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a b s t r a c t

High concentration of Cu2þ in swine wastewater raises concerns about its potential adverse effects on
nutrient removal by aquatic plants like duckweed. In this work, the effects of copper ions on nutrient
removal and release of dissolved organic matter (DOM) were investigated in duckweed systems. Results
showed that the removal performance of ammonia nitrogen (NH3eN) and total phosphorus (TP)
increased at 0.1e1.0mg/L of Cu2þ, while dropped at 2.0e5.0mg/L of Cu2þ. A novel kinetic model in which
Cu2þ was taken into account was then developed which was used to optimize Cu2þ concentration at
0.96mg/L for nutrient removal in duckweed systems. NADH, detected in DOM by the parallel factor
(PARAFAC) analysis, exhibited high capacities of binding copper ions, so it played an important role on
the decrease of Cu2þ concentrations in duckweed systems. The principle component analysis (PCA)
showed that the dominant DOMwere lower molecular weight compounds at 1.0mg/L of Cu2þ and higher
molecular weight compounds at 2.0e5.0mg/L of Cu2þ. The bonds of CeH (humic-like), N]O (NO3

�) and
AreH (tyrosine) in DOM were responsible for not only the fastest binding with Cu2þ from the result of
the two-dimensional Fourier transform infrared correlation spectroscopy (2D-FTIR-CoS) but also the
variations of DOM conformations at a critical concentration of 0.5mg/L Cu2þ from the perturbation
correlation moving window two-dimensional (PCMW2D) analysis. These findings lead to a better un-
derstanding on the environmental behaviors and mechanisms of Cu2þ in duckweed systems.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metals including copper and zinc in swine wastewater
have been paid close attention due to their potential to inhibit the
growth of various aquatic plants and microorganisms (Du et al.,
2018; Tandon et al., 2013), and pose severe challenges to
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traditional treatment processes including microbiological treat-
ment and phytoremediation for swine wastewater. Therefore,
various methods and processes have been proposed and been re-
ported to address this pollution (Wang and Chen, 2009; Wen et al.,
2016). Duckweed used in phytoremediation for swine wastewater
treatment has shown high potential for removing nutrients,
maximizing biomass yield and easily harvesting (Cheng and Stomp,
2009; Li et al., 2017). It was reported that the major pathways for
nutrient removal were through duckweed uptake and nitrification/
denitrification by bacteria in a duckweed pond (Luo et al., 2016;
Pant and Adholeya, 2009; Xu and Shen, 2011). Although trace of
certain heavy metals such as copper is essential for living cell
functions, it would be deleterious to many organisms via the
destruction of anti-oxidative defense system when its
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concentration is high (Chen et al., 2015a; Obermeier et al., 2015;
Wu et al., 2017). Consequently, high metal loads could inhibit the
duckweed growth, thereby reduce the capacity of nutrient removal
by duckweed and even cause the complete failure of nutrient
removal in phytoremediation (Li et al., 2018). For instance, the
removal rate of NH3eN decreased from 85% to 25% when the Zn2þ

concentration increased from 0 to 15mg/L in swine wastewater
(Zhou et al., 2018).

Several mathematic models were developed to take into ac-
count of the influence of heavy metals on nutrient removal from
wastewater treatment, which include the first-order model
(Vermaat and Hanif, 1998), Michaelis-Menten model (Vermaat and
Hanif, 1998), and Logistic model (Zhang et al., 2014). In these
models, the removal rate represented the comprehensive effects of
a series of biotic and abiotic factors such as temperature, photo-
period and phosphorus-nitrogen concentrations (Chen et al., 2018;
Cheng et al., 2016). However, these models are still not sufficient
because they can only indirectly reflect the real effect of heavy
metals via the decrease or increase of removal rate (Yang et al.,
2018; Zhang et al., 2014). To our knowledge, few kinetic models
incorporating the concentration of heavy metals were available for
the description of the influence of heavy metals on duckweed
systems. Thus, more investigations are needed to develop better
mathematical models in which heavy metal concentration can be
taken into account.

To alleviate the stress of heavy metals on nutrient uptake,
aquatic plants can produce various antioxidants through the anti-
oxidative defense system (Cakmak, 2010). Dissolved organic mat-
ter (DOM), naturally occurring antioxidant, is a heterogeneous
mixture derived from metabolic excretion or autolysis of cells in
aquatic plants and rhizospheremicroorganisms (Senga et al., 2018).
DOM fractions may contain labile low molecular weight (LMW)
substances and more stable high molecular weight (HMW) sub-
stances (Rengel, 2002). LMW materials refer to carbohydrates,
small proteins/peptides, organic acids (OA), amino acids, vitamins,
hormones, etc (Rengel, 2002). HMW compounds mainly contain
humics, mucilage polysaccharides, secretory proteins and ectoen-
zymes (Matthias et al., 2007). So, there are abundant organic
functional groups (e.g., amide, carboxyl, phenol, and hydroxyl) with
high active sites in DOM. And these functional groups can effi-
ciently combine heavy metals via chelation or complexation (Peng
et al., 2018). For example, LMW-OA concentration in root exudates
was positively correlated with the amount of Cd accumulated in
millet roots (Chiang et al., 2011). It implied that DOM could reduce
the concentration of heavymetals, so the toxicity of heavymetals to
aquatic systems could be relieved. However, the interaction
mechanisms between DOM and heavy metals are still not clear in
duckweed systems.

