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Abstract

Thermal analysis techniques have been widely used to characterize natural organic matter; in particular, thermal oxidation has
been used to examine soil and sediment organic matter. However, few studies have characterized natural organic matter (NOM)
by using slow thermal degradation under a N, atmosphere. '*C nuclear magnetic resonance (NMR) spectroscopy, UV-Vis
spectroscopy, and three-dimensional excitation and emission matrix (EEM) fluorescence spectroscopy were used to characterize
aquatic plant biomass for the detailed interpretation of the structures of organic carbon during slow pyrolysis. There was a
significant linear correlation between the absorption of heat (99—110 °C) and the loss of mass (110—160 °C) (* = 0.507, p = 0.01),
which indicates that the initial slight loss in mass of the plant materials was due to the loss of less thermally stable components.
The release of heat (277-311 °C) and the ratio of the specific absorbances at 253 and 203 nm (A,53/503) Were also correlated =
0.388, p = 0.008), which suggests that the release of plant biomass upon heating was associated with the proportion of substituent
groups on aromatic rings and that the release of heat increased with the amount of substitution. The coefficient of determination
(%) between fulvic acid-like fluorescence peaks and the loss of mass (230-340 °C) was 0.236 (p = 0.048). This result indicates
that the loss of mass in the plant material samples was related to fulvic acid-like substances. More specifically, the reason for this
result was the splitting of some aromatic functional groups, such as ether bonds, carbonyl groups, and oxygen heterocycles. In
conclusion, these results suggest that the developed correlations between slow pyrolysis characteristics and organic carbon
structures contribute to the investigation of the inner chemical structures of natural organic matter.

Keywords Lake aquatic macrophytes - Tai Lake - '>*C NMR spectroscopy - UV-vis spectroscopy - EEM fluorescence
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Introduction

Natural organic matter (NOM) is an important component of
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have determined the mechanisms and products of thermal
degradation of biomass at a fixed temperature under an anaer-
obic atmosphere. There have been qualitative descriptions of
the behaviors of soil and sediment organic matter during slow
thermal oxidation, and some investigators have reported that
decomposition of soil organic carbon can be divided into three
stages: first, the decomposition of labile organic matter,
followed by the degradation of more recalcitrant organic mat-
ter, and finally, the decomposition of the most refractory or-
ganic matter (Dell'Abate et al. 2015; Lopez-Capel et al. 2006).
To investigate differences in thermal stability and composition
at different temperatures, soil humic substances have been
characterized by TGA and DSC. These studies confirmed that
thermal analysis can be used to distinguish among forms of
vegetation (Antisari et al. 2010). Organic matter in the litter
layer of forests after shrub fires has been successfully charac-
terized by using DSC (Alexis et al. 2010). When compost
from vegetable waste during several seasons was character-
ized under aerobic conditions, two exothermic phases were
observed. One was the evaporation of aliphatic compounds
and carbohydrates, while the other was the oxidation of com-
ponents of greater molecular mass (Ali et al. 2012).

NOM research using thermal degradation in an anaerobic
(N,) atmosphere is limited. Some studies have qualitatively
explored the characteristics of slow pyrolysis, while others
have used thermal oxidation. Thermal techniques (DTG and
TGA) have been applied to study the biodegradation of tan-
nery wastes in an N, atmosphere. In that study, there were two
main endothermic peaks: one was observed between 300 and
380 °C, while the other was observed in the range of 450—
550 °C (Ravindran et al. 2013). Thermal and spectral tech-
niques have been used to characterize the thermal behavior,
under an anaerobic atmosphere, of sediment collected in cores
and there were two main thermal degradation processes that
could be observed in thermograms. These were interpreted to
represent labile organic carbon and more recalcitrant organic
carbon. The thermal stability of labile and recalcitrant organic
carbon increased gradually with age (Guo et al. 2016a). Most
previous analyses have been based on the interpretation of
slow pyrolysis curves. During slow pyrolysis, it is also possi-
ble to obtain quantitative parameters, such as heat absorption,
release of heat, and rate of loss of mass.

