAs extracted from Zhaotong and Mile

lignites (denoted as ZLHA and MLHA, respectively) were characterized and compared to each other

using comprehensive spectral analyses. As a result, the UV-Vis spectrum analyses of HAs indicated that

the molecular weight of MLHA is larger than that of ZLHA. Cross polarization magic angle spinning 13C

NMR, which is rarely used to analyze the structures of HAs using fitting peaks, and FT-IR spectrum

analyses indicated that both the aromaticity and the oxygen-containing group contents of ZLHA are

higher than those of MLHA, and the HAs' aromaticity could be confirmed by the results of the X-ray

diffraction patterns. Additionally, the main existing forms of the elements in the HAs were obtained from

X-ray photoelectron spectrum analyses, which are not commonly used for HA analyses. In this work, the

utilization of comprehensive spectral analyses was an effective method to study the structural features of

ZLHA and MLHA and it could provide a basic reference for the applications of ZLHA and MLHA.
1. Introduction

Lignite reserves are abundant in China and lignites are mainly
used as fuel; however, due to their properties of high moisture
content, high ash content, and low caloric value, etc.,1 the
applications of lignites cause some environmental problems,
such as the release of polluting gases,2 which limit the utiliza-
tion value of lignites. Besides, lignites are also used as raw
materials for soil amendment.3 Generally, these applications of
lignites are attributed to oxygen-containing groups (e.g. carboxyl
groups and phenolic groups),3 so some small components of
lignites are usually extracted and put into industrial, agricul-
tural and medical elds, etc. When it comes to lignites, humic
substances (HS) are one of their signicant components and
they are considered as an important resource of HS.4,5 At
present, HS can be extracted from lignites by using an alkaline
solution6 (e.g. sodium hydroxide and sodium pyrophosphate)
because there are three components which can be isolated from
lignites based on their solubility including alkali-insoluble,
alkali-soluble and acid-insoluble, and alkali- and acid-soluble
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components, which correspond to humin, humic acids (HAs)
and fulvic acids (FAs), respectively.7 HAs are widely used.

HAs are macromolecules containing a number of oxygen-
containing groups. Thus, they have some superior properties,
e.g. high surface activity, high absorbability, etc.8,9 According to
the literature,10 HAs are usually applied in agriculture because
they can improve the physicochemical properties of soil to
enhance soil fertility. Furthermore, HAs are also applied in the
elds of medicine, industry and environmental protection. As
we all know, the properties of a substance can be determined by
its structure. In order to understand the properties of HAs, the
most crucial work is to study the structural features of the HAs.

To obtain the structural features of HAs, numerous technolo-
gies are used,3,4,11–14 e.g. ultraviolet-visible (UV-Vis) spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, cross polarization
magic angle spinning 13C NMR (CP/MAS 13C NMR) spectrometry,
X-ray diffraction (XRD), uorescence spectra, etc. The E4/E6
(Abs465/Abs665) and E2/E3 (Abs250/Abs365) ratios obtained by UV-Vis
measurements are oen used to indicate the molecular weight of
HAs.15 The functional groups of HAs are usually obtained by
FTIR.16 According to the literature,7,11,17,18 CP/MAS 13C NMR can
measure the types of carbon in HAs and evaluate the aromaticity
of HAs. In addition, HAs' aromaticity can be measured by XRD,19

