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Abstract

A large amount of biochar-derived dissolved organic matter (BDOM) will be released into the environment with biochars
application into repairing soil/water, which may alter the fate and transport of contaminants. In this study, four DOM samples
were extracted from cauliflower root biochar (CRBC), reed straw biochar (RSBC), corn stalks biochar (CSBC), and potato stalk
biochar (PSBC). Excitation-emission matrix combined with parallel factor (EEM-PARAFAC) analysis, differential absorbance
spectra (DAS), and two-dimensional correlation spectroscopy (2D-COS) analysis were applied to explore the complexation
property of BDOM with metals. DAS showed sites heterogeneity within the DOM pool for metals complexing. Humic-like and
fulvic-like substances were main fluorescent components identified by EEM-PARAFAC. 2D-COS analysis revealed that poly-
saccharides and aliphatic firstly responded to Pb(II) binding with CRBC-derived DOM and three other biochar-derived DOM,
respectively. While aliphatic groups, aromatic N=0O, and polysaccharides gave the fastest response to Cu(Il) binding with CRBC,
RSBC, and the other two biochar-derived DOM, respectively.

Keywords Biochar-derived DOM - Heavy metals - Differential absorption spectra - EEM-PARAFAC - Two-dimensional

correlation spectroscopy

Introduction

Heavy metals pollution that resulted from rapid industrializa-
tion and urbanization has become a serious issue (Zhao et al.
2015; Huang et al. 2019) due to its persistence and non-
biodegradability in the environment (Tang et al. 2019a, b).
Thus, control and repair of heavy metals contamination to
improve environmental quality is of utmost necessity. Many
conventional technologies including physical, chemical, and
biological methods have been used for the removal of heavy
metals from the soil and aquatic system in the past decades
(Feng et al. 2020; Li et al. 2017a). In recent years, using
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biochars to repair contaminated soil or water has been consid-
ered to be the valid, prospective, and widely used method for
its high efficiency, low cost, and environmental sustainability
(Mohan et al. 2014). It has been reported that the addition of
biochars to soil can ameliorate soil quality and fertility; in-
crease soil nutrients, water holding capacity, and crop yield
(Abel et al. 2013; Jin et al. 2016); and repair heavy metals
polluted soils (Huang et al. 2019; Liu et al. 2019; Zhai et al.
2018). Several reports also suggested the strong sorption abil-
ity of biochars for many kinds of contaminants (e.g., heavy
metals and pharmaceuticals) from water and waste water (Li
et al. 2017a; Zhang et al. 2013).

Biochars, the carbonaceous materials, are prepared from
the thermal pyrolysis of organic biomass (e.g., forestry wastes,
industrial organic wastes, and agricultural wastes) under
oxygen-limited conditions (Huang et al. 2019; Liu et al.
2018; Yang et al. 2019). Due to its tremendous specific area,
multihole structure, abundant surface functional groups, and
high cation exchange capacity, which are intently associated
to the origins of biochars and also obviously relied on thermal
pyrolysis conditions (Eykelbosh et al. 2015; Li et al. 2017a;
Jin et al. 2018; Li et al. 2018), biochars have been widely
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studied and applied into the removal of the various organic
contaminants and heavy metal pollutants. Noteworthily, a
large amount of biochar-derived DOM (BDOM) will be re-
leased into the soil or water system while getting the advan-
tages of biochar utilization (Huang et al. 2019; Li et al.
2017b), which may be the key influencing factor affecting
the application potentiality of biochars. The main reason is
the complexation between BDOM and heavy metals (Yuan
etal. 2017; Xu et al. 2019; Guo et al. 2019; Chen et al. 2015;
Huang et al. 2018a). BDOMs, the easily extractable and min-
eralizable carbon fraction released from biochars, are com-
pound and heterogeneous mixtures of aromatic and aliphatic
carbon structure (Huang et al. 2019; Zhao et al. 2019; Li et al.
2017b). It can straightly interact with metals for its high aro-
maticity and plentiful organic functional groups like carbox-
ylic, phenolic, aliphatic, hydroxyl, carbonyl, and quinones
with high active sites (Karami et al. 2011; Huang et al.
2019). The interaction of BDOM with heavy metals has been
demonstrated to alter the mobility, distribution, and speciation
of metals, thus the bioavailability and toxicity of heavy metals
in soil or water system are changed (Zhao et al. 2013; Li et al.
2018; Beesley et al. 2014; Soja et al. 2017). The binding
characteristics between BDOM and heavy metals are mainly
relied on the chemical structures and compositions of BDOM
which are controlled by the material sources and pyrolysis
conditions like temperature and residence time (Li et al.
2018; Liu et al. 2019) and reaction conditions such as pH
and temperatures (Huang et al. 2019; Xu et al. 2018).

Many technologies are used to investigate the binding char-
acteristics between DOMs and heavy metals, including size
exclusion chromatography (SEC), nuclear magnetic reso-
nance (NMR) spectroscopy, X-ray absorbance spectroscopy
(XAS), low- and high-resolution mass spectrometry, and
others (Xiao et al. 2019; Lu et al. 2017; Huang et al. 2018b).
However, these methods require much higher concentration of
the goal metals and DOM. The chemical and physical prop-
erties and structures of DOM are inevitably altered during the
sample preparations. By comparison, spectroscopic analyses
such as absorbance and fluorescence methods are applied for
the complexation between DOM and metals due to its non-
destructivity, sensitivity, and fast and simple operation (Lu
et al. 2017). Ultraviolet-visible (UV-vis) absorption, differen-
tial absorption spectra (DAS) analysis, excitation-emission
matrices (EEMs) combined with parallel factor (PARAFAC)
analysis, and two-dimensional correlation spectroscopy (2D-
COS) analysis would be the valid research methods (Tang
etal. 2016; Yuan et al. 2017). Additionally, synchronous fluo-
rescence (SF) spectroscopy and Fourier transform infrared
(FTIR) spectrum can show the detailed information of fluo-
rescent fractions and functional groups in DOM-metals, re-
spectively (Huang et al. 2019; Xu et al. 2018). However, the
peaks of FTIR and SF spectroscopy often overlapped as a
result of the heterogeneity of DOMs. Recent researches
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suggested that 2D-COS analysis can help solve the problem
of peaks overlapping and provide the order of structure chang-
es of DOMs in response to external perturbations (e.g., the
concentrations of metals) (Xu et al. 2018; Chen et al. 2019).
Moreover, heterospectral 2D-COS can reveal an in-depth in-
formation about the correlation on the structural response of
the system to the perturbation (Yu et al. 2011; Chen et al.
2015; Chen et al. 2019). And hetero-2DCOS analysis usually
integrates spectral signals under the same external perturba-
tion (Chen et al. 2019; Kim et al. 2006).

