
Vol.:(0123456789)1 3

Waste and Biomass Valorization (2022) 13:4911–4923 
https://doi.org/10.1007/s12649-022-01827-5

ORIGINAL PAPER

Characterization of Dissolved Organic Matter in Aquatic Macrophytes 
Derived‑Biochars Using Multi‑spectroscopic Analyses: Combined 
Effects of Pyrolysis Temperatures and Sequential Extractions

Bingfa Chen1 · Kaining Chen2 · Shiqun Han1 · Cheng Liu2 · Muhua Feng2 · Wei Huang2 · Hui Cai3

Received: 21 February 2022 / Accepted: 21 May 2022 / Published online: 9 June 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
Dissolved organic matter in biochars (BDOM) influences the latter’s environmental applications. This study applied multiple 
spectra methods to expound the characteristics of BDOM in aquatic macrophytes (Alternanthera philoxeroides) biochars 
produced at different pyrolysis temperatures under sequential extractions (room-temperature water, hot water and a weak 
base). The results showed that the feedstock and the biochar produced at 200 °C, biochars produced at 300–500 °C and 
above 600 °C were unstable, metastable and stable, respectively, according to the release of dissolved organic carbon. One 
protein-like and four humic-like fluorophores were identified. The BDOM were dominated by humic-like components, and 
the pyrolysis of fluorescent components was hysteretic compared to the non-fluorescent materials. In addition, the relative 
molecular weight, aromaticity, and hydrophobicity of BDOM increased correspondingly under sequential extractions. High 
pH/temperature of extracting solution will lead to the BDOM with higher humification degree. This study also indicates 
humic acid and polysaccharide, as the fluorescent substance and the non-fluorescent substance, respectively, were more sen-
sitive to pyrolysis temperature and changed firstly under sequential extractions. This study was beneficial for understanding 
the characteristics of BDOM at the molecular level and for predicting the possible effects and processes of biochars before 
large-scale applications.
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Statement of Novelty

Converting the biomass into biochar is beneficial both 
win-win in environment and economy. However, poten-
tial release of dissolved organic matter derived from 
biochar (BDOM) influences the latter’s environmental 
applications. BDOM accessed by sequential extraction 
with different extracting solutions, which include differ-
ent dissolved organic matter (DOM) fractions, may be a 
promising strategy to perform research on BDOM, com-
pared to the single water extraction in previous studies. 
Multi-spectroscopic investigations are promising strate-
gies for obtaining a deep understanding the properties of 
DOM. Combined effects of pyrolysis temperatures and 
sequential extractions on the characteristics of BDOM 
were expounded innovatively using multi-spectroscopic 
investigations in this study. Our conclusions were benefi-
cial for understanding the characteristics of BDOM at the 
molecular level and for predicting the possible environ-
mental effects of biochars.

Introduction

Dissolved organic matter (DOM), as an active and compli-
cated mixture of organic components, plays a momentous 
role in the aquatic environment [1]. Biochars, produced at 
relatively low temperatures by oxygen-limiting or oxygen-
absent pyrolysis of organic material, were applied widely 
[2–4]. However, biochars are important DOM sources, 
which containing active components and participating in 
the biogeochemical processes of materials and the cycles 
of carbon in the environment [5, 6]. Obviously, quanti-
tative and qualitative studies of biochars derived-DOM 
(BDOM) are necessary before they can be further used in 
large-scale applications.

Generally, the release and properties of BDOM will 
vary with different environmental conditions [7, 8]. Previ-
ously, single extraction with the most common extraction 
solution being deionized water was performed to deter-
mine the most labile fractions in BDOM, which were most 
easily released into the environment [9–11]. However, 
biochars will experience different conditions in practical 
applications, for example, biochars can be used in relative 
high temperature or alkaline environment [12, 13]. After 
the most labile fractions released into the environment, 
the remanent components may still have release potential 
with temperature or pH changed. Therefore, individual 
extraction method was insufficient to comprehensively 
determine the properties of BDOM. Sequential extractions 
with different extracting solutions, which include different 

fractions with diverse characteristics of DOM, may be a 
promising strategy to perform research on BDOM [14, 
15]. The corresponding characteristics of BDOM are also 
directly related to the pyrolysis temperatures [9]. How-
ever, the release potential and characteristics of BDOM in 
consideration of pyrolysis temperatures under sequential 
extractions need to be studied comprehensively.