Other advanced techniques have also been used to charac-
terize the chemical compositions and structural characteristics
of natural organic matter, including '>*C NMR spectroscopy,
UV-Vis spectroscopy, and EEM fluorescence spectroscopy.
Dissolved organic matter (DOM) derived from 13 plant bio-
mass and animal manure sources was characterized using
EEM fluorescence spectroscopy. The results showed that there
were seven fluorescence components (tryptophan-like, tyro-
sine-like, and five humic substance-like components) in DOM
derived from plants and manure, and decomposition signifi-
cantly affected the concentration of three humic substance-
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like-associated components for most of the plant-derived
DOM solutions (And and Ohno 2007). The characteristics of
the absorbance spectra of chromophoric dissolved organic
matter (CDOM) from cave and spring waters were investigat-
ed by using UV-Vis and EEM spectroscopy. The results
showed that the origin of cave and spring CDOM appeared
to be from microbially derived materials, and the degree of
OM humification was low, based on fluorescence-derived in-
dices and absorbance spectral characteristics (Birdwell and
Engel 2010). The structures of humic substances in fresh wa-
ters were characterized using '*C NMR spectroscopy; the re-
sults showed that the carboxyl and aromatic carbon contents
of Lake Celyn humic acid were 24% and 40%, respectively,
and the humic acid was largely formed from terrestrial humic
substances (Wilson et al. 1981).

Slow pyrolysis has the advantages of being rapid, conve-
nient, and quantitative, but due to the complexities of NOM,
theories and interpretations of the results of slow pyrolysis to
characterize NOM are limited. Hence, it has not been easy to
interpret thermal degradation curves and determine corre-
sponding component features. However, spectroscopy can
be used to qualitatively characterize the chemical composition
and structural characteristics of NOM. To more completely
characterize NOM, thermal and spectroscopic techniques
have therefore been combined, and we noticed that the rela-
tionship between the characteristics of slow pyrolysis and the
spectra of biomass has not been emphasized owing to the
limited number of plants. In this paper, B¢ NMR, UV-Vis,
and EEM fluorescence spectroscopy were combined with
thermal techniques to characterize 17 plant samples into four
categories. We have carefully studied the relationship between
the spectroscopic characteristics and slow pyrolysis character-
istics of plant biomass. The objective of this study was to
investigate the mechanism of the slow pyrolysis of biomass
from aquatic macrophytes through an analysis of the relation-
ships between plant biomass structures containing organic
carbon and the characteristics of slow pyrolysis; the results
contribute to further understanding of the stability of organic
carbon and the intrinsic structure of NOM.

Materials and methods
Sample collection and pretreatment

Seventeen samples of various lacustrine plants were obtained
from Tai Lake (Taihu in Chinese) east of Jiangsu Province,
China. We collected mature plants and leaves, stems, and roots
of plants at the same time to avoid negative influence from
different growth stages and organs. The plants were classified
as emergent, submerged, floating, or terrestrial. Whole-plant
samples were well mixed and killed at 90 °C for 1-2 h, then
thoroughly dried at 60 °C for 12 h, and then sieved to 1 mm.



Environ Sci Pollut Res (2019) 26:17555-17566

17557

Elemental analysis

For measurement of the total contents of carbon (C), hy-
drogen (H), oxygen (O), nitrogen (N), and sulfur (S), 10 g
of freeze-dried plant samples was detected with an
Elementar vario macro EL. The atmosphere was 0.2 MPa
He and 0.25 MPa O, for all elements; other operating pa-
rameters of elemental analysis were applied according to a
previous study (Lin et al. 2011).

13C nuclear magnetic resonance

'3C NMR spectra were collected by placing approximately
100 mg of sample into a Bruker DRX 400 NMR spectrometer
(Germany) in which the spinning rate was 106 MHz and the
acquisition parameters included a pulse delay time of 5 s and a
pulse width of 4.5 ms (Lin et al. 2011).

UV-Vis spectroscopy

Aliquots of 1 mg of plant materials were dissolved in 40 ml
of 0.05 M NaHCOs, and the pH was adjusted to 8.0. UV-
Vis absorption spectra were collected by using an Agilent
8453 UV-Vis spectrophotometer (Prado et al. 2011) in a
wavelength range from 200 to 800 nm. Absorbance values
at 203, 254, 280, 365, 465, and 665 nm were recorded to
evaluate the UV-Vis parameters Ajs3/Az03, Azso/Azgs, and
Auss/Ages (Lin et al. 2011).