and XRD patterns are oen divided into four regions including
the g1, 002, g2 and 10 bands, which correspond to around 21, 25,
32 and 42�, respectively, and HAs' aromaticity is calculated by the
ratio of the relative area of the 002 band to the sum of the relative
This journal is © The Royal Society of Chemistry 2020
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areas of the g1 and 002 bands; however, Schnitzer et al.20 divided
the XRD pattern into three regions, which were attributed to the g
band (0.43 nm), G band (0.35 nm) and 10 band (0.23 nm), and the
HAs' aromaticity was calculated by the ratio of the peak area of the
G band to the sum of the peak areas of the G and g bands.
Additionally, X-ray photoelectron spectroscopy (XPS) has been
used to measure the different chemical states of carbon and
oxygen and evaluate the relative contents of the elements.3 If this
measurement could be combined with CP/MAS 13C NMR, it would
be more helpful for the analyses of HAs' structural features, but
this method is not commonly used at present in studies. As
mentioned above, although many methods have been used for
HAs' analyses, the analytical methods of HAs are not xed, this
situation could be explained by two reasons, the rst reason is
that HAs are macromolecules, and another important reason is
that the properties and structures of HAs originating from
different elds are different. Therefore, comprehensive spectral
analyses are an effective method for studies on the structural
features of HAs, and the peak-tting method may be more effec-
tive for HA studies.

The lignite reserves of Zhaotong (ZL) and Mile (ML) in China
are abundant,1 but their utilizations are limited, and they have
not been studied widely. Taking the limited utilizations of
lignites and HAs' applications into consideration, ZL and ML
were selected as the rawmaterials used for extracting HAs in our
paper. The structural features (including molecular weight,
aromaticity and oxygen-containing functional groups) of the
HAs extracted from ZL and ML (denoted as ZLHA and MLHA,
respectively) were compared using peak-tting of comprehen-
sive spectral analyses. These analyses of HAs were based on
multiple analytical technologies including elemental analysis,
UV-Vis, FTIR, CP/MAS 13C NMR, XRD and XPS. This work could
obtain the structural differences of ZLHA and MLHA, and
provide a basic reference for the applications of ZLHA and
MLHA, so as to improve the utilizations of lignites.
2. Materials and methods
2.1 Extractions of the HAs

Two lignite samples originating from Zhaotong and Mile were
selected as the rawmaterials for extracting the HAs. The process
of the extractions of HAs was performed according to the liter-
ature.3,9,21 In brief, 0.2 g of the lignites was dissolved in a 100 mL
solution mixture of NaOH and Na4P2O7 (15 g Na4P2O7 and 7 g
NaOH were dissolved into 1 L H2O) and stirred for 120 min, and
the mixture was ltered through a Buchner funnel and the pore
size of the lter paper is 15 micrometer. Then, the ltrate was
treated with H2SO4 until pH < 2, and the samples were le to
stand for 24 h. Subsequently, the samples were centrifuged at
9000 rpm for 40 min and dried at 60 �C and the HA samples
were obtained.
2.2 Fundamental analysis

The Fisons EA 1108 Elemental Analyzer was used tomeasure the
C, H, N and S contents of the samples, and the content of O was
obtained from the difference.
This journal is © The Royal Society of Chemistry 2020
The proximate analyses of HAs were performed by a 5E-
MIN6150 drying oven (measuring the moisture content, at 105
�C) and a 5E-MF6100K muffle furnace (measuring the contents
of ash and volatiles by burning 50–100 mg samples at 750 �C),
and the content of xed carbon was obtained from the
difference.

2.3 UV-Vis spectrometry

UV-Vis spectra were measured using a UV-1800PC spectropho-
tometer by recording the absorption spectra between 200–
700 nm. About 20 mg of the solid HAs was dissolved in 100 mL
of 0.05 mol L�1 and 0.005 mol L�1 NaHCO3 aqueous solution.
The E4/E6 ratios (Abs465/Abs665) and Dlog K coefficients (the
logarithm of the ratio of absorbance at 400 nm and 600 nm)
were calculated according to the data obtained on the condition
of the 0.05 mol L�1 NaHCO3 aqueous solution.

2.4 FTIR spectrometry

The FTIR spectra of the pellet samples, which were prepared by
mixing about 2 mg of the dry samples with 120 mg KBr to the
homogeneous phase, were recorded on an ALPHA Bruker
spectrophotometer with a standard detector. All the spectra
were obtained in the range 4000–400 cm�1 with a resolution of
4 cm�1 and were the averages of 100 scans.