Some researches have been carried out to determine the 
characteristics of DOM by a series of methods, e.g., chro-
matographies, mass spectrometries and multi-spectroscopic 
analyses [16–18]. Among them, multi-spectroscopic analy-
ses, consisting of ultraviolet visible spectroscopy (UV–Vis), 
fourier transform infrared spectroscopy (FTIR), excitation 
emission matrix spectroscopy (EEMs) and synchronous 
fluorescence spectroscopy (SF) are proven to be promis-
ing techniques for their sensitivities, non-destructivities, 
simplicities, and abundant information obtained [13, 21, 
22]. Recently, EEMs–parallel factor analysis (PARAFAC) 
was applied to provide more insight into the DOM char-
acteristics, such as the fate and source of DOM [19, 20]. 
Furthermore, two-dimensional correlation spectroscopy 
(2D-COS) combined with SF and FTIR (2D SF COS and 
2D FTIR COS) possess the merits to improve spectral reso-
lutions and selectivities, to deconvolute overlapping peaks 
and to recognize the response order of spectral changes due 
to the external disturbances [21, 22]. Therefore, the above 
multi-spectroscopic investigations are hopeful strategies for 
acquiring a profound and particular understanding of the 
BDOM properties.

Aquatic macrophytes are important primary producers 
in aquatic environments [23]. However, harvesting plant 
biomass timely is necessary for avoiding reentering nutri-
ents into aquatic environments after the degradation of plant 
residuals [24, 25].Therefore, in this study, we chose repre-
sentative aquatic macrophyte, Alternanthera philoxeroides 
(ALP), to produce biochars at different pyrolysis tempera-
tures (200–700 °C). Feedstocks were scythed in wild grow-
ing state because of they will block the water surface. In this 
study, we aim to (1) quantify the release and (2) study the 
properties of DOM in aquatic macrophytes biochars pro-
duced at different pyrolysis temperatures under sequential 
extractions using UV–Vis, EEM–PARAFAC, 2D SF COS 
and 2D FTIR COS. This study will provide a promising 
strategy to understand the characteristics of BDOM compre-
hensively and to predict the possible effects and processes 
of biochars before large-scale applications.
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Materials and Methods

Production of the Biochars

ALP feedstocks were collected from the littoral zones 
of Lake Chaohu (Estuary of Shiwuli River in Hefei city) 
in August 2019. The pretreatment processes of the ALP 
feedstocks and pyrolysis conditions were described in our 
previous study [6]. The pyrolysis temperatures were set to 
200 °C, 300 °C, 400 °C, 500 °C, 600 °C and 700 °C. Bio-
chars samples are referred to ALPX00, with X00 indicat-
ing the pyrolysis temperatures. All biochar samples were 
ground, and passed through 0.15 mm sieve prior to the 
extraction experiments.

The yields of biochars were determined based on mass 
balance as a percentage. The pH was determined with at a 
mass/volume ratio of 1:10 in deionized water after shak-
ing at 150 rpm for 24 h [26]. Ash content was measured 
according to standard test method [27]. The C, H, and 
N contents were measured using an elemental analyzer 
(Vario Macro cube) and the oxygen content was calculated 
by weight difference.

DOM Sequential Extractions Experiments

DOM was obtained by a modified sequential extraction 
method [7, 14]. Briefly, room-temperature deionized water, 
hot (80 ± 1 °C) deionized water, and then 50 mM NaOH 
(room temperature) were used to extracting sequentially with 
individual extracting time of 16 h and a mass/volume ratio 
of 1.00 g/40 mL. The suspension was centrifuged (4000 rmp 
for 15 min), and filtered using 0.45 μm microfiber filters 
(Membrana, Germany). The solid residue was washed with 
5 mL of deionized water twice and dried in an oven under 
50 °C before the next extraction for mass calibration. Thus, 
three types of BDOM are hereby denoted as D1 (room- tem-
perature water), D2 (hot water), and D3 (weak base). Trip-
licate parallel samples were prepared for each step during 
the sequential extractions. Extraction with room-temperature 
water was performed to determine the most labile organic 
carbon. Hot water extraction usually was applied to estimate 
the labile carbon content of biomaterials that is available 
for microflora in the short term. A weak base solution was 
used widely to estimate the relative stabiliity and humic-like 
substances in biomaterials [14, 15].