In this study, two heavy metals (Pb(I) and Cu(Il)) and four
BDOM (CRDOM, RSDOM, CSDOM, and PSDOM) obtain-
ed from different biomass were selected to explore the com-
plexation mechanism of BDOM with heavy metals. The
EEM-PARAFAC, DAS, and 2D-COS analysis on UV-vis,
SF, and FTIR spectra were used to evaluate the different bind-
ing characteristics for CRDOM/RSDOM/CSDOM/PSDOM-
Pb(II)/Cu(Il) interactions. The specific objectives of this work
include: (i) identifying and determining the components of
BDOM obtained from different sources by using EEM-
PARAFAC, (ii) calculating the binding parameters of Pb(II)
and Cu(Il) with BDOMs by employing the Stern-Volmer
equation and comparing the binding ability of different
sources BDOM with heavy metals, and (iii) exploring the
Pb(Il) and Cu(Il) binding characteristics of different
BDOMs using DAS and 2D-COS combined with UV-vis,
SF and FTIR, and heterospectral two-dimensional SF-FTIR
correlation analysis.

Materials and methods
Biochar preparation

The biochars applied in this study were obtained from agri-
cultural residues of cauliflower root, corn straw, and potato
stalk collected from suburb and reed straw obtained from the
edge of the Yellow River of Lanzhou (Gansu, China). They
were rinsed with distilled water, dried at 60 °C, and crushed to
sieve through a 20-mesh screen. The crushed biomass was
placed in ceramic crucibles with lids and wrapped with alu-
minum foil and put in a muffle furnace for pyrolysis with the
temperature rising to 500 °C and maintained for 6 h under the
oxygen-limited condition, and then cooling to room tempera-
ture. Afterward, the biochars were ground and sieved through
a 100-mesh screen, finally stored at a dry and dark place for
the later experiment.

DOM samples
Before the extraction experiment began, the biochars were

dried at 80 °C for 1 h. The method of extraction experiment
of BDOM is as depicted by previous studies (Huang et al.
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2018a; Hu et al. 2016). In short, CRBC, RSBC, CSBC, and
PSBC were extracted with ultrapure Milli-Q water and the
solid/liquid ratio of 1/20 (w/v) was used in this study. Mixed
liquids were shaken at 25 °C and 250 rpm for 24 h in darkness.
After centrifuging at 4000 rpm for 25 min, the supernatants
were filtered through a 0.45-pum glass fiber filter. Finally, the
filtrates were stored at 4 °C for utilizing in the later
experiments.

Quenching titration

BDOM concentrations were diluted to around 10 mg/L to
decrease the inner filter effects before quenching titration
(Xu et al. 2013). And the pH values of the primitive extracts
were adjusted to 6.0 +0.2 by 0.1 M HNO; and NaOH solu-
tions. Metal titrations were carried out by adding 0.01 M
Pb(NOs3), or 0.01 M Cu(NO3), titrants to each of BDOM
solutions. The concentration range of Pb(I) and Cu(Il) in
the BDOM solutions was set as 0 to 140 uM (0, 10, 20, 30,
40, 50, 60, 80, 100, 120, 140 uM). The titrant volume was
added no more than 5% of the solution volume to avoid the
concentrations effect (Guo et al. 2019). Subsequently, to guar-
antee reaction equilibrium, all titrated BDOM solution sam-
ples were shaken for 6 h at 250 rpm and 25 °C in dark condi-
tions. All experiments were performed in glass bottles.
Finally, these solution samples were analyzed by UV-vis,
EEM, and SF spectroscopy. A series of solutions containing
undiluted DOM samples of the same proportion of heavy
metals were prepared and then freeze-dried for FTIR
spectroscopy.

Spectral determination

UV-vis absorption spectra of the BDOM solutions were de-
termined at wavelengths ranging from 200 to 700 nm by
employing an UV-vis spectrophotometer (UNICAM
Evolution UV300) with 10 mm rectangular cuvettes at room
temperature.

EEMs spectrum of the titrated solutions were determined
by a Cary Eclipse Spectrometer (United States Varian China
Ltd.) at room temperature. The parameters of fluorescence
measurement were set as follows: emission (Em) wavelengths
were 250-550 nm, excitation (Ex) wavelengths were 200—
450 nm, slit width was 5 nm, scan rate = 2400 nm/min, and
voltage = 600 V; the ultrapure Milli-Q water was used as
blank.

SF spectra was scanned with 5-nm emission and excitation
scanning intervals and a constant offset (AA = 60 nm) at room
temperature, the range of wavelength was set as 250-550 nm,
and the ultrapure water was used as blank to command solu-
tions for each of titrated BDOM samples (Lawaetz and
Stedmon 2009; Guo et al. 2019).

FTIR spectrum was used to analyze the freeze-dried
BDOM samples. FTIR spectrum which ranged from 4000 to
400 cm ' was obtained by applying 2 mg of BDOM powder
and a FTIR spectrometer (Nexus 670, Thermo-Nicolet, USA).

DAS analysis of UV-vis absorbance

Because original spectra usually has no features, to enhance
the spectra resolution, DAS including zero-order and log-
transformed differential spectrum (Xu et al. 2018; Yan et al.
2013; Gao et al. 2015a; Gao et al. 2015b) were used in this
work.

The zero-order and log-transformed differential spectrum
equations were presented as Eq. (1) and Eq. (2):

DA) = A\ i=Axrer (1)
DInA) = lnAM—lnAMef (2)

In the above formula, DA, and DInA, are the differential
absorbance of zero-order and log-transformed spectrum at
wavelength A, respectively. A, ; and A, ¢ are absorbance in-
tensities determined at wavelength A at the selected metal
concentration and an appropriate reference concentration
(e.g., without metals addition in this study), respectively.