EEM fluorescence spectroscopy

Aliquots of 1 mg of plant materials were dissolved in 40 ml of
0.05 M NaHCO;3, and the pH was adjusted to 8.0. All EEM
spectra were measured by using luminescence spectrometry
(F-7000, Hitachi Ltd., Japan). EEM spectra are a series of
emission spectra over a range of excitation wavelengths,
which can be used to identify fluorescent compounds present
in complex mixtures (Sheng and Yu 2006). In this experiment,
EEM spectra were collected by subsequent scanning of emis-
sion spectra from 200 to 600 nm at increments of 0.5 nm by
varying the excitation wavelength from 200 to 400 nm at
increments of 10 nm. Slit widths were maintained at 10 nm
for both excitation and emission, and the scanning speed was
1200 nm min" ! for all measurements (Lin et al. 2011).

Thermal gravimetric analysis

Thermal gravimetric analyses were performed by using a
TGA Q50 thermogravimetric analyzer (TA Instruments,
USA) to record the thermal stability of plant samples.
The maximum experimental temperature was 1000 °C.
More experimental parameters were provided elsewhere
(Guo et al. 2016b).

Differential scanning calorimetry

Differential scanning calorimetry was performed by using a
DSC Q20 differential scanning calorimeter (TA Instruments).
The maximum experimental temperature was 600 °C. More
detailed experimental parameters are given elsewhere (Guo
et al. 2016b).

Results
3C NMR spectral characteristics

While there were some similarities, the NMR spectra varied
among the plant materials (Fig. 1 and Table 1). The spectra all
exhibited a large peak in the range of 70 to 100 ppm, which
indicated acetal carbon atoms in carbohydrates. The following
chemical shifts in the '*C NMR spectra were identified and
integrated: aliphatic carbons in the region of 0—110 ppm (more
specifically, 0-45 ppm, paraffinic carbons; 45-65 ppm,
methoxy groups; and 65—110 ppm, alcohol and acetal groups),
aromatic carbons in the region of 110—160 ppm (more specif-
ically, 110-145 ppm, aromatic groups; and 145-160 ppm,
phenolic groups), carboxyl groups in the region of 160—
190 ppm, and carbonyl groups in the region of 190—
230 ppm (And and Xing 2008).

In the region of aliphatic carbons (0—110 ppm), the mean
content of aliphatic carbons of terrestrial plants was 83.32%,
which was greater than that of emergent plants, submerged
plants, and floating plants (81.17%, 81.52%, and 79.44% by
mass, respectively). The four types of plants contained a pre-
dominance of aliphatic carbon groups with oxygen (40—
110 ppm), accounting for 53.69%, 54.18%, 49.53%, and
47.09% by mass, respectively. In the region of the spectra
representing aromatic carbons (110-160 ppm), the mean con-
tent of aromatic carbons in emergent plants was 11.40%,
which was greater than that in terrestrial plants, floating plants,
and submerged plants, which had contents of 7.85%, 10.47%,
and 9.03%, respectively. In all types of plants studied, the
contents of aromatic-group carbons were higher than those
of phenolic-group carbons. In the regions of the spectra
that represent carboxyl carbons (160—-190 ppm) and car-
bonyl carbons (190-230 ppm), the mean contents of car-
boxyl carbons and carbonyl carbons were the greatest in
floating plants, whereas those in emergent plants were the
least. The contents in these two types of plants were
10.25% and 7.51%, respectively. Among all plants studied,
the content of carboxyl carbons was greater than that of
carbonyl carbons. This quantitative information about the
organic carbon structure distribution could provide a refer-
ence for the interpretation of pyrolysis and a better under-
standing of the composition of biomass.
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Fig. 1 '>C NMR spectra of lacustrine plants