The interactions of heavy metal ions with DOM can be revealed
as the change on composition and structure of DOM. The compo-
sition of DOM could be detected by the fluorescence excitation-
emission matrix (EEM) spectroscopy combined with parallel fac-
tor (PARAFAC) analysis, which can reduce the interferences due to
overlapping fluorophores among various compounds and deter-
mine the individual fluorescent components in DOM (Yamashita
and Jaffe, 2008). However, the effect of the interactions between
heavy metals and DOM on change of fluorescent components re-
mains unclear, for example, the relation between each fluorescent
component and each heavy metal concentration (Yamashita and
Jaffe, 2008). Principal components analysis (PCA) has become an
efficient statistical tool on the identification of differences and
similarities between components and external factors in a data set
by analyzing the loading plots and score plots (Abdulla et al., 2013).
In activated sludge process, the joint application of PCA and EEM-
PARAFAC can provide overall assessment on the modifications of
dissolved organic nitrogen (DON) components at different solids
retention time (Hu et al., 2018). While the joint application of PCA
and EEM-PARAFAC used in duckweed systems has not been
reported.

In addition, the variation of the molecular structure in DOM also
needs further investigation. Fortunately, the two dimensional
Fourier transform infrared correlation spectroscopy (2D-FTIR-CoS)
has the potential to provide a comprehensive insight into the fea-
tures of functional groups on DOM which included fluorescent and
non-fluorescent components under the heavy metal perturbation
(Lumsdon and Fraser, 2005). The binding sites and binding orders
of DOM to heavy metals can be probed by the synchronous and
asynchronous spectra of 2D-FTIR-CoS (Abdulla et al., 2010). Fur-
therly, perturbation correlation moving window two-dimensional
(PCMW2D), proposed recently based on 2D-FTIR-CoS, has become
a powerful tool to explore the conformational variation of DOM
with perturbation (e.g., temperature, concentration, etc.) (Morita
et al., 2006). In PCMW2D analysis, the perturbation induced spec-
tral transition points can be obtained from the correlation intensity
along the perturbation variables’ direction (Noda, 2014). However,
few studies have been reported to use the above combined tech-
niques to analyze the variation on composition and molecular
structure of DOM affected by various concentrations of Cu2þ.
Therefore, in depth examination on the mechanisms of the in-
teractions between heavy metals and duckweed on nutrient
removal and DOM release is necessary, which would provide
valuable information on the optimum condition and maximum
capacity of phytoremediation technology in swine wastewater
contaminated by heavy metals and the microcosmic transport of
heavy metals in natural and engineered environments.

In this work, we have developed a comprehensive mathematical
kinetic model in which Cu2þ concentrationwas taking into account
to describe the effect of Cu2þ on nutrient removal in duckweed
systems for swine wastewater treatment. In addition, the joint
application of EEM-PARAFAC, PCA, 2D-FTIR-CoS and PCMW2D was
proposed to better understand the mechanisms of the interactions
between DOM to copper ions at the molecular scale which include
DOM compositions, binding sites, binding orders, and DOM con-
formations. The objective of this research is to elucidate the influ-
encemechanisms of Cu2þ on nutrient removal by duckweed via the
novel kinetic model, and explore Cu-DOM interactions by using the
3D fluorescence maps and 2D-FTIR-CoS technologies in duckweed
systems. It is expected to lead to a better understanding of the
transport and fate of Cu and providing an improved approach to
design and manage duckweed systems for the treatment of swine
wastewater contaminated by heavy metals.

2. Materials and methods

2.1. Experimental procedure

The initial media was prepared as synthetic swine wastewater
and its ionic concentrations were listed in Table S1 for the batch
tests according to our previous works. Different volumes
CuSO4�5H2O solution was added into the initial media to simulate
different Cu2þ concentrations (0.1, 0.5, 1.0, 2.0, and 5.0mg/L). And
the initial synthetic wastewater did not have a fluorescence
signature through the measurement of fluorescence EEM (Fig. S6).
The pH value of media was adjusted at 6.30 ± 0.40 by using
0.10mol/L HCl solution. Then, the initial media was sterilized in an
autoclave for 30min at 121 �C before duckweed was added into the
media. Eighty-four beakers (500mL, 6.4 cm� 6.4 cm� 12.5 cm)
including 2� 7 control beakers without extra copper ions and
2� 5� 7 duplicate sample beakers with extra copper ions were
used in five batch tests. Each beaker contained 140mL (3.4 cm deep
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in the beaker) of media, and it was initially seeded with the same
amount (0.4± 0.1 g fresh weight) of duckweed to cover the 80%
surface area of 6.4 cm� 6.4 cm.

Prior to culture initiation, the duckweed had been pre-cultured
in our previous works (Zhou et al., 2018). And then the healthy
duckweed was selected and cleaned by distilled water. All beakers
were placed into a light growth chamber with 16 h photoperiod at
25 �C and a photosynthetic photon flux density of 70± 10 mmolm�2

s�1 provided by wide spectrum fluorescent tubes. Due to the
decrease of pH as the duckweed grew, 0.10mol/L NaOH solution
was added to maintain the pH around 6.30± 0.40. Destructive
sampling was used to monitor the nutrient level, DOM concentra-
tions and duckweed growth by taking a whole beaker as a sample
for analysis. Duplicate samples and control samples were collected
and analyzed every 4e8 days for 38 days.