2.5 CP/MAS 13C NMR spectrometry

Solid state CP/MAS 13C NMR spectra were acquired using
a 4 mm double resonance probe, and operated on a Bruker
AVWB III 600 MHz spectrometer at a magic angle spinning rate
of 12 kHz and a resonating frequency of 150.9 MHz. The recycle
delay was 3.0 s and a contact time of 4 ms and 5000 scans were
used. A 4 mm-diameter zirconia rotor was used to place the
samples. With reference to tetramethylsilane, the chemical shi
of 13C was assigned.

2.6 XRD patterns

The XRD patterns of the HAs were acquired using the X0 Pert 3
Powder spectrometer with copper (Cu) Ka radiation (l ¼
1.54056 Å). Samples were scanned continuously at a speed rate
of 8� min�1, ranging from 5–90� (2q) with a step size of 0.026 Å.
The pipe pressure and pipe electric current of analyzer were 40
kV and 40 mA, respectively.

2.7 XPS spectrometry

The PHI 5000 Versaprobe-II spectrometer was used to obtain
the XPS spectra. This measurement was operated under the
following conditions: a monochromatic Al Ka source (hv ¼
1486.6 eV), a power of 50 W and a voltage of 15 kV. The spectra
were corrected using the C1s peak at 284.8 eV.

3. Results and discussion
3.1 Characterization analyses of samples

The yields and the proximate and ultimate analyses of samples
are summarized in Table 1. The atomic ratios calculated from
RSC Adv., 2020, 10, 22002–22009 | 22003
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Table 1 Yields (%) and proximate and ultimate analyses (ad, wt%) of HAsa

HAs Yield Moisture Ash

Ultimate analysis

C H N St O

ZLHA 48.6 6.39 2.80 56.01 � 0.03 4.93 � 0.03 1.31 � 0.01 1.07 � 0.02 27.49 � 0.05
MLHA 32.8 9.19 6.45 57.39 � 0.00 4.86 � 0.03 1.49 � 0.01 0.64 � 0.01 19.98 � 0.03

a Notes: ad, air dry basis and St, total content of sulfur element.

Table 2 Characterizations of ZLHA and MLHA

Samples

Atomic ratios

Total (meq g�1) –COOH (meq g�1) Ar-OH (meq g�1) E4/E6
a Dlog KbH/C O/C N/C

ZLHA 1.05 0.37 0.02 5.62 4.51 1.11 5.40 0.74
MLHA 1.01 0.26 0.02 5.56 2.62 2.94 3.87 0.62

a E4/E6 ¼ Abs465nm/Abs665nm.
b Dlog K ¼ log Abs400nm – log Abs600nm.
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the ultimate analyses of HAs are listed in Table 2. In Table 1, the
yields of ZLHA and MLHA were 48.6% and 32.8% respectively.
The content of carbon in MLHA (57.39%) was higher than that
in ZLHA (56.01%); on the contrary, higher contents of oxygen
and hydrogen in ZLHA were determined. Additionally, higher
ash contents were determined in MLHA.

The O/C ratio reects the relative contents of oxygen-
containing groups in HAs, the higher the O/C ratios, the
higher the content of oxygen-containing groups. As can be seen
from Table 2, the contents of oxygen-containing groups in ZLHA
were higher than that of MLHA. As reported in the literature,7

the O/C ratio of lignite humic acids ranges from 0.32 to 0.54; in
this study, the O/C ratios of both MLHA (0.26) and ZLHA (0.37)
are consistent with the values in the literature. The N/C ratios of
both ZLHA and MLHA were 0.02, which is in line with the value
of lignite humic acids in the literature (<0.05).22

The total acidities of both –COOH and Ar-OH contents of the
HAs were measured and are presented in Table 2. The values of
both the total acidity and the –COOH content of the samples
indicate that ZLHA has a higher total acidity and more –COOH
than MLHA; for Ar-OH, the data in Table 2 show that MLHA has
more Ar-OH (2.94 meq g�1) than ZLHA (1.11 meq g�1).
Fig. 1 UV-Vis spectra of HAs with a concentration of NaHCO3 of (a) 0.0