UV-Vis spectral characteristics

UV-Vis absorption is accepted as a versatile and convenient
method for the characterization of dissolved organic matter,
which can provide information on the degree of humification
and structural features of organic matter (Bai et al. 2008;
Batista et al. 2016). To compare absorptivity among plant
materials, specific absorbances of UV-Vis spectra were exam-
ined (Fig. 2). Spectra monotonously decrease as a function of
increasing wavelength. Because the 77 electron transition
occurs in the range of 254280 nm, this wavelength range was
selected to represent total aromaticity (Uyguner and Bekbolet
2005). In general, there were no obvious characterized peaks,
but shoulder absorption peaks appeared. The two submerged
plants, Euryale ferox L. and Nelumbo nucifera Gaertn.,
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exhibited significant peaks, which indicated that the aromatic
structure contents of the two plants were relatively high. The
spectra of all of the emergent plants (Alternanthera
philoxeroides (Mart.) Griseb., Polygonum tortuosum L.,
Zizania latifolia L., and Phragmites australis Trin.) and ter-
restrial plants (Amaranthus tricolor L., Aeschynomene indica
L., and Chenopodium glaucum L.) contained shoulder peaks,
which illustrated that these plants contained aromatic
constituents.

The specific absorbances at 254 (SUVA,s4) and
280 nm (SUVA,g() or the ratios of specific absorbances
at various wavelengths, such as Ajs3/203, Azs50/36, and
Ay465/665, have been related to the degree of humification
(Chen et al. 2002; Rodriguez et al. 2016), aromaticity
(Westerhoff et al. 1999), and molecular weight
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Table 1 Percentage distribution of carbon in plant samples calculated by solid-state '>C NMR spectroscopy
Sample name Type NO  C chemical shift (ppm) (%) Aliphatic ~ Aromatic
C (%) C (%)
0- 45— 65— 90— 110-  145- 160- 190-
45 65 90 110 145 160 190 220
Alternanthera philoxeroides Emergent 1 13.19 1349 4085 12.07 926 329 7.63 025  79.60 12.55
(Mart.) Griseb. plants
Polygonum tortuosum L. 2 10.59 1359 4054 1229 9.81 414 817 097  77.01 13.95
Zizania latifolia L. 3 12.07 1643 4585 12.06 5.74 1.79 596 006  86.41 7.53
Phragmites australis Trin. 4 13.56  15.03 41.22 11.84 8.96 2.59 6.88 0.11 81.64 11.56
Euryale ferox L. Floating 5 1997 1485 30.18 883 1126 280 1223 013 7382 14.06
Nelumbo nucifera Gaertn. plants 6 25.62  13.69 29.10 8.65 8.41 2.98 11.50  0.10 77.06 11.39
Hydrocharis dubia (Bl.) 7 17.37 1374 40.62 10.52 7.01 1.21 9.62 0.06  82.24 8.22
Backer.
Lemna minor L. 8 17.50 1493 4343 10.59 4.68 .12 786  0.11 86.45 5.80
Nymphoides peltatum Submerged 9 1543 1425 3935 10.02 8.78 230 981 0.12  79.05 11.08
(Gmel.) O. Kuntze plants
Trapa bispinosa Roxb. 10 1375 13.02 3999 1124 10.03 226 991 0.03  78.01 12.29
Myriophyllum verticillatum L. 11 17.02 1401 3770 11.00 895 1.59  9.17 0.07  79.73 10.54
Potamogeton distinctus A. 12 1575 1393 4152 1082 7.79 1.69 834 003 82.02 9.48
Benn.
Vallisneria natans (Lour.) 13 19.87 14.02 3800 10.04 6.70 1.33 10.09 016  81.93 8.03
Hara.
Hydrilla verticillata L. 14 19.16 1422 3828 10.74 6.69 1.38  9.67 0.11 82.40 8.07
Amaranthus tricolor L. Terrestrial 15 1771 1466 39.89 1033 488 1.66 11.13  0.05 82.59 6.53
Aeschynomene indica L. plants 16 12.60 1480 4452 1245 6.51 245 6.65 0.07 8438 8.96
Chenopodium glaucum L. 17 1346 1567 41.88 1198 570 234 886  0.08  82.99 8.04