Analytical Methods

Dissolved Organic Carbon Analysis

Dissolved organic carbon (DOC) in each extracting solution 
was determined by a Shimadzu total organic carbon analyzer 
(TOC-V). The water-soluble DOC contents (mg/g) under 
sequential extractions were calculated by multiplying the 
DOC concentration (mg/L) by V/M, where V and M repre-
sent the volume of extraction solution (L) and the mass of 
the biochar (g), respectively.

Spectral Measurements

The UV–vis spectroscopy was obtained with a spectro-
photometer (UV-2700, Shimadzu), and the fluorescence 
spectra were recorded from a fluorescence spectrofluor-
ometer (HORIBA Fluorolog-3). The EEM spectroscopy 
was recorded CCD detector. Added precaution is needed 
to ensure the DOM solution were optically dilute (the UV 
absorbance at 260 nm below 0.1) before fluorescence meas-
urements in order to reduce any inner filter effect [28]. The 
absorption spectra ranges were 220–800 nm with 1-nm inter-
vals and the average absorbance at 700–800 nm was applied 
as base line to correct the absorbance spectra. The excita-
tion and emission spectra were recorded between 250 and 
450 nm at 5-nm intervals, and between 250 and 580 nm at 
1-nm intervals, respectively. The DOC content of all sam-
ples was diluted to the same concentration (approximately 
7 mg/L, this concentration was necessary to reduce the inner 
filtering effects with greatest extent [6]) prior to the SF spec-
tra determination except the DOM solutions extracted from 
ALP600 and ALP700 with weak base due to the DOC con-
tent was insufficient for further dilution. SF spectra were 
also recorded using the same spectrofluorometer but with a 
PMT detector. Detailed information on fluorescence meas-
urements were expounded in our previous study [6, 19]. 
After above analyses, the remaining solutions were freeze-
dried and dried solid matters were used to FTIR spectros-
copy scanning with a FTIR spectrometer (Nicolet iS50). The 
FTIR spectra ranges were 4000  cm−1 to 400  cm−1 at 2  cm−1 
resolution and with 64 scans.

Chemometric Analysis

Absorption coefficients [a(λ)] of DOM were calculated as 
the following equation: a(λ) = 2.303 × A(λ)/l, A(λ) is the 
corrected absorbance at wavelength λ, and l is the cuvette 
path length in meters. We applied  E2:  E3 [a(250): a(365)] to 
evaluate relative molecular weight (MW) variations (nega-
tive correlation) [29]. The value of  SUVA254 was calculated 
by a(254)/DOC to indicate the relative aromaticity varia-
tions of DOM, relative aromaticity increased as the  SUVA254 
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increased [30]. In addition, fluorescent Indices include humi-
fication index (HIX) and biological index (BIX) obtained 
from EEMs were used to further characterize the fluores-
cent dissolved organic matter (FDOM) [31, 32]. The HIX 
increases with the increasing of humification of FDOM. 
High BIX (> 1) values indicating higher autochthonous 
biological activities and freshly FDOM released [31, 33]. 
The drEEM toolbox [34] was used to perform the modeling 
process of PARAFAC. Detailed information on PARAFAC 
modeling was expounded in our previous study [19]. Five 
components were identified by PARAFAC modeling and 
the maximal fluorescent intensity (Fmax) was considered 
to be proportional to the true concentrations of the differ-
ent FDOM components. 2Dshige freeware developed by 
Kwansei-Gakuin University was used to perform 2D-COS 
analyses of SF and FTIR and the detailed principles was 
expounded by [35].

Statistical Analysis

Statistical analyses were conducted by Statistical Program 
for Social Sciences 18.0 software. Significance levels are 
reported as not significant (p ≥ 0.05) or significant (p < 0.05).

Results and Discussion

Fundamental Properties of Biochars

All the basic physicochemical properties were presented in 
Supplementary information (S1).