PARAFAC analysis and complexation modeling

PARAFAC is applied to simulate the dataset of EEMs.
Complex mixtures of DOM fluorophores can be statistically
decomposed into fractions related to its spectral number or
shape by PARAFAC, and to estimate the true underlying
EEMs spectra (Wang et al. 2013). In this work, the
DOMFluor toolbox (www.models.life.ku.dk) in MATLAB
R2017b was used to PARAFAC analysis, which was
calculated by utilizing two to 10 component patterns and
conducted with non-negativity constraints, and the correct
numbers of fluorescence component were produced by split-
half analysis, residual analysis, visual examination, sum of
squared error, explained variance, and core consistency. The
relative levels of individual fluorescent components can be
evaluated by the maximum fluorescence intensity (Fmax)
(R.U.) obtained by PARAFAC analysis (Huang et al.
2018a). The detailed information about PARAFAC analyses
has been depicted in previous studies (Li et al. 2017a; Yuan
etal. 2015). In this study, 44 EEMs samples were included in
each different BDOM PARAFAC analysis.

Date analysis
The binding parameters of Pb(Il) and Cu(Il) with PARAFAC-

derived fractions were investigated by the Stern-Volmer equa-
tion (Gu et al. 2015; Ferrie et al. 2017; Zhao et al. 2019).
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The Stern-Volmer equation was calculated as Eq. (3):

Fo

— =K,C 1 3
I bCm + (3)
where F| is the original fluorescent intensity (without metals
addition) and F is the intensity scores of fluorescent compo-
nents at the metal concentration C,. K is the Stern-Volmer
quenching constant of fluorescence components of Pb(II) and
Cu(D).

2D-COS analyses

2D-COS analyses of the UV, SF, and FTIR were carried out
applying a series of concentration gradients of adding metals
as external perturbations. The application of synchronous and
asynchronous spectrum of 2D-COS analysis can provide the
complexation extent and sequence between metal ions and
DOM functional groups (Noda and Ozaki 2004). A more ex-
haustive description of the 2D-COS theory and principle has
been depicted in previous studies (Chen et al. 2015; Chen
et al. 2019; Hur and Lee 2011; Ozaki et al. 2001). All of the
calculation and drawing functions of the 2D-COS analysis
were performed utilizing the “2D Shige” software (Kwansei
Gakuin University, Japan).

Results and discussion
Characteristics of BDOM

The DOC concentrations of BDOM solutions were deter-
mined by a TOC analyzer (Elementar vario TOC select).
The quantity of BDOM released from the different biochars
was shown in Table S1. The DOC concentrations increased in
the order of RSBC (11.41) < PSBC (31.21) < CSBC (113.91)
<CRBC (118.20). For BDOMs, the CRDOM solution had
dark-yellow color, the CSDOM solution had light-yellow col-
or, and the PSDOM and RSDOM solutions had no obvious
colors (Fig. S1). The visual appearances of the extracted DOC
solutions were usually correlated with the DOC measurements
(Liu etal. 2019). The CRDOM and CSDOM had higher DOC
concentrations and darker colors than those of PSDOM and
RSDOM.

The analyses of SUVA,s, (the specific UV absorption at
254 nm) and Sy (the ratio between the absorbance slop from
275 to 295 nm divided by the slop from 350 to 400 nm) were
used to further study the characteristics of BDOM (Table S1)
(Li et al. 2017b). The average of SUVA,s, of BDOM was
5.07-15.59 Lmg C ' m™', and indication of a higher aroma-
ticity. The sequence of the four biochars’ aromaticity was
CRBC >PSBC > CSBC >RSBC. The Sg parameters of
BDOMs ranged at 1.08—1.46. Sy values had an inverse
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relationship with the molecular weight of BDOM (Xiao
et al. 2013). The result indicated that the four biochars had a
low molecular, and the molecular size order was RSBC >
CSBC > CRBC > PSBC.

The additional fluorescence index (FI) and humification
index (HIX) were obtained from EEMs data to understand
the source of BDOM samples (Table 1). The FI> 1.4 and <
1.3 indicated the terrestrial and microbial sources, respectively
(Xu et al. 2019). In this work, the FI of RSBC (1.075) was
lower than that of others (1.863-2.332). The result suggested
that RBDOM originated mainly from terrestrial runoff and
others mainly from microbial sources. The HIX of RSDOM
(2.527) and CSDOM (0.648) were lower than CRDOM
(19.318) and PSDOM (8.728), indicating CRDOM and
PSDOM with higher degree of humification.?]

The complexation of BDOM with Pb(ll) and Cu(ll) as
revealed by DAS

UV-vis absorption spectroscopy is an effective method to in-
vestigate the feature of DOMs with several spectral parame-
ters and the binding property between DOMs and heavy
metals (Huang et al. 2019). Furthermore, though the zero-
order spectroscopy is featureless, the DAS including differen-
tial zero-order and log-transformed spectroscopy can increase
the spectra resolution and investigate the further heterogene-
ities caused by metals addition in binding sites among differ-
ent chromophores (Xu et al. 2018; Gao et al. 2015a; Lu et al.
2017).

The intensity of UV-vis absorption dropped near-
exponentially with increasing wavelength (Fig. S2), and
changes of spectra were broad and featureless with the
Pb(I) and Cu(Il) addition, possibly owing to the overlapping
absorption peaks of the multiple chromophores. The result
was similar with the previous studies of metal-DOM interac-
tions (Xu et al. 2018; Guo et al. 2019; Gao et al. 2015a). In
order to improve the spectra resolution, DAS including zero-
order and log-transformed differential absorption spectra were
used and normalized by DOC to reveal that the complexation
heterogeneity of BDOM with heavy metals was only associ-
ated with the intrinsic properties of BDOM samples. DOC
normalized DAS showed obvious metal-active chromophores
compared to the original spectra. In the case of Pb(Il), the
normalized zero-order DAS showed that there were two main
types of metal-active chromophores with peaks at 202 and
240 nm for CRDOM-Pb, 208 and 272 nm for RSDOM-Pb,
208 and 271 nm for PSDOM-Pb, and one main peak at
208 nm for CSDOM-Pb (Fig. 1). The intensity of all the peaks
enhanced with gradual increase of metal concentrations, but
with a great increase extent at the shorter wavelength than the
longer wavelength. This suggested that BDOM chromophores
at shorter wavelength (e.g., 202, 208, and 240 nm) had a
greater participation with metals complexation than those at
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Table 1 Characteristics of the