(Swietlik and Sikorska 2004). The UV-Vis absorbance
parameters of different samples are shown in Table 2.
SUVA,s4 and SUVA,5q are positively correlated with
the humification degree of organic matter. Overall, the
humification degrees of the four types of plants were in
the sequence floating plants > terrestrial plants > sub-
merged plants > emergent plants, and the degrees of hu-
mification in Euryale ferox L. and Phragmites australis
Trin. were the greatest, while those of Polygonum
tortuosum L. and Potamogeton distinctus A. Benn. were
the least. Organic matter with greater degrees of humifi-
cation can be transformed more efficiently into humic
acid in water and sediment (Wang et al. 2009), which
has a significant influence on the migration, toxicity,
and storage of organic carbon. The A,s3/503 ratio is indic-
ative of the proportion of substituents on aromatic rings.
Ass3/03 ratios > 0.4 are indicative of aromatic rings that
are mostly substituted by carbonyl, carboxyl, and hy-
droxyl groups, while ratios <0.1 are indicative of aro-
matic rings that are unsubstituted (Korshin et al. 1997).
All plant materials studied here exhibited high Ass53/503
ratios, except Amaranthus tricolor L., Polygonum
tortuosum L., and Chenopodium glaucum L. Other syn-
thetic parameters that have been reported in the literature
include the Ass0/365 and Aygs/665 ratios, both of which
have been reported to be negatively correlated with mo-
lecular weight and aromaticity. Because high molecular
weights undergo light absorption at longer wavelengths,

the value of A,s¢/365 1S inversely proportional to molec-
ular weight and aromaticity (Helms et al. 2008).
Phragmites australis Trin exhibited a greater A,sq/365
than other plants, which suggests less aromaticity and
lower molecular weight, whereas an opposite trend was
observed for Nelumbo nucifera Gaertn. The dissolved
and degradation products of biomass with higher aroma-
ticity contain more hydrophobic organic groups, which
are easier to combine with hydrophobic organic com-
pounds in water.

EEM spectral characteristics

The three-dimensional EEM fluorescence spectra of six repre-
sentative plants provided spectral information about the chemical
compositions of the plants (Fig. 3). The EEM peaks were divided
into six regions (Table 3) (Fu et al. 2007; He et al. 2011; Mostofa
et al. 2010): Fluorescence peaks in regions A (Ex/Em of 310—
360/370-450 nm and B (Ex/Em of 240-270/370-440 nm) have
been attributed to fulvic acid-like materials. This fluorescence
might be related to carbonyl and carboxyl groups. Region C
(Ex/Em of 350-440/430-510 nm) and region D (Ex/Em of
280-288/420-455 nm) have been reported to represent humic
acid-like materials and to be a function of the degree of humifi-
cation. Region E (Ex/Em of 270-290/300-350 nm) and region F
(Ex/Em of 270-290/300-320 nm) have been attributed to the
presence of protein-like materials, in which fluorescence is due
to tryptophan- and tyrosine-like substances, which is due to the
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Fig. 2 UV-Vis spectra of plant materials from Tai Lake
Table 2 UV-Vis absorbance of
plant samples Sample name No SUVA2s4 SUVAss0 Aas3/203 Aaso/36s Auss/ess
(L/mg'm) (L/mg'm)
Alternanthera philoxeroides 1 1.00 0.73 0.34 9.48 0.63
(Mart.) Griseb.
Polygonum tortuosum L. 2 0.27 0.21 0.09 - 0.88
Zizania latifolia L. 3 0.55 0.39 0.20 6.93 0.82
Phragmites australis Trin. 4 0.51 0.37 0.19 47.89 0.85
Euryale ferox L. 5 2.61 223 0.34 5.72 0.81
Nelumbo nucifera Gaertn. 6 2.56 1.27 0.38 1.92 0.85
Hydrocharis dubia (Bl.) 7 0.92 0.68 0.27 12.35 0.59
Backer.
Lemna minor L. 8 0.73 0.54 0.26 5.68 0.61
Nymphoides peltatum 9 0.93 0.81 0.23 7.58 0.65
(Gmel.) O. Kuntze
Trapa bispinosa Roxb. 10 1.09 0.95 0.28 9.43 0.69
Myriophyllum verticillatum 11 0.43 0.33 0.15 - 0.84
L.
Potamogeton distinctus A. 12 0.62 0.49 0.18 9.44 0.69
Benn.
Vallisneria natans (Lour.) 13 0.67 0.53 0.18 7.28 0.44
Hara.
Hydrilla verticillata L. 14 1.28 0.92 0.28 443 -
Amaranthus tricolor L. 15 1.03 0.82 0.08 8.04 0.28
Aeschynomene indica L. 16 0.88 0.70 0.18 8.80 0.55
Chenopodium glaucum L. 17 0.85 0.61 0.09 9.70 0.57
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Fig. 3 EEM fluorescence spectra of some plant materials
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structures of aromatic amino acids in plant materials (Song et al.
2017, 2018; Wang et al. 2009; Wu et al. 2003).