22004 | RSC Adv., 2020, 10, 22002–22009
3.2 UV-Vis spectrometry

The UV-Vis absorbance spectra of the samples are shown in
Fig. 1 and they are featureless. With increasing wavelength, the
absorbance of the HAs decreases gradually. A pronounced
shoulder can be seen in the wavelength region of 275–285 nm in
Fig. 1(a), which can be attributed to the overlapping absorbance
of a large number of chromophores of quinonoid in the HAs.23,24

The nature of the shoulder is dependent on the salt concen-
trations.25 Both the E4/E6 and Dlog K reect the molecular
weight of the HAs, the higher the E4/E6 ratio and Dlog K value,
the smaller the molecular weight of the HAs.15,26 In our study,
the E4/E6 ratios and Dlog K values were calculated based on the
UV-Vis data presented in Fig. 1(b) and are listed in Table 2. The
E4/E6 (5.40) and Dlog K value (0.74) of ZLHA were higher than
that of MLHA, these data suggest that the molecular weight of
MLHA is higher than that of ZLHA.

In addition, HAs can be classied into four types including A,
B, Rp and P:14 for type A, the Dlog K values are lower than 0.6
and the UV-Vis spectra are featureless; for type B, a shoulder at
270–280 nm appears in the UV-Vis spectra and the Dlog K values
are 0.6–0.8; for type Rp, the Dlog K values are 0.8–1.1 and
05 mol L�1 and (b) 0.05 mol L�1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 FTIR spectra of ZLHA and MLHA.
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a shoulder at 270–280 nm appears; and for type P, there are
characteristic absorptions at 615, 570 and 450 nm. For our
samples, both the ZLHA and MLHA are of type B.
3.3 FTIR spectrometry

The FTIR spectra of the samples are presented in Fig. 2, the
spectra have common and distinctive features. The sharp
absorbance band at around 3450–3200 cm�1 were observed and
assigned to the O–H stretching of groups like phenols and/or
alcohol and the N–H stretching of amines (minor) and
amides.13–15,27,28 At around 3040 cm�1, the band of MLHA was
assigned to the aromatic hydrogen bond.4 At 3000–2800 cm�1,
a broad band appears resulting from the stretching of the C–H
of methylene in the HAs.3,27 According to the literature,28 the OH
stretching vibration of the hydrogen-bonded COOH occurs at
2700–2500 cm�1. A sharp band at 1800–1700 cm�1 was attrib-
uted to the stretching of C]O in carboxyl. Vibrations of
aromatic C]C and C]O stretching of amide groups were
observed in the range of 1700–1600 cm�1. At about 1510 cm�1,
the spectra bands were attributed to C]N stretching and N–H
deformation. The spectra bands at around 1450 cm�1 origi-
nated from the C–H deformation of aliphatic carbon, and the
intensity of MLHA is stronger than that of ZLHA, which indi-
cates that the MLHA has more aliphatic structures. A small
sharp band in the region 1370–1300 cm�1 was presented due to
the stretching vibrations of –C(CH3) and the methyl group, and
Table 3 Spectroscopic data of HAs obtained by FTIR, 13C NMR and XRD

HAs

Area%a

Cal/Car 1–COOH
Aromatic
C]C

ZLHA 0.03 0.02 1.05 1
MLHA 0.02 0.01 1.23 0

a Calculated using the ratio of the integral areas of aromatic C]C and
b Calculated using the ratio relative area of aromatic carbon to total car
NMR, O/C ¼ [area% (150–160 ppm) + 2 � Area% (160–190 ppm) + are
NMR) – O/C (ultimate analysis). e Calculated from the ratio of the relative
G band obtained from XRD.