2.2. Spectral determination and analysis

In this study, DOM was designated as dissolved organic carbon
(DOC) passing through a 0.45 mmmembrane filter. Its concentration
was measured by a Shimadzu TOC-VCPH analyzer (Shimadzu,
Japan) (Fig. S5). Before the measurement of EEM spectra, the DOC
concentrations of all of the samples were diluted <10mg/L, and
thereby the samples have an absorbance at l¼ 254 nm
(Abs254)< 0.2 to minimize inner filter effects during fluorescence
analysis (Poulin et al., 2014) (see details in the Supporting Infor-
mation, Fig. S7). DOM fluorescent components were analyzed by 3D
fluorescence maps which were measured by using a F-4600 fluo-
rescence spectrophotometer equipped with a 150W xenon lamp
(Hitachi, Japan). Scanning emission (Em) spectra from 200 to
600 nm were obtained in 2 nm increments by varying the excita-
tion (Ex) wavelength from 200 to 500 nm in 10 nm increments at
room temperature. The EEM spectra were recorded at a scan rate of
12000 nm/min, and the slit widths of both the excitation and
emission were set as 10 nm. And the PARAFAC analysis was pre-
sented in the Supporting Information.

For collecting Fourier transform infrared spectroscopy (FTIR)
analysis, the solid-state DOM was extracted by a freeze drier (Bio-
base, China) from water samples. And then the mixtures of 1.0mg
freeze-dried DOM sample and 100mg potassium bromide (KBr, IR
grade) were ground and homogenized to reduce light scatter, and
then compressed to form a disk under 15MPa for 2min. Finally, the
disk were measured to obtain FTIR spectra by using an IR Affinity-1
spectrometer (Shimadzu, Japan) at a resolution of 4 cm�1 with 20
scans over 4000-400 cm�1 at room temperature. And the Two-
dimensional correlation analysis was presented in the Supporting
Information.

2.3. Wastewater analysis

Duckweed was harvested from each beaker by using a strainer
with 0.5mm pore size. Then, the fresh weight of duckweed was
measured using a balance immediately after the duckweed har-
vested was placed on paper towels for 5min (Fig. S2). After duck-
weed harvested, the wastewater were analyzed for NH3eN, TP, Cu.
NH3eN was determined by the Nessler's reagent colorimetric
method, and TP was used in the potassium persulfate digestion
colorimetric method according to the standard methods (EPA of
China, 2002). The Cu2þ concentration was measured by an atomic
absorption spectrometer (AAS, Agilent 3510, USA).

2.4. Statistical analysis

The results calculated were expressed as mean± SE (standard
error) of three replicates in water and duckweed samples for each
treatment. One-way ANOVA was performed to compare all data.
Statistical analyses were conducted using SPSS 17.0 (SPSS, Chicago,
IL, USA), with significance level p< 0.05. Obtained models followed
by Tukey's HSD tests were used to identify any significant differ-
ences between treatments. PCA was performed by using the PAle-
ontological STatistics software (PAST, version 3.0), which based on
the data of the maximum fluorescence intensity from PARAFAC
results.

3. Results and discussion

3.1. Performance of nutrient removal by duckweed at various Cu2þ

concentrations

In this study, removal curves of nutrients were fitted by using
First-order kinetic model, Michaelis-Menten kinetic model and
Modified logistic kinetic model (see details in the Supporting In-
formation). The important parameters of fitting results for the
ammonia nitrogen (NH3eN) and total phosphorus (TP) removal by
the three models under different Cu2þ concentrations were inte-
grated in Table S2. The Modified logistic kinetic model had a higher
R2 value than that of other two models at each concentration of
Cu2þ. It was suggested that Modified logistic kinetic model could
describe better the nutrient removal by duckweed exposed to
various Cu2þ concentration levels. And the fitting plots were
showed in Fig. 1 and Fig. S1. As seen in Fig. 1, judging from the re-
sults of the control groups, the removal rate of NH3eN and TP were
85% and 99%, respectively when the test came to the end. It sug-
gested that duckweed had a good removal rate of NH3eN and TP
from ADSW that was not contaminated by Cu2þ, which was in
agreement with the results of our previous study (Zhou et al., 2018).

Besides, the performance of nutrient removal also exhibited
different trends at various Cu2þ Concentrations. As seen in Fig. 1
and Table S2a, compared with the control (0mg/L Cu2þ), the
removal rate (rm) of NH3eN and TP was larger at 0.1e1.0mg/L Cu2þ,
while that was lower at 2.0e5.0 Cu2þ mg/L. Interestingly, the
removal performance of NH3eN could be improved at lower Cu2þ

concentrations but that was inhibited at higher Cu2þ concentra-
tions. This phenomenon can be explained by the fact that excess
Cu2þ (>2.0mg/L) would do harm to direct assimilation of duck-
weed and biodegradation of rhizosphere microorganisms, which
were two major pathways for nutrient removal by duckweed
(Cheng et al., 2002; Xu and Shen, 2011). For instance, high Cu2þ

concentrations could result in the disintegration of antioxidant
systems by producing a large amount of reactive oxygen species
(ROS) in duckweed cells (Wu et al., 2018) and cause the inhibition
activity such as the nitrification-denitrification in rhizosphere mi-
croorganisms (Obermeier et al., 2015).