Fluorescence detected in EEM spectra can be applied in
quantitative analyses, including the locations of peaks, inten-
sity of fluorescence, and various ratios of intensities of peaks
(Table 3). All plant materials studied exhibited peaks A and B,
except Nelumbo nucifera Gaertn., Vallisneria natans (Lour.)
Hara., and Amaranthus tricolor L., which exhibited peak B
only. The existence of peaks A and B indicated that there were
fulvic acid-like substances in the plant materials, and these
peaks were related to carbonyl and carboxyl groups, consis-
tent with the results of '>*C NMR. All plant materials studied
exhibited peak E, and the materials of seven plants
(Polygonum tortuosum L., Zizania latifolia L., Hydrocharis
dubia (Bl.) Backer, Phragmites australis Trin., Potamogeton
distinctus A. Benn, Hydrilla verticillata (Linn. f.) Royle, and
Chenopodium glaucum L.) exhibited peak F. The presence of
peaks E and F illustrates that there were protein-like sub-
stances in the plant materials. Peak C or D, or both, was also
observed in Hydrocharis dubia (Bl.) Backer., Nymphoides
peltatum (Gmel.) O. Kuntze., Trapa bispinosa Roxb.,
Potamogeton distinctus A. Benn., Vallisneria natans (Lour.)
Hara., and Chenopodium glaucum L., and all six of these
plants were submerged and floating plants, revealing that
structural differences existed in different types of plants and
submerged and terrestrial plants contained more humic acid-
like materials than emergent and terrestrial plants. The loca-
tions of peaks varied slightly among the plant materials, which
suggested that the chemical components of the plant materials
were complex and varied among the plant materials. The in-
tensities of the ratios of peaks A/E of Polygonum tortuosum
L., Phragmites australis Trin., and Chenopodium glaucum L.
were > 1.0, which indicated that there were more fulvic acid-
like substances than tryptophan-like substances. The intensi-
ties of the ratios of peaks A/E of Hydrocharis dubia (Bl.)
Backer, Nymphoides peltatum (Gmel.) O. Kuntze., Trapa
bispinosa Roxb., and Potamogeton distinctus A. Benn. were
also > 1.0, meaning that there were more fulvic acid-like sub-
stances than humic acid-like substances. According to the re-
sults of a previous study, variations in the intensity ratios of
peaks in plant materials are due to differences among the
chemical structures (Fu et al. 2010).

Discussion

Data for DSC and DTG peaks have been reported in previous
literature (Guo et al. 2016b), and the DSC and DTG curves are
presented in Fig. 4 (Guo et al. 2016b). DSC and DTG peaks
were used to quantitatively explain the slow pyrolysis of plant
biomass. The peak of heat absorbed by the plant samples (F1)
was positively correlated (= 0.507; p = 0.01) with the peak
of mass loss (G1) (Fig. 5a). The temperatures of F1 and G1
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were 99-110 °C and 110-160 °C, respectively. It has been
reported that below 110 °C, the physicochemical processes
of soil and sediment organic matter are due to the glass tran-
sition and the rupture of bonds with water molecules
(Schaumann and Bertmer 2008; Schaumann and Leboeuf
2005; Schaumann et al. 2005). Hence, it can be inferred that
the corresponding thermal decomposition process was the
melting process of small molecules or the glass transition pro-
cess of high polymers and that a slight loss in mass was due to
the removal of less thermally stable components.