Variations in DOC Quantity

The mean DOC concentrations and percentage DOC dis-
tributions under sequential extractions of the biochars 
are shown in Fig. 1. In general, the variations in the total 

contents of DOC occurred in three stages: (1)  high release 
of fresh feedstocks and ALP200 with three extracts in 
which the total contents of DOC exceeded 100 mg/g. (2) 
relatively low release as the pyrolysis temperature in the 
range of 300–500 °C. Biochars produced at 300–500 °C 
still had DOC release potential when the pH or tempera-
tures increased. (3) no obvious release as the pyrolysis tem-
perature higher than 600 °C (Fig. 1a), indicated that labile 
carbon compounds disappeared, stable carbon remained, 
and environmental stabilities of biochars were reinforced. 
These results were also supported by the conclusion of 
fundamental properties (Table S1), which showed that the 
stabilities of the biochars enhanced as the pyrolysis tem-
peratures increased. Specifically, the ALP200, which was 
in a partially pyrolyzed state (Fig. S1), released more total 
DOC contents than the other biochars (p < 0.05) (Fig. 1a), 
indicating biochar in this state facilitated more DOC releases 
into the water. The release of DOC of D1 with the pyrolysis 
temperature below 500 °C were significantly higher than that 
of D2 and D3 (p < 0.05), indicating that ALP and biochars 
produced at these temperature ranges consist of more labile 
and active organic carbon, whereas the results were opposite 
with the pyrolysis temperature at 600–700 °C.

UV–Visible Spectral Absorption

The absorption spectra of BDOM extracted via three extract-
ing solutions are showed in Fig. S2. The BDOM spectral 
curves decreased exponentially generally near zero absorp-
tion at 600 nm as wavelength increased, except obvious 
peaks appeared at 250–350 nm for the ALP and ALP200 for 
all three extracting solutions. The absorbance shoulder was 
ascribed to the abundant chromophores contained aromatic 
and phenolic components with conjugated C=C and C=O 
double bonds that have strong absorbance in this range [36]. 
The disappearance of this absorbance shoulder at ALP300 

Fig. 1  The contents of DOC (a) and percentage distribution of the 
total DOC contents (b) extracted from Alternanthera philoxeroides 
and corresponding biochars (D1 for room-temperature water extrac-

tion, D2 for hot water extraction, and D3 for weak base extraction 
(50 mM NaOH). All values are given as the mean and the standard 
deviation (error bar) from three replicates (n = 3)
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Fig. 2  Five identified compo-
nents from PARAFAC analysis 
(left) and loadings from split-
half validation results for the 
corresponding components, 
including the excitation and 
emission spectra of six unique 
split halves and the overall 
model (right). For each com-
ponent, these loading lines are 
nearly superimposed, and the 
similar shape of the components 
provides a nearly perfect valida-
tion of the fluorescence signa-
tures. Comp1(C1), comp2(C2), 
comp3(C3) and comp4(C4) 
were humic-like components, 
comp5 was protein-like mate-
rial. Ex. and Em. are the excita-
tion and emissions wavelengths, 
respectively
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showed that these organic compounds have decomposed. As 
the pyrolysis temperature above 300 °C, these DOM spectral 
curves were similar to those reported previously for natural 
organic matter from aquatic or edaphic environments [11, 
37], suggesting that using biochars of this study in applica-
tion would add chromophores to the natural environment. 
Overall, the absorption coefficients reduced as the pyrolysis 
temperature increased. In general, the absorption coefficients 
of ALP200, especially for room-temperature extracts and 
weak base extracts, were significantly higher than that of 
biochars produced at the other temperatures (p < 0.05), indi-
cating that ALP200 facilitated more chromophores releases 
into water, which were consistent with the contents of DOC 
(Figs. 2, S2).

The values of  E2:E3 and  SUVA254 were analyzed to fur-
ther elaborate the biogeochemical characteristics of BDOM. 
As shown in Table 1, as a whole, the values of  E2:E3 varied 
in the order of D1 > D2 > D3 with the pyrolysis temperature 
under 500 °C, which indicated that relative MW increased 
with the extraction sequentially. This also means that the 
labile BDOM had a relatively low MW compared to stable 
and humified BDOM, this result was similar to previous 
study, in which the relative MW was higher in base extrac-
tion [38]. Overall, the mean values of  E2:E3 of D1 and D2 
increased when the pyrolysis temperature being raised, 
indicates that an elevated pyrolysis temperature will result 
in a decrease of the relative MW of D1 and D2 (Table 1). 
This result was similar to [39] which showed that water-
extractable BDOM with a higher pyrolysis temperature was 
dominated by low MW acids and neutrals.