On the contrary, low Cu2þ concentrations could be beneficial to
the removal of NH3eN. This was in good agreement with findings
by Obermeier et al. (2015), who found the decrease of peroxidase
activity (POX) in low Cu2þ concentrations. The low Cu2þ dosage
may reduce the eutrophic stress from high initial concentrations of
NH3eN and TP on duckweed through stimulating the ROS scav-
enging systems to function (Asada, 1987). Similar trends were
observed on the removal of TP by fitting Modified logistic kinetic
model (Table S2b). Therefore, further work was needed to elucidate
the relation between eutrophic stress and Cu2þ stress and find out
the real inflection point of Cu2þ concentration.

3.2. Modeling of nutrient removal under different Cu2þ

concentrations

In the Modified logistic kinetic model, the parameter Q repre-
sents external environmental stress, and there mainly exists



Fig. 1. Modified logistic model for Nutrient removal by duckweed under various Cu2þ

concentrations within 38 days. (a) NH3eN; (b) TP.

Fig. 2. Quadratic fit of relationship between Cu2þ concentrations and Q value.
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external pressure caused by Cu2þ in duckweed systems. It meant
that the relation between Q value and Cu2þ concentration may be
described by a mathematical formula, and thereby the scatter di-
agram was plotted by Cu2þ concentrations on the horizontal axis
and Q values on the vertical. As shown interestingly in Fig. 2, the
connected curve by point was close to the quadratic curve. So, the
curves were fitted iteratively by least squares method, and then the
equations were obtained by:

QN ¼ 0:0843� Cu2 � 0:2678� Cuþ 0:8905 (1)

QP ¼ 0:9327� Cu2 � 1:7931� Cuþ 1:3059 (2)

Here, the correlation coefficient (R2) of equations (1) and (2) was
0.9996 and 0.9958, respectively, implying that equations (1) and (2)
could commendably describe the relationship between the Cu2þ

concentration and Q value. It meant that the external environ-
mental stress could be adjusted by various Cu2þ concentrations.
Moreover, it was found that the inflection point of Cu2þ concen-
tration for removal of NH3eN and TP were 0.96mg/L and 1.57mg/L,
respectively (Fig. 2), which suggested that they can be applied for
estimating the degree of environmental stress induced by copper
ions in duckweed systems.
Apart from that, the inflection point of Cu2þ concentration on

removal of total phosphorus (TP) was lower than on removal of
ammonia nitrogen (NH3eN), showing that removal of TP was more
susceptive to Cu2þ concentration. It was concluded that the
inhibiting effect on removal of TP at a given Cu2þ concentrationwas
stronger than that on removal of NH3eN by duckweed. This finding
might be ascribed to the different removal mechanisms of NH3eN
and TP in a duckweed system. Duckweed uptake was the dominant
pathway for TP removal, while ammonia volatilization and nitrifi-
cation were also the major pathways except duckweed uptake in a
duckweed pond (Xu and Shen, 2011).

Thus, according to the Liebigs law ofminimum, the optimal Cu2þ

concentrations might be chosen as 0.96mg/L in order to minimize
environmental pressure for better nutrient removal by duckweed.
Moreover, the Modified logistic kinetic model could be simplified
by equations (3) and (4):

dCN
dt

¼ �rCNð0:0843Cu2 � 0:2678Cuþ 0:8905 Þ (3)

dCP
dt

¼ �rCPð0:9327Cu2 � 1:7931Cuþ 1:3059 Þ (4)

As shown in equations (3) and (4), the novel kinetic model,
named Cu-effect kinetic model, was clear because there were no
complicated parameters. It was suggested that the Cu-effect kinetic
model could contribute to adjust the actual removal rate of duck-
weed by modifying Cu2þ concentration in duckweed systems.
Although the novel kinetic model was limited to the hypothesis
that there was only the eutrophic stress and copper stress in
duckweed systems, it creatively introduced the Cu2þ concentra-
tions into the kinetic model to describe the effect of Cu2þ on
nutrient removal in duckweed systems for swine wastewater
treatment. It wasmeaningful to provide a tool for the quantification
of the influence caused by heavy metals on phytoremediation
processes and to advance modeling of nutrient removal in
biogeochemical cycling of aquatic ecosystems.

3.3. DOM characterization analyzed by using EEM-PARAFAC

The EEM spectra of samples at different Cu2þ concentrations
were analyzed by PARAFAC. The results revealed that the appro-
priate number of components was four based on the results of split
half analysis as well as residuals and loadings analysis (Fig. 3).
Additionally, to further clarify fluorescence DOM spectra, the



Fig. 3. EEMs of the four components derived from PARAFAC analysis under various Cu2þ concentrations in the duckweed systems.
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additional experiment with duckweed at various Cu2þ concentra-
tions, which repeated previous batch experiments except the
destructive sampling and sampling interval, has been performed
within 15-days culture time (see details in the Supporting Infor-
mation). And the EEM spectra of additional experiment were pre-
sented in Fig. S8. As shown in Fig. S8, it can be demonstrated that
there actually were four components in the DOM released from the
duckweed system. Thus, combining with Fig. 3 and Fig. S8, the
positions of peaks should have a broad range for better under-
standing. And the positions of peaks of these four components have
been illustrated in Table 1.