components identified by EEM- Origin ~ Component  Ex/Em (nm) Fluorescent compound Ref.
PARAFAC analysis
CRBC Cl1 270/400 Humic-like substance Park and Snyder 2018
C2 325/415 Humic-like substance Xu et al. 2019
C3 235,300,395/480  Fulvic-like substance; Park and Snyder 2018; Chen
humic-like substance et al. 2003
(slight)
C4 310,245,205/360  Fulvic-like substance Park and Snyder 2018
RSBC (1 245/375 Fulvic-like substance Chen et al. 2003
C2 200/250-550 Protein-like substance; Xuet al.2019; Liet al. 2017a, b
fulvic-like substance
(slight)
C3 310/425,545 Humic-like substance; Xu et al. 2018; Huang et al.
2018a, b
C4 225,425/505 Fulvic-like substance; Chen et al. 2003
humic-like substance
(slight)
CSBC (1 290/380 Humic-like substance Lietal 2017a, b
C2 310/415 Humic-like substance Tang et al. 2019a, b
C3 310/420 Humic-like substance Huang et al. 2019
C4 305/355,480 Humic-like substance Xu et al. 2019; Tang et al.
2019a, b
PSBC Cl1 250/395 Fulvic-like substance Park and Snyder 2018
C2 275,335/420 Humic-like substance Tang et al. 2019a, b; Li et al.
2017a, b
C3 230,395/470 Fulvic-like substance; Tang et al. 2019a, b; Chen et al.
humic-like substance 2003; Lietal. 2017a, b
C4 200/250-550 Protein-like substance; Xu et al. 2019; Park and Snyder

fulvic-like substance 2018

(slight)

longer wavelength (e.g., 272 and 271 nm). The position of
wavelength at 202 nm (CRBC) and 208 nm (RSBC, CSBC,
and PSBC) was also displayed to a slight shift towards a
longer wavelength with the increase of metal concentrations
indicated that there was an interaction of BDOM with metals,
and addition of metals could result in micro-environmental
changes of chromophores groups in BDOM. Compared to
Pb(Il), the zero-order DAS for BDOM induced by Cu(Il)
binding had the similar peaks (Fig. S4), which indicated that
BDOM had similar binding sites and affinities to Pb(Il) and
Cu(Il) binding.

Since the zero-order spectra usually showed the near-
exponential pattern, their log-transformed spectrum can pro-
vide the changes of peaks/bands with the metals addition. As
expected, the log-transformed spectrum almost performed a
liner decrease with the wavelength increase, and there are
more areas (e.g., for CRBC, <233 nm, 233-304 nm, and >
304 nm) wherein the changes of the slopes can be observed
(Fig. S3), indicating that the distribution of the functional
groups and active sites is uneven. The results suggested the
obvious precedence of log-transformed spectrum in the per-
formance of BDOM site specificity for metals complexation

(Xu et al. 2018). In order to obtain more details of the site
heterogeneity, log-transformed DAS after additions of Pb(II)
and Cu(Il) were obtained and shown in Fig. 1 and Fig. S4,
respectively. The obtained DAS could show the presence of
multiple features that revealed many major peaks/bands to
compare with the log-transformed absorption spectra.
Addition of Pb(Il) and Cu(Il) caused a slight increase of in-
tensity of all peaks/bands but with different extent (e.g.,
CRBC of Fig. 1, three peaks located at 240, 324, and
400 nm), and also indicated that these chromophores have
the sensitivity heterogeneity in metal binding (Xu et al.
2018). The weak peaks at 270400 nm can be found in log-
transformed DAS, suggesting that organic compounds contain
the chromophores with nonbinding electrons. For example,
the Ajax Of the n-7t* transition for ethyl acetoacetate is at about
275 nm, and «, p—unsaturated carboxylic acid is at about
260-280 nm (Guo et al. 2019). Therefore, although zero-
order spectra induced by metal were featureless, DAS includ-
ing zero-order and log-transformed differential spectrum can
provide more binding heterogeneities information of BDOM
chromophores (i.e., sites distribution, sensitivity, and com-
plexation degree).
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EEM-PARAFAC analysis

EEMs spectra can readily gather and reveal basic information
about the fluorescent characteristics of DOM. However, the
apparent overlapping of peaks in the primitive EEMs spectros-
copy generally impedes the quantitative comprehension of
DOM components (Li et al. 2017a; Sun et al. 2016).
PARAFAC analysis can resolve the complex fluorescence
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EEMs spectroscopy into several individual fluorescent frac-
tions and decrease the interference caused by overlapping
fluorophores among fluorescent compounds (Wu et al.
2012); thus, EEMs-PARAFAC became the most frequent
method used for specific fluorescence information of DOM
and interaction analysis of heavy metals with DOM.
EEM-PARAFAC analysis was used to study the fluores-
cent components of BDOMs in this study. As can be seen in
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Fig. 2 Four fluorescence components (C1, C2, C3, and C4) derived from CRBC, RSBC, CSBC, and PSBC identified by EEM-PARAFAC analysis

Fig. 2, four individual fractions were identified in each bio-
chars. In accordance with the previous reports of Park and
Snyder (2018) and Chen et al. (2003), etc., the characteristics
of the components were presented in Table 1. Spectral load-
ings of split-half validation results of the components and sum
of squared error of the different numbers of PARAFAC com-
ponents for determining the component numbers were shown
in Fig. S5 and Fig. S6, respectively, which illustrated that four
components were suitable for the PARAFAC analysis.
PARAFAC analysis can further provide the quantitative
information regarding the distribution of each individual fluo-
rescent fraction in BDOM samples. As for CRDOM, compo-
nent C1 (Fmax =451) had the richest abundant constituent,
followed by component C2 (Fmax =263), C4 (Fmax = 120),
and C3 (Fmax = 99). For the RSDOM, component C1 (Fmax)
was the dominant fraction, followed by components C3
(Fmax =91) and C2 (Fmax = 64), whereas the Fmax value
of component C4 (Fmax = 57) was the lowest. For CSDOM,
the highest level of four components was C1 (Fmax = 134),

and the contents of C4 (Fmax = 74) were evidently lower than
Cl1, C3 (Fmax =93), and C2 (Fmax =83). However, For
PSDOM, C1 (Fmax =344) had the highest level, followed
by C2 (Fmax=192), C3 (Fmax =39), and C4 (Fmax=11).
These results implied that the fluorescent components and
intensities were distinctively different among various
BDOMs, and the fulvic-like and humic-like substances were
the main fluorescent fractions of BDOMs.