SUVA254 is a reasonable parameter used to evaluate the 
aromaticity of DOM in which the DOM with lower value 
of  SUVA254 has a lower aromaticity and hydrophobicity 
[30, 40]. Generally, a high SUVA value of > 4 L  mg−1  m−1 
refers to the compounds with high hydrophobicity and aro-
maticity, while a low  SUVA254 of < 3 L  mg−1  m−1 indicates 
mainly a hydrophilic material [41]. In this study, the values 
of  SUVA254 of D1 were lower than or close to 3 L  mg−1  m−1, 

whereas the values of  SUVA254 values increased with the 
further sequential extraction, and the  SUVA254 exceeded 4 L 
 mg−1  m−1 when the pyrolysis temperature at 300–500 °C of 
D2 and D3 (Table 1). This indicated that the aromaticity 
and hydrophobicity of D2 and D3 was enhanced, and single 
deionized water extraction only obtained hydrophilic and 
low aromatic DOM. In addition, the  SUVA254 of D2 and D3 
increased as the pyrolysis temperature increased to 500 °C 
and then reduced at 600 °C and 700 °C (Table 1). Labile 
compounds (cellulose, hemicellulose, etc.) are degraded 
preferentially at a pyrolysis temperature lower than 500 °C 
[42], which resulted in producing more aromatic structures. 
However, aromatic matter is continually decomposed when 
the pyrolysis temperature is above 500 °C [14], which may 
account for the variation in  SUVA254. The aromaticity and 
hydrophobicity variations of BDOM under 500 °C were 
also supported by the characteristics of the elemental and 
functional groups analysis (Table S1), which showed that 
hydrophobicity, aromaticity enhanced as the pyrolysis tem-
perature increased. High hydrophilcity and low aromaticity 
of the BDOM of D1, which means abundant oxygen-con-
taining groups as active sites preferentially participating in 
the complexation of metals. Thus, this influences the heavy 
metal speciation and migration when biochars are applied 
for remediation of metal-polluted soils or sediments need 
be focused.

Characteristics and Abundances of EEM–PARAFAC 
Components

We uploaded PARAFAC models to OpenFluor database 
(http:// www. openf luor. org) to compare with the pub-
lished data, the excitation and emission similarity score 
was set as 0.95 [43] (Fig. 2; Table S2). C1 component (Ex/
Em = 350 nm/440 nm) is associated with a group of high 
relative aromaticity and MW, similar to the components of 
lignin and tannin [44–46]. C2 component had an excitation 

Table 1  Measured  E2:E3 and 
 SUVA254 (L  mg−1  m−1) of 
DOM extracted from D1 (room-
temperature water extraction), 
D2 (hot water extraction) and 
D3 (weak base extraction)

Different letters for each column indicate significant differences among different pyrolysis temperatures 
(p < 0.05)
ND not detected

D1 D2 D3

E2:E3 SUVA254 E2:E3 SUVA254 E2:E3 SUVA254

ALP 3.93 ± 0.03e 1.72 ± 0.03c 4.00 ± 0.24c 1.71 ± 0.06 cd 2.47 ± 0.08b 2.14 ± 0.00b
ALP200 4.82 ± 0.05e 3.00 ± 0.07a 3.33 ± 0.08c 2.63 ± 0.06c 2.33 ± 0.01b 3.74 ± 0.08ba
ALP300 5.36 ± 0.06e 2.77 ± 0.04b 4.41 ± 0.05c 4.19 ± 0.38b 3.01 ± 0.04b 4.77 ± 0.18ba
ALP400 6.18 ± 0.19e 1.88 ± 0.01c 6.20 ± 0.34bc 4.14 ± 0.10bc 4.80 ± 1.07a 4.85 ± 0.12b
ALP500 9.76 ± 1.57b 0.68 ± 0.14d 7.34 ± 0.15b 4.83 ± 0.89a ND 4.98 ± 0.64a
ALP600 9.38 ± 0.93c ND 9.27 ± 0.51ab 2.51 ± 0.83cd ND 2.92 ± 1.12ba
ALP700 22.68 ± 3.35a ND 10.76 ± 3.24a 0.94 ± 0.04d ND 2.74 ± 0.13ba