As summarized in Table 1, four components identified by the
PARAFAC model, including one microbial humic-like substances
(C1), one tyrosine-like substance (C2), NADH (C3) and humic-like
substances (C4). C1 (Ex/Em¼ 280e350/370), which was similar to
microbial humic-like found byMurphy et al. (2011), was considered
to be produced and altered by microbial reprocessing from the
biodegradation of the leaves and roots (Wei et al., 2009). C2 (Ex/
Em¼ 270e280/310-320), which resembled tyrosine-like substance
found by Zhu et al. (2017), belonged to the type of protein-like
materials and was also observed in other aquatic environments
(Kowalczuk et al., 2009). Additionally, C2 missed the 220e240 nm
excitation peaks comparing with typical peak of tyrosine-like. One
explanationwas the effect of “shadow components” induced by the
interactions with metal ions and higher sensitivity of tyrosine-like
(Murphy et al., 2011). C3 (Ex/Em¼ 340e370/440-450), which was
related to NADH (Arunachalam et al., 2005; Li et al., 2008, 2011;
Teixeira et al., 2011). The NADH, a kind of coenzymes existed in all
living cells, are the major intermediate electron and hydrogen
carriers that couple the substrate catabolism with respiration and



Table 1
Description of the identified EEM-PARAFAC components.

components Ex/Em maxima (nm) description references

C1 280-350/370 microbial humic-like substance Murphy et al. (2011); Wei et al. (2009)
C2 270-280/310-320 Tyrosine-like substance Kowalczuk et al. (2009); Zhu et al. (2017)
C3 340-370/440-450 NADH Arunachalam et al. (2005); Li et al. (2008); Li et al. (2011); Teixeira et al. (2011)
C4 260/270, 420-540 humic-like sustance Rosario-Ortiz et al. (2007); Zhu et al. (2014)
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anabolism (Arunachalam et al., 2005). However, the fluorophores of
C3 need further clarification by spiking experiments because other
fluorophores, such as humic-like and fulvic-like fluorescence, will
be also likely to fluoresce in this region. C4 (Ex/Em¼ 260/270,
420e540), which corresponded to humic-like substances found by
Zhu et al. (2014). They stated a component with one excitation
emission around 250e260 nm and two emission peaks centered
around 250 nm and 500 nm, but that component was not identi-
fied. While according to the report of Rosario-Ortiz et al. (2007),
peaks at excitation wavelengths (250e470 nm) and emission
wavelengths (380e580 nm) were related to humic acid-like or-
ganics. Therefore, the component C4 was classified as humic-like
substance. And because the peaks occurred in the boundary of
forbidden regions (Em> 2Ex), Thus, it remains to be elucidated
whether the peak in the boundary of the forbidden regions actually
existed, or its existence is due to the different constraints or criteria
imposed during modeling, or due to an interaction between each
fluorescence component. More discussion on the peaks of C4 was
illustrated in Supporting Information.

To further verify the fluorophore species of component C3, the
spiking experiments with the water samples dosed with NADHwas
carried out (specific procedure of spiking experiment was seen in
the Supporting Information). The fluorescence maps of component
C3 in the water samples dosed with NADH at 0 Cu2þ concentrations
were shown in Fig. S9b. The fluorescence peak locations were
similar to those of Fig. S9a, while the corresponding fluorescence
peak intensity was strengthened significantly, indicating that the
dosed analytes were in accordance with the fluorophores in the
water samples from duckweed system. It was demonstrated that
the component C3 was NADH, which provided a strong evidence. In
general, the NADH fluorescence would typically exhibit an imme-
diate step increase when the system was switched from aerobic to
anoxic/anaerobic conditions (Arunachalam et al., 2005). So the
dissolved oxygen (DO) of duckweed system in the additional
experiment was also monitored by using dissolved oxygen meter
(JPB-607A, Qiwei Co., China) as the duckweed grew. The DO values
of duckweed system in various culture times were presented in
Fig. S10, which suggested that the DO values of duckweed system
were unstable, and the duckweed system experienced the aerobic
process and anoxic process conditions (DO¼ 1e3mg/L) as duck-
weed grown on the water surface. Thus, the NADH could be accu-
mulated and detected under the aerobic and anoxic condition,
which provided another evidence for that the component C3 was
NADH.

Probably, other fluorophores compounds such as typical humic-
like and fulvic-like substances could emit fluorescence in the broad
region (Ex/Em¼ 370/440 nm), while this observation usually
occurred in the stable aerobic process (Li et al., 2011). Therefore, it
was confirmed that themain peaks of this broad region belonged to
the NADH, and other inert products in this region such as humic or
fulvic acids like substances were so weak that they might be con-
cealed in the fluorescence of NADH due to the aerobic and anoxic
conditions.

Additionally, the excitation and emission characteristics of
traditional peaks and their description were displayed in Table S3.
Compared with the location of traditional peaks, components (C1,
C2, C3 and C4) appeared to have unusual fluorescence spectra, and
their positions shifted towards the longer wavelengths (red-shif-
ted) or the shorter wavelengths (blue-shifted). Besides, the envi-
ronment of the fluorophore, such as temperature, solvent,
hydrogen-bonding, pH, metal ions and the presence of other sol-
utes can also influence the positions of peaks (red-shifted or blue-
shifted) (Senesi, 1990). So, to verify the effect of these factors on the
position and shape of peaks, the pH-spiking experiment andmetal-
spiking experiment were also carried out (Figure S11, S12 and S13),
which confirmed that the high concentrations of proton and copper
ions as well as the presence of other components could cause the
variation of fluorescence spectra (see detail in the Supporting In-
formation). On the whole, the shifts towards longer or shorter
wavelengths in this study, which exhibited unusual fluorescence
spectra, were acceptable to reflect the characteristics of duckweed
system. However, due to the complexity of duckweed system, the
combined effect caused by pH, copper ions and other component in
DOM remained to be elucidated in duckweed system. Clearly,
PARAFAC spectra from DOM data sets describe the probabilistic
distribution of an ensemble of individual spectra belonging to a
range of spectrally similar chemical moieties from a range of
sources, rather than the exact chemical spectra (Murphy et al.,
2011). Therefore, many unidentified components and their im-
pacts onwater treatment process have not been investigated. In the
treatment process by duckweed, to study the variations of un-
known components and to create a classification of DOM fractions,
which are contributive to the design and selection of duckweed
systems.