The peak of heat release (Fx) was attained via a pyrolysis
process that decomposed rapidly and released heat; this peak
was well correlated with the value of A,s3/503, and the correla-
tion coefficient (%) was 0.388 (p=0.008) (Fig. 5b). The tem-
perature of Fx was 277-311 °C. As stated above, the Ajs3/203
ratio indicates the proportion of substituents on aromatic rings,
Ass303 ratios > 0.4 are indicative of aromatic rings that are
mostly substituted by carbonyl, carboxyl, and hydroxyl groups
(Korshin et al. 1997), and most plant materials exhibited higher
Ass3poz ratios. This demonstrates that the release of heat in-
creased as a function of substitution and that most condensation
reactions were exothermic. It has been reported that there is an
obvious exothermic curve of the polycondensation of furfuryl
alcohol in acid media (Choura et al. 1997). Furthermore, in a
study of the mechanism of polycondensation of dicyandiamide
and formaldehyde, researchers also found an apparent heat-
releasing phenomenon (Lin 2004). We concluded that this py-
rolysis process was mainly based on the condensation reactions
between molecules, forming heavy components and solid prod-
ucts and releasing heat.

For a better understanding of changes in the structures of
plant materials during pyrolysis, loss of mass (DTG) combined
with three-dimensional fluorescence analysis was used for quan-
titative analysis. The correlation coefficient (+%) was 0.236 (p =
0.048) between peak A and the peak of mass loss (G3) (Fig. 5c).
The temperature of G3 was 230-340 °C. Peak A has been
reported to represent fulvic acid-like materials and might be
related to carbonyl and carboxyl groups. Additionally, most
plants exhibited fulvic acid-like material fluorescence peaks.
Similar peaks were found in coal pyrolysis at approximately this
temperature range (Bhagavatula et al. 2016; Goergens et al.
2013). This pyrolysis process mainly involves the splitting of
aromatic structural unit bonds, aliphatic hydrocarbon side
chains, and oxygen-containing functional groups. In addition,
the unstable branch carbon functional groups had been broken
down in the previous process, and the peak temperature range
was 210-260 °C. '>C NMR spectral analysis also confirmed
that all plant samples contained more and fewer hydroxyl car-
bons and carboxyl carbons, respectively. Therefore, we deduced
that the pyrolysis process of G3 primarily represents aromatic
carbonyl removal and splitting of ether bonds, carbonyl groups,
and oxygen heterocycles, mainly by means of decomposition,
depolymerization, and polycondensation.
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Based on the results of this study, the following conclusions
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S siod -02 g 1. '3C NMR measurements showed that the proportions of
2 e % aliphatic carbons (ranging from 73.82 to 86.45%) were
g 005 e k- substantially greater than those of aromatic carbons (rang-
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Fig. 4 DSC and DTG overlay analyses of lignin (DSC, differential
scanning calorimetry; DTG derivative thermogravimetric analysis)
(Guo et al. 2016b)

2. The results of UV-Vis spectroscopy showed the order of
humification degree in the four types of plants was float-
ing plants > terrestrial plants > submerged plants > emer-
gent plants. The parameter with the best correlation with
the release of heat stage (277-311 °C) was the Ass3/203
ratio, and the exothermic process was mainly due to poly-
condensation between molecules.
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3. Most plant materials exhibited fulvic acid-like substance
and protein-like substance fluorescence peaks according
to the EEM analysis. The fulvic acid-like fluorescence
peak and loss of mass stage (230-340 °C) showed good
correlation; this stage was mainly due to the loss of aro-
matic carbonyls and oxygen heterocycles as well as split-
ting of ether bonds.

4. There was a significant linear correlation between the ab-
sorption of heat stage (99—110 °C) and the loss of mass
stage (110-160 °C); this stage was a melting process of
small molecules or a glass transition process of high
polymers.

5. The use of thermal and spectroscopic analyses to charac-
terize NOM proved to be an effective technique. The re-
sults will be conducive to understanding every stage of
slow pyrolysis and interpreting thermograms of NOM.
Furthermore, this method will be valuable to reveal the
intrinsic structure and mechanism of the influence of
NOM on environmental behavior.
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