Behavior of PARAFAC-derived components with ad-
dition of Pb(ll) and Cu(ll)

Fluorescence quenching curves of PARAFAC-derived
components

Figure 3 displayed representation fluorescent quenching
curves of every fraction with the increase of Pb(II) and
Cu(II) concentrations. It can be seen that the quenching curves
presented a large distinction between BDOM sources as well
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Fig. 3 Changes in fluorescent
intensity of the PARAFAC-
derived components with in-
creasing Pb(II) and Cu(II)
addition
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as metal kinds. The quenching properties of these fractions
with the increase of Pb(I) and Cu(Il) concentrations were
extremely similar with those of sediment DOMs (Xu et al.
2019), hyperthermophilic compost-derived DOMs (Tang
et al. 2019a, b), rice straw DOMs (Huang et al. 2018a), and

@ Springer

Cu(II) concentration (uM)

leachate DOMs (Wu et al. 2011). Further an analysis showed
that the gradual increase of Pb(II) and Cu(Il) concentrations
lead to similar quenching effects and the effects was distinct
for CRDOM, illustrating that BDOM played an important role
in the binding of Pb (II) and Cu(Il). For RSDOM, component
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C1 and C3 were quenched obviously by the two heavy metals,
component C4 was in fluctuation, protein-like component C2
was enhanced by addition of Pb(II) and Cu(Il). For CSDOM,
a greater quenching effect was observed for Cu(Il) than Pb(Il)
except that component C4 has hardly changed for Pb(Il). For
PSDOM, protein-like and fulvic-like component C4 has the
same results as component C2 of RSDOM,; the other compo-
nents were quenched by the two heavy metals except compo-
nent C3 was fluctuating by addition of Pb(II). These results
strongly indicated that fulvic-like and humic-like substance
played an important role in the complexation of heavy metals
with BDOMs. However, the total protein-like fractions were
enhanced by addition of Pb(Il) and Cu(Il). In order to study
the changes in fluorescence intensity of different peaks at the
same component, we analyzed the fluorescence intensity
changes of different peaks as shown in Fig. S7. The fluores-
cence intensity changes of all the related fluorescent peaks in
one PARAFAC component is consistent with that the change
of Fmax. So in this study, Fmax could represent the complex-
ation of each component with heavy metals during the
quenching titration.

As is known to all, the fluorescence intensity of
protein-like fractions were quenched or enhanced by ad-
dition of Pb(I) and Cu(Il) ions. Thus, this method has
seldom been employed to represent the complexation po-
tential between protein-like fractions and heavy metals. In
this work, the fluorescent intensity of the protein-like
fraction was enhanced by addition of heavy metals. For
Pb(II), fluorescence intensity has been increased at the
initial stage, which could be owing to the addition of
Pb(II) ions in the BDOM that stimulated some BDOM
fluorophores (Huang et al. 2019; Yuan et al. 2015), while
for Cu(Il), the fluorescence intensity slightly decreased at
the initial stage, but increased at later stage. The reasons
were given by Yamashita and Jaffé (2008). Firstly, varia-
tions in quantum yields of protein fluorescent intensity by
three-dimensional structure change of protein molecules
may have occurred due to high concentrations of Pb(II)
and Cu(II). Secondly, the fluorescence of protein-like sub-
stances may be quenched due to complexations with in-
organic or other organic materials. Thus, the fluorescent
intensity of such quenched protein-like fractions might be
enhanced through the replacement of the primitive
quencher with Pb(IT) and Cu(Il).

Binding parameters of humic-like and fulvic-like substances

The quenching constant (logK,,) computed using the Stern-
Volmer equation for interaction between BDOMs and Pb(1l)/
Cu(Il) were exhibited in Table S2. The values of logK,,
ranged from 3.110 to 4.782 and 3.535 to 5.110 for Pb(II)
and Cu(Il), respectively. The result was similar with the
ranges as those reported for Pb(II) and Cu(Il) in compost-

derived DOMs (Huang et al. 2018a; Guo et al. 2019; Tang
et al. 2019a, b), landfill leachate-derived DOMs (Wu et al.
2012; Wu et al. 2011), macrophyte decomposition-derived
DOMs (Yuan et al. 2015), and lake sediment-derived DOMs
(Xu et al. 2019; Xu et al. 2013). The values of logK), of the
biochar samples or PARAFAC-derived components had no
systematic trend. The fluorescence quenching curves of
humic-like components C1, C2, and C3 for CRBC displayed
an obvious declined trend with Pb(II)/Cu(Il) addition, while
the fulvic-like component C4 showed no clear changes. For
RSDOM, the logK,, values of fulvic-like component C1 with
Pb(II) and Cu(Il) were 3.904 and 3.822, the logK,, values of
C3 with Pb(II) and Cu(Il) were 3.110 and 3.523, and compo-
nent C4 with Pb(Il) and Cu(Il) failed to be modeled. For
CSDOM, the binding constant of four components with Cu
ranged from 3.991 to 5.110, the quenching constant of com-
ponents with Pb(II) ranged from 3.916 to 4.693 excepting C2
failed to be modeled. As for PSDOM, the quenching constant
of component C3 with Cu(Il) can be modeled, while it was
failed for Pb(Il) to be modeled. The binding capability of
BDOM with metals may be relied heavily on the chemical
structure, aromaticity and the existence of a large number of
aromatic acidic functional groups of BDOM (Li et al. 2017b).
According to a previous study (Yuan et al. 2015), carboxyl
and phenolic hydroxyl groups were mainly binding sites for
DOM. The report of (Ohno et al. 2008) showed that DOM
acidic contents and aromaticity were significant factors whose
impact can be enhanced by binding with other pollutants.
These observations distinctly indicated that combination of
EEMs quenching titration and PARAFAC analysis could pro-
vide a deeper understanding for the binding characteristics of
individual components within DOM.