3.4. Effect of Cu2þ concentration on the fluorescent components of
DOM

The fluorescent components of DOM released from the duck-
weed systems at different Cu2þ concentrations were conducted by
EEM-PARAFAC. PARAFAC modeling of these water samples pro-
duced four component models (C1eC4, Fig. 3) at various initial
Cu2þ concentrations ranging from 0 to 4.0mg/L, but there was only
three component models (C1, C2 and C4) at initial Cu2þ concen-
tration of 5.0mg/L. It was indicated that C3 (NADH) was signifi-
cantly influenced by Cu2þ concentrations. Generally, the NADH, a
kind of intracellular fluorophores, was originated from the meta-
bolism of anaerobic microorganisms during their growth and
substrate degradation process (He et al., 2017; Li et al., 2011). The
disappear of C3 at 5mg/L Cu2þ could be explained that NADH was
predicted to have high binding affinity for heavy metals due to the
abundant carboxylic and phenolic groups which were generally
considered as strong binding sites with copper ions in DOM.
Additionally, with the concentration of Cu2þ increased, the more
binding sites were occupied by copper ions, so the non-fluorescent
chelate compound (Cu-NADH) was formed, and thereby the fluo-
rescence of NADH disappeared at higher Cu2þ concentration (5mg/
L Cu2þ). On the other hand, the copper ions could also bond with
NADH to develop a new electron transfer chain and promote the
conversion of NADH to NADþ which had no fluorescence at higher
Cu2þ concentrations (Li et al., 2011; Sun et al., 2011).

Moreover, the quenching curves of each fluorescence
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component at various Cu2þ concentrations were shown in Fig. S4.
C3 component (NADH) also showed an obvious fluorescence
quenching with exhibiting a clear downward trend, while other
components (C1, C2 and C4) showed larger fluctuations with the
increase of Cu2þ concentrations, indicating that NADH played a
vital role on the binding of DOM to heavy metals. The key com-
ponents distributed within various fractions of DOMwere the main
influence on the impact of metal binding. Recognizing the different
roles of various components played in heavy metal binding, several
strategies could be adopted for risk control of heavy metal migra-
tion (Wu et al., 2012). For instance, treatment processes with high
ratios of NADH, should be encouraged.

In addition, larger fluctuations in the quenching curves were
also observed in a study conducted by Yamashita and Jaffe (2008),
who employed PARAFAC-EEM quenching to explore the in-
teractions between surface water-borne DOM and Cu. Yamashita
and Jaffe (2008) found that protein-like components increased
slightly with the initial addition of Cu and then decreased with
increasing the initial Cu additions. There were three reasons for the
increases in fluorescence intensity. Including 1) the changes in
quantum yields of protein fluorescence by three-dimensional
structural change of protein molecules might have occurred due
to the high concentrations of Cu2þ. 2) The fluorescence intensity of
such quenched protein-like components might be enhanced
through the replacement of the original quencher with Cu2þ. 3) The
fluorescence intensity might also be enhanced due to the replace-
ment of the protein in the DOM-protein complexes through the
interaction with Cu whereby the formation of more stable DOM-Cu
complexes result in the release of protein-like components. Based
on the above explanations, in the duckweed system, the larger
fluctuations of C1, C2 and C4 component in quenching curvesmight
be a result of the stable complexes in molecular environments of
microbial humic-like, tyrosine elike and humic-like substances
withmetals. And, as shown in Fig. S3, the Cu2þ concentrations had a
slight decrease as the cultivated time increased, which was likely to
be caused by the combined effect of C1, C2, C3 and C4 component
with copper ions. Often, interactions with DOM and metals are
characterized by just one quenching constant which is an over-
simplification of the complexation process (Ohno et al., 2008). In
fact, the interactions between organic matter and metal were
complex, which could exhibit not only quenching but also
enhancement in fluorescence intensity. So, a non-monotonic
change in quenching curves should be possible. Additionally,
Fig. 4. PCA result based on the data of the maximum fluorescence intensity from PARAFAC re
component 1 and component 2 plane overlapping scores and loadings (b).
these results suggested that the method of fluorescence quenching
may not be appropriate for the evaluation of the binding charac-
teristics of C1, C2 and C4 components released from duckweed
system and metal ions. Therefore, further studies are needed to
clarify such changes in molecular environments of these compo-
nents and assess their environmental significance. Therefore, in the
next section of this paper, we combined principal components
analysis (PCA) with EEM-PARAFAC to further identify and classify
the behaviors of the four fluorescence components at various Cu2þ

concentrations.
Furtherly, to determine the binding capability for NADH, the log

KM value was calculated by using the modified SterneVolmer
Model (see details in Supporting Information) which was widely
applied in monotonic change of quenching curves. The stability
constant (log KM value) was 5.65, which was a relatively high value
for Cu-DOM reported in lake sediment-derived and landfill
leachate-derived (Wu et al., 2012; Xu et al., 2013). It was indicated
that NADH in DOM exhibited high capacities of binding copper ions
and was also an important metal chelator in duckweed systems
(Baken et al., 2011). Thus, the NADH observed in this study, a kind of
enzymatic antioxidant, could delay or prevent heavy metals from
reaching duckweed cells by diffusion limitation or chemical re-
actions due to the high log KM value. However, the traits of other
three fluorescence components at various Cu2þ concentrations
were still unclear in duckweed systems.
3.5. PCA for DOM components under different Cu2þ concentrations