http://www.openfluor.org
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maximum at 305-nm and emission maximum at 417-nm, and 
is thought to correspond to low MW and aliphatic molecules 
of the humic-like component [47–49]. Two excitation wave-
lengths at 295 nm and 395 nm and an emission wavelength 
at 518 nm were found in C3 component, which represent-
ing an unidentified humic-like component and only being 
previously reported by [19] and [50]. C4 component with 
the peak at the Ex/Em of 325/389 nm is similar to a UV-A 
humic-like, low MW component and similar to the semiqui-
none fluorophore [50–52]. C5 component with the peak at 
the Ex/Em of 280/334 nm was associated with protein-like 
component that is susceptible to being degraded by micro-
organisms [53, 54].

To better expound the characteristics of FDOM released 
from the biochars, the Fmax of the individual fluorescent 

component and the Fmax percentage variations were evalu-
ated (Fig. 3). Specially, the peak values of Fmax were found at 
300 °C, which was backward compared to the DOC release 
peak at 200 °C, indicating fluorescent components still be 
retained as the non-fluorescent materials were pyrolyzed. 
As the pyrolysis temperature got to 600 °C, the Fmax of all 
three DOM solutions were negligible. In addition, humic-
like materials were significantly higher than protein-like 
component (p < 0.05), indicating that biochars may be non-
negligible humic-like substances sources of natural environ-
ments when being taking into engineering applications [55].

In this study, the D2 had the highest HIX values among 
the three BDOM soultions (p < 0.05) (Table 2), this result 
indicating that the high temperature of extracting solution 
will lead to the DOM with higher humification degree, [56] 

Fig. 3  The maximal fluorescent intensities (Fmax) of identified fluo-
rescent components (a room-temperature water extraction, b hot 
water extraction, c weak base extraction) and percentage distribution 

of FDOM under sequential extractions (d). All values are given as 
the mean and the standard deviation (error bar) from three replicates 
(n = 3). The Fmax were shown in Raman units (RU)

Table 2  Measured humification 
index (HIX) and biological 
index (BIX) of DOM extracted 
from D1 (room-temperature 
water extracts), D2 (hot water 
extracts) and D3 (weak base 
extracts)

Different letters for each column indicate significantly different (p < 0.05, one-way ANOVA) among differ-
ent biomaterials

D1 D2 D3

HIX BIX HIX BIX HIX BIX

ALP 1.21 ± 0.03d 0.51 ± 0.01e 1.40 ± 0.11e 0.83 ± 0.07c 3.09 ± 0.20d 0.82 ± 0.04b
ALP200 4.34 ± 0.07c 0.94 ± 0.01b 5.73 ± 0.22c 1.04 ± 0.01a 5.09 ± 0.14c 0.82 ± 0.04b
ALP300 4.44 ± 0.03c 1.03 ± 0.00a 5.78 ± 0.13c 0.93 ± 0.01b 5.14 ± 0.12b 1.04 ± 0.04ab
ALP400 6.11 ± 0.30b 0.92 ± 0.01b 7.48 ± 0.03b 0.77 ± 0.00d 5.89 ± 0.19a 1.21 ± 0.06a
ALP500 9.03 ± 0.83a 0.68 ± 0.01c 10.86 ± 0.65a 0.70 ± 0.00e 6.32 ± 0.08a 1.13 ± 0.02ab
ALP600 8.59 ± 0.41a 0.57 ± 0.00d 5.38 ± 0.12c 0.62 ± 0.02f 2.40 ± 0.83e 0.81 ± 0.07b
ALP700 3.50 ± 1.11c 0.52 ± 0.03e 3.47 ± 0.23d 0.53 ± 0.00g 1.97 ± 0.43e 0.61 ± 0.08b
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also reported that the extracting temperature significantly 
influences the humification degree of DOM. In addition, 
the BIX values of all DOM solutions were 0.52–1.32, and 
almost were less than 1, indicating that the DOM solu-
tions had weaker biological activities. Specifically, BIX 
decreased as the pyrolysis temperature increased for D1 
and D2 (p < 0.05), indicating BDOM derived from biochars 
produced at higher temperatures had lower fresh DOM and 
weaker biological activities.