This journal is © The Royal Society of Chemistry 2020
the deformation of the methylene of the cyclic structures.29 At
around 1260–1220 cm�1, the band was assigned to the O–H and
C–O deformation in the carboxyl, phenoxy and aryl ester.30 The
C–O deformation of polysaccharides occurs at the region 1100–
900 cm�1. A band presented at 900–650 cm�1 was ascribed to
the C–H deformation out of plane in the aromatic ring
including the O-substituted benzene, mono substituted
benzene and condensed benzene ring.4 The band presented at
600–400 cm�1 was attributed to the Si–O vibration stretching,31

and the intensity of MLHA is higher than that of ZLHA, which
may be attributed to the higher ash contents of MLHA, this
result is in agreement with the proximate analyses of HAs.

In this work, the relative contents of –COOH and aromatic
C]C were calculated by the corresponding integral area of the
FTIR spectra and are presented in Table 3. The carboxyl group
content of ZLHA (0.03) in Table 3 was higher than that of MLHA
(0.02). Additionally, the ratio (ratio intensity at 1720 cm�1 to
intensity at 1220 cm�1) could be used to measure the carboxyl
content32 and the results of the samples are listed in Table 3, the
ratios of ZLHA andMLHA were 1.16 and 0.81 respectively. These
two results show that the ZLHA has more carboxyl groups than
MLHA. This conclusion can be conrmed by the O/C ratio in
Table 2, the O/C ratio of ZLHA (0.37) was higher than that of
MLHA (0.26). In addition, ZLHA has more aromatic structures
according to the relative contents of aromatic C]C for both
ZLHA (0.02) and MLHA (0.01) in Table 3.
3.4 CP/MAS 13C NMR spectrometry

The CP/MAS 13C NMR spectra could explain the carbon contents
of the HAs and they are associated with aliphatic carbon (0–45
ppm), O-alkyl carbon (50–90 ppm), aromatic carbon (110–150
ppm), phenolic carbon (150–160 ppm), and carbonyl carbon
(160–220 ppm).7,14,18,33 The peak tting of the 13C NMR spectra
was used in the analysis of HA–graphene oxide,33 but this
method has never been applied to the analyses on the HAs'
structural features. As a result, the CP/MAS 13C NMR spectra of
samples are displayed in Fig. 3. The spectra of ZLHA and MLHA
were tted with eleven peaks, and the assignments of chemical
shi are summarized in Table 4.

The data in Table 4 indicate that aliphatic carbon (0–45 ppm)
and aromatic carbon (110–150 ppm) are the main carbon
contents in the samples, and MLHA contains more aliphatic
720/1220 fa
b O/Cc Dd fa

e

.16 0.45 0.30 �0.07 0.51

.81 0.43 0.27 0.01 0.41

–COOH to the total integral areas of the FTIR spectra, respectively.
bon obtained by 13C NMR. c Calculated by the data obtained from 13C
a% (150–160 ppm)]/area% (total carbon). d The difference of O/C (13C
area of the G band to the sum of the relative areas of the g1 band and

RSC Adv., 2020, 10, 22002–22009 | 22005
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Fig. 3 CP/MAS 13C NMR spectra and fitting peaks of HAs ((a) ZLHA, (b) MLHA). Lines: red – the spectra of the HAs and black – fitting curves.

Table 4 The relative area of carbon in the HAs determined by CP/MAS
13C NMR

Peak Number Assignment

ZLHA MLHA

CCSa RPb CCSa RPb

1 Terminal methyl 19.0 6.39 20.0 9.07
2 CH3–carbonyl 31.0 10.32 31.0 12.00
3 Polymethylene, alicyclic 41.5 9.58 40.0 10.40
4 Methoxyl 54.5 5.90 54.5 6.13
5 Carbohydrates 75.0 7.57 75.5 6.40
6 Heteroaromatics 114.0 17.69 113.0 13.87
7 Aromatic rings 130.8 15.53 130.0 17.80
8 Substituted aromatic rings 145.7 4.77 145.7 4.21
9 Phenols 155.0 7.47 155.0 6.99
10 Carboxyls, esters 172.0 7.42 173.0 6.40
11 Ketones, aldehydes 204.0 7.37 204.0 6.93