Based on the data of the maximum fluorescence intensity from
PARAFAC results, the PCA can be used to further identify and clas-
sify the behaviors of the four fluorescence component at various
Cu2þ concentrations (Wilson et al., 2000). As shown in Fig. 4a, the
eigenvalues of the two principal components (PC1 63.33%; PC2
22.67%) represented up to 86% of the observations. It was indicated
that the PC1 and PC2 could reflect most of the information of the all
original variable (Abdulla et al., 2013). Thus, it was decided to plot
factor loadings and scores on a PC1ePC2 axes plane (Fig. 4b). As
shown in Fig. 4b, the loading plot showed that the four variables
exhibited a positive correlation with the PC1. And the low molec-
ular weight (LMW) (C2: tyrosine-like) with a high value contrib-
uted to the construction of PC1, while the high molecular weight
(HMW) including C1 (microbial humic-like), C3 (NADH), and C4
(humic-like) showed a small value on the axis of PC1 (Luo et al.,
sult at 81samples. Left: 3-D score plot of the different samples (a); Right: 2-D biplots on



Fig. 5. Synchronous (a) and asynchronous (b) 2D correlation maps generated from the
2400-800 cm�1 region of the FTIR spectra of DOM released from duckweed systems
with the increasing Cu2þ concentrations.
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2013). It was suggested that the PC1 favored the LHW. Thus, the PC1
can be regarded as the nature of the DOM, where the LMW occu-
pied the dominant position.

For the construction of PC2, it was found that the C1 and C3
(microbial by-products) exhibited a positive correlation with PC2,
but the C2 and C4 (acidic substances) displayed a negative corre-
lation. It indicated that the positive values of PC2 meant that the
duckweed systems contain microbial by-products (eg. protein-like
substance) which were in favor of the growth of aquatic plants. For
the negative values of PC2, it showed that there were much acidic
substances in duckweed systems, resulting in the aquatic plants
adversely growing. Thus, the PC2 could be used to describe the
nutrient level of duckweed systems.

Fig. 4b also showed the scores of each Cu2þ concentration dur-
ing the period of the study. As shown in scores plot, in relation to
PC1 (nature of DOM), it was found that the values of 0e0.5mg/L
Cu2þ were negative, while that of 1.0e5.0mg/L Cu2þ were positive.
It showed that few DOM released from duckweed systems at
0e0.5mg/L of Cu2þ, but released in large quantities at higher Cu2þ

concentrations. As shown in scores plot, in relation to PC1 (nature
of DOM), it was found that the values of 0e0.5mg/L Cu2þ were
negative, while the values of 1.0e5.0mg/L Cu2þ were positive. It
showed that few DOM released from duckweed systems at
0e0.5mg/L of Cu2þ, but released in large quantities at higher Cu2þ

concentrations. The anti-oxidative defense system of aquatic plants
played a major role in overcoming stress imposed by heavy metals.
It would not function to produce antioxidants for protecting the
plant cells from harm by heavy metals until the concentrations of
heavymetals reached to a certain value. Thus, the release of DOM at
the higher Cu2þ concentrations (>0.5mg/L) indicated that DOM
belonged to the anti-oxidative defense system of aquatic plants and
were naturally occurring antioxidants under heavy metal stress,
whichwas consistent with the report of Janssen andMcneill (2014).
Besides, the large value of PC1 indicated that the released DOM
were mainly of low molecular weight (LMW) at 1.0mg/L of Cu2þ,
while the small value of PC1 indicated that they were mainly of
high molecular weight (HMW) at 2.0e5.0mg/L of Cu2þ in duck-
weed systems. In relation to PC2 (nutrient level of duckweed sys-
tems), lower Cu2þ concentrations (0e0.1mg/L Cu2þ) were to be
found in the positive part of PC2, while 0.5e5.0mg/L Cu2þ were in
the negative part. It was implied that the low Cu2þ concentrations
were beneficial to the growth of duckweed through producing
much protein-rich substances into the water. On the contrary, high
Cu2þ concentrations would inhibit duckweed growth where acidic
substances dominant the nutrient level of duckweed systems. This
explanation was in agreement with observations in Fig. S2. There-
fore, as a statistical tool, PCA can be applied to further illustrate the
characteristics of DOM components and nutrient levels of duck-
weed systems at various Cu2þ concentrations.

3.6. Effect of Cu2þ concentrations on the molecular characteristics
of DOM

Combining FTIR with 2D-CoS or PCMW2Dwould provide a clear
insight into the molecular characteristics of DOM with copper ions
perturbation (Abdulla et al., 2013; Lumsdon and Fraser, 2005). The
2400-800 cm�1 regions of 2D-FTIR-CoS were analyzed, and the
results were displayed in Fig. 5 and Table 2. Fig. 5 showed the
synchronous and asynchronous FTIR maps of DOM with Cu2þ

concentration as the perturbation. The synchronous maps (Fig. 5a)
exhibited seven prominent auto-peaks on the diagonal at 2334,
2217, 1912, 1560, 1162, 1104, and 887 cm�1.