For three BDOM extractions, ALP feedstock had lowest 
HIX, then the HIX increased as the pyrolysis temperature 
rose up to 500 °C, meaning that the humification enhanced 

as the pyrolysis temperature increased. However, the HIX 
values then sharply reduced (Table 2), which may be attrib-
uted to the polymerized DOM under 500 °C further being 
decomposed and rearranged as the pyrolysis temperature  
above 600 °C [57]. [11] found that the degree of BDOM 
humification was the dominant factor in its binding capac-
ity of polycyclic aromatic hydrocarbon. Biochar amend-
ment will enhance the humification of soils [58]. Therefore, 
optical analysis and full consideration of the changes in the 
BDOM characteristics are indispensable for minimizing 
toxic organic compounds in soil or sediment environment.

Fig. 4  Two-dimensional cor-
relation analysis of synchronous 
fluorescence spectra of biochar 
derived-DOM with sequential 
extractions (a and b, room-tem-
perature water extracts; c and d, 
hot water extracts; e and f, weak 
base extracts)
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2D‑COS Combined with SF Spectra

The changes of the SF for BDOM under sequential extrac-
tions were shown in Fig. S3. Specifically, obvious humic-
like peaks appeared in the 300–450 nm band, which includ-
ing fulvic acid and humic acid with peaks at 300–380 nm, 
380–450 nm, respectively [59]. The fluorescence intensities 
of the peak increased as the pyrolysis temperatures increased 
to 300 °C or 400 °C then decreased as the pyrolysis tem-
peratures decreased, which were consistent with the results 
of EEMs-PARAFAC.

2D SF COS were acquired to providing the sequential 
change order of fluorescent components of BDOM (Fig. 4). 
Two main peaks along the diagonal of the synchronous spec-
tra were 316 nm (fulvic acid) and 394 nm (humic acid) for 
D1 solution, 328 nm (fulvic acid) and 392 nm (humic acid) 
for D3 solution, respectively. However, five main autocor-
relation peaks were found in in the synchronous spectra of 
D2 solution, including 284 nm (protein-like substances), 
320 nm (fulvic acid), 344 nm (fulvic acid), 394 nm (humic 
acid) and 440 nm (humic acid), indicating fluorescent com-
ponents were more sensitive to hot water extracts. One nega-
tive cross-peaks at 316/394 nm and 328/392 nm for D1 and 
D3 solution, respecitvely, and four negative cross-peaks 
at 284/320 nm, 284/440 nm, 320/394 nm and 394/440 nm 
for D2 solution, whereas only one positive crosspeak at 
284/394 nm for D2 solution (Table S3), indicating that 
almost all fluorophore signals did not simultaneously change 
with each other.

The asynchronous maps showed that the crosspeaks at 
316/394 nm for D1 solution, at 320/394 nm for D2 solu-
tion and at 328/392 nm for D3 solution were negative, and 
the crosspeaks at 284/320 nm, 284/394 nm, 284/440 nm, 
320/344 nm and 394/440 nm for D2 solution were posi-
tive (Table S3). Therefore, the change sequences of fluo-
rophores followed the order humic acid (394 nm) → fulvic 
acid (316 nm) for D1 solution, humic acid (394 nm) → pro-
tein-like substances (284 nm) → fulvic acid (320 nm) → ful-
vic acid (344  nm) for D2 solution, and humic acid 
(392 nm) → fulvic acid (328 nm) for D3 solution on the basis 
of sequential order rule [35]. Obviously, humic acid in bio-
chars was more sensitive and changed firstly in this study, 
which were inconsistent with results reported by [60], these 
opposite results were mainly on account of the differences 
of the feedstock sources.

2D‑COS Maps Combined with FTIR Spectra

In order to further investigate the changes of non-fluores-
cent substances in BDOM. The changes of the FTIR for 
BDOM under sequential extractions were shown in Fig. 
S4, obviously, main shoulders changes were showed in the 
1800–900  cm−1 area, overlapping peaks may hidden the 