Metal binding characterized by the 2D-UV-COS

In this work, 2D-COS was applied to study the binding dy-
namics of BDOM samples in response to Pb(Il)/Cu(Il) ions
addition. The synchronous and asynchronous 2D-COS spec-
troscopy for the UV absorbance spectrum of complexation
between BDOMs and Pb(II)/Cu(Il) were exhibited in Fig. 4
and Fig. S8. At synchronous maps, only one positive auto-
peak (200 nm) for the BDOMs-Pb(II)/Cu(Il) complexation
was found. For the BDOMSs-Pb(Il), the order of the intensity
of the auto-peak: CRBC (Corr.=0.197) > CSBC (Corr. =
0.183)>PSBC (Corr.=0.110)>RSBC (Corr. =0.105), and
CSBC (Corr.=0.031) > CRBC =RSBC(Corr.=0.026) >
PSBC (Corr. =0.025) for BDOMs-Cu(Il), illustrated that the
spectral region of shorter wavelength was more sensitive than
the spectral region of longer wavelength (Chen et al. 2015).
However, the intensity in the BDOMs-Cu(Il) was obviously
decreased about 75.2-86.8% as compared with the BDOMs-
Pb(II). The result was similar with the previous researches
(Guo et al. 2017; Guo et al. 2019). There were no cross-
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Fig. 4 2D-COS maps obtained
from the UV-vis spectra of DOM-
Pb in the CRBC (a, b), RSBC (e,
d), CSBC (e, ), and PSBC (g, h).
Red represents positive correla-
tion and blue represents a nega-
tive correlation; a higher color in-
tensity indicates a stronger posi-
tive or negative correlation

peaks at the synchronous spectra, indicating that the intensity
varied at the same orientation for the corresponding spectra

coordinates.
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The asynchronous map has no auto-peaks, and consists of
cross-peaks located at off-diagonal positions. (Guo et al.

2019). In the asynchronous spectrum, the detailed position
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of spectra and the relationship of the signs and the binding
sequence (according to the consequence of Noda’s rule) were
presented at Table S3. The result suggested the binding of
BDOMs with Pb(II)/Cu(Il) occurred at a shorter wavelength,
and also suggested the differences in the heterogeneous distri-
bution and binding affinities between BDOM-Pb(II) and
BDOM-Cu(l).

Similar to the differential absorption spectra, 2D-UV-COS
can also be employed to identify the overlapping absorption
peaks of low intensity (Chen etal. 2019; Chen et al. 2015) The
results were basically consistent with those of the differential
spectrum analysis. The variations of the absorbance with the
metal addition were verified by the 2D-COS as exhibited in
Fig. S9. The concentrations of both Pb(Il) and Cu(Il) were
obviously associated with the absorbance in four BDOM sam-
ples. The absorbance values exhibited an obvious positive
correlation with the Pb(IT)/Cu(Il) addition.

Metal binding characterized by the 2D-SF-COS

As shown in the Fig. S10, an obvious decrease of BDOMs
fluorescence intensity, a slight change in shape, and a slight
blue shift were observed in SF spectra with the addition of
Pb(I) and Cu(l) ions. These findings indicated that there was
obvious interaction between BDOMs and Pb(II)/Cu(Il) and
addition of Pb(IT)/Cu(II) could result in molecular conforma-
tion changes of BDOMs (Zhao et al. 2019). To further inves-
tigate the binding characteristics, the 2D-COS spectrum gen-
erated from the SF of BDOM-Pb(II) and Cu(Il) were exhibited
in Fig. 5 and Fig. S11. One predominant auto-peak centered at
341 nm in synchronous 2D-COS maps of the CRBC and
PSBC samples, and one positive auto-peak was found at
328 nm along the diagonal line of the synchronous maps for
CSBC sample. These results indicated that the interaction of
DOM-Pb(II)/Cu(Il) samples was associated with fulvic-like
substances (Xu et al. 2018). The synchronous showed two
auto-peaks at 311, 370 nm, one positive and three negative
cross-peaks at the x1 wavelength of 371, 312, 370, and
468 nm for RSDOM-Pb(Il), and only one positive peak
(318 nm) for RSDOM-Cu(Il). The interaction of the
RSDOM with Pb(II) was associated with fulvic-like sub-
stances at x1 wavelength of 371, 312, and 370 nm, and
humic-like substances at x1 wavelength of 468 nm, while
only fulvic-like substances for RSDOM-Cu(Il). According
to the results obtained above, the fulvic-like substance was
more susceptible to change in the concentrations of Pb(II)
and Cu(Il) ions. The order of sensitivity can be sequenced as
follows for Pb(II): CRBC (Corr. =44,533,327) — CSBC
(Corr.=21,470,799) — PSBC (Corr.=10,522,282) —
RSBC (Corr.=51,734), and CRBC (Corr. =27,254,547) —
CSBC (Corr. =4,789,802) — PSBC (Corr. =2,393,269) —
RSBC (Corr. =12,183) for Cu(Il) at X1 according to the syn-
chronous maps, suggesting that the RSDOM displayed a

lower sensibility as compared with that of CRDOM,
CSDOM, and PSDOM due to the increase of Pb(II)/Cu(Il)
ions concentration (Guo et al. 2019). However, the intensity
in the BDOM-Cu(Il) was obviously decreased about 38.8%
for CRBC and about 75% for others as compared with the
BDOM-Pb(II). The result was consistent with the result ob-
tained from the 2D-UV-COS analysis. This may be attributed
to the paramagnetism and radius of heavy metals. More spe-
cifically, the different electron shells distribution in diverse
metal ions and the different electron pairs ability make the
difference in affinity of metal ions to the same organic ligands
(Huang et al. 2018a; Irving and Williams 1948).

In the asynchronous maps, the detailed position of cross-
peaks, the relationship of the signs, and the binding sequence
were showed in Table S4. Changes in the intensity with the
metal addition identified by the 2D-SF-COS were presented in
Fig. S12. We can see from that the fulvic-like substances had a
higher affinity for Pb(Il) and Cu(Il) than humic-like sub-
stances, which was similar to the researches of Xu et al.
(2019) and Chen et al. (2015). In contrast, some reports ob-
tained the opinion that the protein-like substance had a stron-
ger affinity than the fulvic-like and humic-like substance
(Huang et al. 2019; Wu et al. 2011; Wu et al. 2012). These
contradictory results are possibly related to the origins of
DOM samples. DOMs derived from different sources have
the differences in molecular weight, molecular structure, mo-
lecular conformation, and charge and steric hindrance, which
make the different affinity for the same metals. (Li et al.
2017a; Philippe and Schaumann 2014).