a CCS, center of chemical shi of each tting peak (in ppm). b RP,
relative proportion (in %) of each tting peak corresponding to the
total area of tted curves in Fig. 3.
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carbon (31.47%) than ZLHA (26.29%), while ZLHA has more
aromatic carbon (45.46%) than MLHA (42.87%). The HAs'
aromaticity (fa) values were calculated from the ratio of the
relative area (aromatic carbon) to the relative area (total carbon)
and are listed in Table 3, the results indicate that ZLHA has
a higher aromaticity (0.45) than MLHA (0.43), this result is
Fig. 4 XRD patterns and fitting curves of the HAs ((a) ZLHA and (b) MLH

22006 | RSC Adv., 2020, 10, 22002–22009
conrmed by the Cal/Car values of ZLHA (1.05) andMLHA (1.23),
because the higher the Cal/Car value, the lower the aromaticity.

The O/C ratios of HAs were calculated by 13C NMR and are
shown in Table 3, the results only contained the oxygen content
within the phenols, carboxyl, ester, ketones and aldehyde,
whereas the O/C ratios acquired by the ultimate analyses
measured the whole oxygen contents in the HAs. If all the
oxygens in the HAs are presented in phenols, carboxyls, esters,
ketones, and aldehydes (150–220 ppm), the difference calcu-
lated by [O/C (13C NMR) – O/C (ultimate analysis)] could be used
to obtain the contributions from ethers and alcohols which are
not present in carboxyls, esters, ketones, and aldehydes,17 and
the differences are listed in Table 3. The values of ZLHA (�0.07)
and MIHA (0.01) indicate that the contributions of ethers and
alcohols to the structures of the HAs are minor.
3.5 XRD patterns

The XRD patterns of the samples are presented in Fig. 4 and
exhibit four peaks at around 19, 25, 32 and 43�, which are
ascribed to the g1, G, g2 and 10 bands, respectively. The peak at
22 degrees of 2-theta (g1 band) was attributed to aliphatic
carbon, and the peak at 25 degrees of 2-theta (G band) was
assigned to aromatic carbon.19

To obtain the aromaticity of ZLHA and MLHA, the XRD
patterns were tted with four sub-peaks, and the details are
A). Lines: red – XRD patterns of the HAs and black – fitting curves.

This journal is © The Royal Society of Chemistry 2020
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Table 5 Details of the fitting peaks of the HAs determined by XRD

Peak number Assignment

2-Theta (degree)
Relative
proportion

ZLHA MLHA ZLHA MLHA

1 g1 band 18.20 18.81 36.62 51.03
2 G band 23.40 24.00 37.36 35.25
3 g2 band 33.00 36.30 10.96 4.38
4 10 band 41.30 42.04 15.05 9.35
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summarized in Table 5. The data of the g1 band of both ZLHA
(36.62%) and MLHA (51.03%) indicate that MLHA contains
more aliphatic carbon than ZLHA; the relative areas of the G
band show that the aromatic carbon of ZLHA (37.36%) is higher
than that of MLHA (35.25%). The HAs' aromaticity values were
calculated by XRD and are listed in Table 3, the aromaticity of
ZLHA (0.51) was higher than that of MLHA (0.41). These results
Fig. 5 XPS carbon (C 1s) and oxygen (O 1s) spectra of the HAs ((a) ZLHA

Table 6 Relative distribution of C1s and O1s of the HAs determined by

Name Peak Assignment

C 1s 1 Aromatic C–C/C–H
2 Aliphatic C–C/C–H
3 a carbon (C–C(O))
4 Ether or alcohol carbon (C–O)
5 Ketonic carbon (C]O),
6 Carboxylic carbon (C(O)O)