much structural changes in these bands [21]. Therefore, 2D 
FTIR COS analysis were conducted in this study to explain 
the BDOM functional groups variations under sequential 
extractions. As shown in Fig. 5, the autopeaks exhibited in 
synchronous maps of three BDOM solutions existed obvi-
ous differences, six autopeaks at 1709, 1648, 1230, 1097, 
1015 and 953  cm−1 were exhibited for D1 solution, four 
autopeaks at 1573, 1492, 1012 and 950  cm−1 for D2 solution 
and four autopeaks at 1610, 1533, 1038 and 945  cm−1 for 
D3 solution. The numbers of autopeaks of D1 were higher 
than that of D2 and D3, indicating more active functional 
groups in biochars were sensitive to room-temperature water 
extracts. The band at 1709  cm−1 was assigned to C=O sym-
metrical stretching vibration of carboxyl [61, 62]. The band 
at 1648  cm−1 correspond to the C=C stretching vibration or 
C=O stretching vibration in a carboxylic acid [63], the band 
at 1530 and 1573  cm−1 were attributed to C–N, C=N vibra-
tion in amide II [61]. The band at 1492  cm−1 and 1230  cm−1 
were associated with benzene ring C=C and phenolic C–O 
stretching, respectively [64, 65]. The bands at 1097, 1038, 
1015, 1012, 953, 950 and 945  cm−1 represented C–O stretch-
ing of polysaccharide [61, 66].

For synchronous maps, both positive and negative cros-
speaks were found from three BDOM solutions (Fig. 5a, 
c, e), implying that almost all FTIR functional groups sig-
nals did not simultaneously change with each other with 
the increase of pyrolysis temperatures. For asynchronous 
maps, both positive and negative crosspeaks were also 
observed (Fig. 5b, d, f), On the basis of the Noda’s rule 
and the peak’s signs (Tables S4, S5, S6) [35], the sequential 
order of FTIR functional groups was polysaccharide C–O 
at 1097  cm−1 → C=C of benzene ring or C=O of carboxylic 
compound → polysaccharide C–O at 1015  cm−1 → polysac-
charide C–O at 953  cm−1 → C–O of phenolic compound 
≈C=O of carboxyl for D1 solution, polysaccharide C–O at 
950  cm−1 → C–N, C=N of amide II → polysaccharide C–O 
at 1012  cm−1 or polysaccharide C–O at 950  cm−1 → ben-
zene ring C=C for D2 solution, and polysaccharide C–O 
at 945  cm−1 → polysaccharide C–O at 1038  cm−1 → C=C 
of the lignin molecules → C–N, C=N of amide II for D3  
solution, respectively. Obviously, polysaccharide in three 
BDOM solution changed firstly, this result was consistent 
with [60]. In fact, polysaccharide was an active ligand in bio-
chars participated in pollutant migrations [6, 67]. Amide II 
was the active site of protein-like substances and was not the 
peak of synchronous map of D1, indicating that protein-like 
substances were comparatively low in biochars in this study, 
which was in accord with the conclusions of EEM–PARA-
FAC and 2D SF COS.
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Conclusion

UV–Vis, EEM-PARAFAC, 2D SF COS and 2D FTIR COS 
were applied as promising methods to expound the char-
acteristics of three BDOM solutions with the variates of 
pyrolysis temperatures. Overall, fresh aquatic macrophytes 
and biochars produced at 200 °C caused a higher release 
of BDOM. Biochars produced at 300–500 °C and above 
600 °C were metastable and stable, respectively. BDOM in 
the three extracts was dominated by humic-like components. 

In addition, the relative MW, aromaticity, and hydropho-
bicity increased correspondingly under sequential extrac-
tions. Pyrolysis of fluorescent components was hysteretic 
and the corresponding contents reached a peak at 300 °C. 
An elevated pyrolysis temperature will result in an increase 
of the relative MW of three BDOM solutions. What’s more, 
the high pH/temperature of extracting solution will lead to 
the BDOM with higher humification degree. This study also 
indicates humic acid and polysaccharide, as the fluorescent 
substance and the non-fluorescent substance, respectively, 

Fig. 5  Two-dimensional 
correlation analysis of FTIR 
(1800–900  cm−1) of BDOM 
with sequential extractions (a 
and b room-temperature water 
extracts; c and d hot water 
extracts; e and f weak base 
extracts)
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were more sensitive and to pyrolysis temperature and 
changed firstly. Therefore, multi-spectroscopic techniques 
were promising approaches to understand BDOM thor-
oughly at the molecular level and to predict the possible 
effects and processes of aquatic macrophytes biochars before 
large-scale applications.
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