Metal binding characterized by the 2D-FTIR-COS

Compared to UV and SF two-dimensional spectroscopy,
FTIR can obtain the presence information of specific function-
al groups (Yan et al. 2016; Xu et al. 2018). Figure S13 and
Fig. S14 exhibited the FTIR absorbance spectra of BDOM-Pb
and BDOM-Cu, respectively. The synchronous and asynchro-
nous spectrum of BDOM binding with Pb(I) from 1800 to
900 cm ' were presented in Fig. 6. The synchronous maps
exhibited four auto-peaks at 1594, 1384, 1153, and
991 cm ! in CRDOM; five auto-peaks at 1783, 1552, 1384,
1111, and 910 cm ' in RSDOM:; four auto-peaks at 1581,
1384, 1058, and 977 cm ! in CSDOM; and four auto-peaks
at 1650, 1390, 1272, and 1132 cm ™' in PSBC-derived DOM.
In the synchronous maps, as can be seen, the signs of the auto
or cross-peaks were all positive, except for ones located at
1051 and 970 cm™' in CRDOM. The result suggested that
the signals of the functional groups underwent the same direc-
tion because of the addition of Pb(I) ions.

As for the asynchronous spectrum, negative and positive
cross-peaks were all found. The detailed information about the
positions and the assignments of the peaks and the relation-
ships of the signs were shown in Table S5. The bands at
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Fig. 5 2D-COS maps obtained Synchronous map Asynchronous map
from the SF spectra of DOM-Pb
in the CRBC (a, b), RSBC (¢, d), a b
CSBC (e, 1), and PSBC (g, h).
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Fig. 6 2D-COS maps obtained Synchronous map
from the FTIR spectra of DOM-
Pb in the CRBC (a, b), RSBC (e, a
d), CSBC (e, ), and PSBC (g, h). ~ 1000
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1650 cm ' corresponded to the C=C stretching of aromatic  deformation) and C=0 stretching of carboxylic acid groups
(He etal. 2011). The peaks at 1581, 1538, 1504, 1427, 1419, (Chen et al. 2015; He et al. 2011; He et al. 2014; Huang et al.
1272, and 1265 ¢cm ! belong to the C-O stretching (or OH 2018a; Lietal. 2011; Tang et al. 2019a, b). The bands at 1195,
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Fig. 7 Binding affinities of BDOMSs to Pb(II) and Cu(II)

1184, 1141, 1135, 1124, 1107, 1103 cm ' were attributable to
the aliphatic C-OH stretching (He et al. 2014; Tang et al.
2019a, b; Li et al. 2011). The 1072, 1062, 985, and 977,
910 cm™ ' signals can be ascribed to the C-O stretching of
polysaccharides (He et al. 2011; Li et al. 2011; Tang et al.
2019a, b). The peaks at 1394 and 1384 cm ' were assigned
as the phenolic OH deformation (Huang et al. 2018a; Tang
etal. 2019a, b; Guo et al. 2019). The peaks at 1471 cm ! were
attributable to N=O stretching of aromatic groups (Huang
et al. 2019). The peaks at 1355 and 1351 cm™ " are ascribed
to the aliphatic C-H deformation and C-OH stretching (Chen
et al. 2015). In accordance with the sequential order rules
(Noda and Ozaki 2004), the changes of functional groups in
the binding procedure of CRDOM with Pb(I) were in the
sequence of polysaccharides—carboxyl—aliphatic groups,
the binding process in RSBC could be proposed as follows:
aliphatic groups—phenolic groups—polysaccharides—the
N=O stretching of aromatic groups, the binding sequence in
CSBC was as follows: aliphatic groups—polysaccharides—
phenolic groups—carboxyl, and the binding sequence of
functional groups changes in PSBC was as followed: aliphatic
groups—carboxyl—phenolic groups—C=C stretching of ar-
omatic—polysaccharides. It could be concluded that polysac-
charides in RSDOM provided the fastest response to Pb(Il)
addition, while aliphatic groups in RSDOM, CSDOM, and
PSDOM gave the most sensitive group to Pb(I) addition.
These results verified the presence of the heterogeneity of
the binding properties between BDOM fractions and heavy
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metals and a relative discrepancy in the binding process of
different BDOMs.

The spectrum of 2D-FTIR-COS of BDOM-Cu(ll) were
presented in Fig. S15. It could be seen that the results of the
synchronous spectrums were extremely similar with the char-
acteristics of BDOM-Pb(II), which indicated a similar binding
process of BDOMs with Pb(I) and Cu(Il). However, differ-
ences were found for the sensibility and complexing order of
the functional groups of the corresponding spectra regions.
The detailed information about the signs and positions of
cross-peaks and the assignments of spectra and the relation-
ships of these signs were exhibited at Table S6.

According to the Noda’s rule (Noda and Ozaki 2004), the
complexing orders of functional groups of CRDOM to Cu(Il)
were aliphatic groups—phenolic groups—carboxyl and poly-
saccharides—N=0 stretching of aromatic groups, the
bounding sequence of RSDOM to Cu(Il) was the N=O
stretching of aromatic groups—carboxyl—polysaccha-
rides—aliphatic groups, the bounding sequence of CSDOM
to Cu(Il) was aliphatic groups and polysaccharides—phenolic
groups—-carboxyl, and the bounding sequence of PSDOM to
Cu(Il) was polysaccharides—carboxylic—C=C stretching of
aromatic—aliphatic groups.

The results of 2D-FTIR-COS suggested that not only
the fluorescent groups, but also some non-fluorescent
groups (e.g., polysaccharides) of BDOMs, were related
to the interaction process of Pb(II) and Cu(Il) with
BDOM. The difference of binding order between Pb(II)
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Fig. 8 2D-COS maps obtained
from the SF-FTIR heterospectral
correlation spectra of DOM-Pb in
the CRBC (a, b), RSBC (¢, d),
CSBC (e, f), and PSBC (g, h).
Red represents positive correla-
tion and blue represents a nega-
tive correlation; a higher color in-
tensity indicates a stronger posi-
tive or negative correlation

and Cu(Il) may be related to the special chemical charac-
teristics of them (Huang et al. 2019; Li et al. 2017a), but
the more precise reasons still need further study. In order
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to make the binding procedure of BDOMs with Pb(II) and
Cu(II) clearer, a detailed image based on the changes of
BDOM molecule level was drawn (Fig. 7).
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2D SF/FTIR heterospectral COS analysis