O 1s 1 O-binding (C]O)
2 C–O
3 Absorptive oxygen

a BE, binding energy (in eV). b RP, relative proportion (in %) of each funct

This journal is © The Royal Society of Chemistry 2020
are in agreement with conclusions obtained from CP/MAS 13C
NMR. The aromaticity obtained from XRD was higher than the
result of CP/MAS 13C NMR, which could be ascribed to some
carbon not being included in the g1 and G band.
3.6 XPS analysis

XPS was used for analyses of the surface elements. The XPS C1s
spectra of the samples are presented in Fig. 5, and the spectra
were tted by the six chemical states of carbon associated with
(1) aromatic carbon (C–C or C–H), (2) aliphatic carbon (C–C or
C–H), (3) a carbon (C–C(O)), (4) ether or alcohol carbon (C–O),
(5) ketonic carbon (C]O), and (6) carboxylic carbon. The
binding energy, chemical assignment and relative proportion of
the different elements contained in functional groups are listed
in Table 6. However, the aromaticity of HAs is not estimated
from the XPS spectra, and the hydroxyl and ether also cannot be
distinguished according to some reports in the literature.3,34
and (b) MLHA). Lines: red – spectra of HAs and black – fitting curves.

XPS

ZLHA MLHA

BEa RPb BEa RPb

284.50 44.09 284.50 41.33
285.15 10.10 285.00 22.24
285.60 8.58 285.50 14.16
286.30 21.28 286.30 15.66
287.50 7.29 287.50 3.14
289.00 8.66 289.00 3.48
532.25 79.82 532.30 76.46
533.80 19.05 533.65 20.81
536.14 1.13 536.15 2.73

ional group corresponding to the total area of the tted curves in Fig. 5.
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The data in Table 6 demonstrate that ZLHA contains more
aromatic carbon (44.09%) thanMLHA (41.33%), while MLHA has
more aliphatic carbon (22.24%) than ZLHA (10.10%). In addition,
the relative proportion of carboxylic carbon in ZLHA (8.66%) was
higher than that of MLHA (3.48%), which indicates that ZLHA
containsmore carboxyl thanMLHA. These results are in line with
the conclusion obtained from the FTIR analyses of the HAs.

The XPS O1s spectra are also presented in Fig. 5, and the
spectra were tted by three peaks associated with the O-binding
(SiO2/C]O) at about 532.00 eV, C–O structures at about
533.7 eV and absorptive oxygen at about 536.00 eV. Generally,
the HAs contain a lower content of SiO2, so the rst peak was
attributed to the C]O. The O-binding (C]O) contents in Table
6 indicate that the oxygens in C]O are the main existing form
of oxygen in the HAs. Besides, the contents of C–O and
absorptive oxygen in ZLHA and MLHA were 20.18% and 23.54%
respectively, which shows that MLHA has less C]O, this result
is in line with the conclusion of the CP/MAS 13C NMR that the
contents of ethers and alcohols are minor.

4. Conclusions

Comprehensive spectral analyses in this work were used to
analyze the structural features of ZLHA and MLHA, and the
structural differences of the HAs have been obtained using
multi-peak tting of CP/MAS 13C NMR, XRD and XPS.

The yields of ZLHA and MLHA were 48.6% and 32.8%
respectively; proximate and ultimate analyses demonstrate that
ZLHA has more oxygen-containing groups than MLHA. UV-Vis
analyses demonstrate that both ZLHA and MLHA are type B
HAs, and the molecular weight of MLHA is higher than that of
ZLHA. FTIR results indicate that the carboxyl content of ZLHA is
higher than that of MLHA. Additionally, FTIR, CP/MAS 13C NMR
and XRD analyses demonstrate that the aromaticity of MLHA is
lower than ZLHA. According to the XPS analyses, the C1s spectra
show that ZLHA contains more aromatic structures than MLHA
and the content of aliphatic structures in MLHA is higher than
ZLHA. The oxygen states of HAs are mainly in the form of C]O,
and ZLHA contains more C]O than MLHA. In the future, we will
focus on researching the effect of increasing soil fertility when
ZLHA and MLHA are applied in agriculture and other elds.
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