This study applied a 2D heterospectral COS analysis of SF/
FTIR to research the bands assignments and the correspon-
dence between two supplementary techniques of SF and FTIR
(Chen et al. 2015). The heterospectral 2D-COS spectra could
act as a visual assistance to help depict the structural changes
of BDOM during the Pb(I) and Cu(Il) binding (Chen et al.
2019). The synchronous and asynchronous spectra of the
hetero-2DCOS of BDOM-Pb(II) were presented in Fig. 8.
At the synchronous maps, for CRDOM, five negative cross-
peaks were found in the FTIR positions of 1587, 1380, 1157,
and 1107 cm™" and the corresponding fluorescent region of
290410 nm. For RSDOM, five cross-peaks were located in
the FTIR regions of 1584, 1432, 1384, 1111, and 968 cm
the signs were positive at the fluorescent region of 285—
355 nm, and the signs were negative at the fluorescent region
of 370450 nm. Four positive cross-peaks were found in the
FTIR regions of 1766, 1538, 1355, and 970 cm ! and the
corresponding fluorescent regions of 318 and 324 nm for
CSDOM in the synchronous map. For PSDOM, four positive
and two negative cross-peaks were located in the FTIR posi-
tions of 1656, 1384, 1282, 1132, 1051, and 970 cm ! and the
correspondence fluorescent region of 341 nm. In the asyn-
chronous spectrum, the locations of the cross-peaks were sim-
ilar with the synchronous map. Some of them were divided
into different parts and the signs have been changed. For
CRDOM, functional groups at 1587, 1384, 1265, 1170,
1103, 1058, and 910 cm ! were related to the fulvic-like sub-
stance (342 nm) (He et al. 2011). The groups at 1776, 1483,
1351, and 925 cm ! were associated with the protein-like
substance (285-300 nm), fulvic-like substance (300-355 and
370-380 nm), and humic-like substance (380—440 nm) for
RSDOM. In the CSBC sample, the groups at 1581, 1510,
1384, 1124, and 1062 ¢cm ! were ascribed to the fulvic-like
substance (318 nm) (Li et al. 2011). For PSDOM, the groups
at 1637, 1598, 1415, 1373, 1255, 1162, 1051, and 970
cm ! were related to fulvic substances (341 nm). These results
suggested that the carboxylic, aliphatic, aromatic, and pheno-
lic groups were the basic fluorescent units for fulvic-like and
humic-like substances, which were consistent with the results
of Tang et al. (2019a, b).

As mentioned in 2D-FTIR-COS, the sequential informa-
tion about the variations of FTIR and SF spectrum were pro-
vided in the asynchronous maps of hetero spectral. For
CRDOM, at the fluorescent region of 342 nm, there were
two positive signs at 1265 and 1058 cm ', and five negative
signs at 1587, 1384, 1170, 1103, and 910 cmﬁl, indicating that
the spectra changes of carboxylic, phenolic, and aliphatic
groups were found before the fluorescent changes of fulvic-
like substances. One positive (1111 cm ') and five negative
(1776, 1483, 1351, and 925 cm_l) signs were found at 295,
311, and 341 nm in RSDOM, suggesting that the changes of
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aliphatic groups occurred before the fluorescent changes of
the protein-like and fulvic-like substance, while aromatic
and carboxylic groups occurred after the fluorescent changes
of the protein-like and fulvic-like substance. The opposite
signs were observed at 370, 398, 416, and 471 nm, which
suggested that fluorescent response of the fulvic-like and
humic-like substance occurred before the spectra changes of
aliphatic, aromatic, and carboxylic. All of six positive signs
(1581, 1510, 1384, 1124, and 1062 cmﬁl) were observed at
318 nm in CSDOM, which indicated that the fluorescent
changes of the fulvic-like substance were observed before
the FTIR spectra changes of aliphatic, phenolic, and carbox-
ylic groups. For PSDOM, the fluorescent intensity of the
fulvic-like substance changed before the FTIR spectra of ali-
phatic, carboxylic, phenolic, and aromatic groups (Xu et al.
2019).

Compared to BDOM-Pb(II), the synchronous and asyn-
chronous spectrum of the hetero-2DCOS of BDOM-Cu(Il)
almost have the same peak position except RSDOM, but the
signs of positive or negative and the intensity were different
(Fig. S16,). For CRDOM, the result that the spectra changes of
aliphatic, aromatic and carboxylic groups were observed be-
fore the fluorescent changes of the fulvic-like substance was
similar with DOM-Pb(II). The different result found in
RSDOM and DOM-Cu(Il) only had peaks at 285-360 nm in
synchronous and asynchronous maps, and the spectra intensi-
ty changes of aromatic, carboxylic, and aliphatic groups oc-
curred before the fluorescent changes of fulvic-like substance.
The result of CSDOM-Cu(Il) was the same as the DOM-
Pb(II) in synchronous and asynchronous maps, in which the
fluorescent change of the fulvic-like substance were observed
before the FTIR spectra changes of aliphatic, phenolic, and
carboxylic groups. For PSDOM, the result of DOM-Cu(II)
was similar with the DOM-Pb(II), in which the fluorescent
intensity of the fulvic-like substance changed before the
FTIR spectra of aliphatic, aromatic, and aliphatic.

Conclusion

EEM-PARAFAC, DAS, and 2D-COS analysis were used to
probe the composition of BDOM and the binding process and
mechanisms between BDOM and Pb(II), Cu(Il). The main
components of fulvic-like and humic-like substances were
obtained by using the EEM-PARAFAC method from
BDOM. Although the original UV-vis absorption spectra
was featureless, DAS performed an uneven distribution of
functional groups and active sites within the BDOM pool for
Pb(Il) and Cu(Il) binding, and also indicated the binding het-
erogeneities of different chromophoric and fluorescent
groups. 2D-COS analyses of UV-vis, SF, and FTIR provided
the binding order and binding characteristics originated in
changes in the concentration of Pb(II) and Cu(Il) over 2D-
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COS maps, and revealed the heterogeneities of binding sites
within BDOM-Pb(II) and Cu(Il). The result of this work pro-
vided a further comprehension for the difference in binding
characteristics resulted by different BDOMs and provided
guidance for understanding the mobility and transformation
of heavy metals in the biochar repairing soil or water.
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