Considering the four fluorescence components in DOM, the
cellulose and hemi-cellulose in plant, the extracellular polymeric
substances (EPS) secreted by rhizosphere microorganisms, and the
NO3
� in solution, the bands at 2334 cm�1was attributed to saturated

CeH stretching of humic-like substances (Chew et al., 2013), the
band at 2217 cm�1 was assigned to tyrosine NeH stretching vi-
bration (Ulrici, 2004), the bands at 1912 cm�1was generated by the
N]O of deprotonated nitric acid (NO3

�) (Xiang et al., 2015), the
band at 1560 cm�1 correspond to the COO� symmetric stretching
of tyrosine (Chen et al., 2014), the band at 1162 cm�1 was assigned
to anti-symmetric bridge stretching of CeOeC in cellulose and
hemi-cellulose (Ibrahim and Alfifi, 2010), the bands at 1104 cm�1

was attributed to CeO stretching of polysaccharides (Soong et al.,
2014), and the band at 887 to cm�1 to aromatic CeH deformation
in tyrosine (Chen et al., 2015b).

In addition, the change in band intensity followed the order:
887> 1912 > 2217> 1162 >1560> 1104 > 2334 cm�1. Meanwhile,
all the cross-peaks off the diagonal exhibited positive signs in the
synchronous map, indicating that these peaks exhibited the same
responses of spectral intensities to copper ions perturbation.
Additionally, the asynchronous spectra can help to judge the
sequential order of specific events along external perturbations.
The cross-peaks of every two bands were shown in Fig. 5b, and the
detailed assignments of bands and signs of their cross-peaks in the
asynchronous map were summarized in Table 2. In the asynchro-
nous map, the red represents a positive sign, while the blue rep-
resents a negative sign. According to Noda's rule (Noda, 2014), the



Table 2
2D-FTIR-CoS Results on the Assignment and Sign of Each Cross-Peak in Synchronous (Ф) and Asynchronous (J, in the brackets) Maps of DOM with Copper Binding.

position (cm�1) possible assignment sign

2334 2217 1912 1560 1162 1104 887

2334 humic-like vC-H þ þ(þ) þ(0) þ(þ) þ(þ) þ(þ) þ(0)
2217 tyrosine vN�H þ þ(�) þ(0) þ(þ) þ(þ) þ(�)
1912 NO3e vN]O þ þ(0) þ(þ) þ(þ) þ(0)
1560 tyrosine vCOO

� þ þ(þ) þ(þ) þ(�)
1162 cellulose vC-O-C þ þ(þ) þ(�)
1104 polysaccharides vC�O þ þ(�)
887 tyrosine vC-H þ

(Signs were obtained in the upper-left corner of the maps, þ positive, � negative).
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sequence of bond variation with copper ions followed the order:
2334, 1912, 887/ 2217, 1536/1162/1104 cm�1. Thus, as stim-
ulated by copper ion stress, the binding order of DOM to copper
ions followed the order: CeH (humic-like substances), N]O (NO3

�),
AreH (tyrosine)> tyrosine NeH, tyrosine COO�> CeOeC (cellu-
lose)> polysaccharides CeO. Clearly, according this order, the
bonding of NeH and COO� to copper ions occurred at the same
time, which indirectly demonstrated that the NeH and COO� both
belonged to the functional groups of tyrosine. In brief, these ob-
servations indicated that DOM could interact with copper ions
through multiple mechanisms due to its diverse functional moi-
eties, which also exhibited the complexity and difficulty in the
bonding process analysis (Chen et al., 2014; Lin et al., 2018).

As to the change of DOM conformations, the PCMW2D syn-
chronous spectra of DOMwere presented in Fig. 6. Three dominant
correlation peaks at coordinates around 887 cm�1/0.5mg/L,
1912 cm�1/0.5mg/L and 2334 cm�1/0.5mg/L were observed, sug-
gesting that the variation of DOM conformations occurred at a
critical concentration of 0.5mg/L Cu2þ on the pressure of Cu2þ

concentrations. It also demonstrated that the functional groups of
CeH (humic-like substances), N]O (NO3

�), AreH (tyrosine) would
simultaneously give the fastest binding with Cu2þ in the duckweed
systems as stated above.

Moreover, these three functional groups were also most likely
for the variation of DOM conformations with copper ions fluctua-
tion. With respect to the conformation change of AreH in tyrosine,
it might be induced by the unfolding of the secondary structure in
tyrosine. The similar change in the protein-like substances with
aromatic structure was observed by Chen et al. (2017), who
demonstrated that copper ions could destroy the original hydrogen
Fig. 6. PCMW2D synchronous FTIR spectra of DOM released from the duckweed sys-
tems in the region of 800e2400 cm�1 under the Cu2þ concentrations ranging from 0 to
5.0mg/L. The dashed lines correspond to the Cu2þ concentration point at 0.5mg/L.
bonding network of the backbone and make the secondary struc-
ture to unfold. As for the conformation change of CeH in humic-like
substances, it was possible that the spheroidal humic-like sub-
stances were surrounded by copper ions so that the molecular
volume increased, and thereby the resistance to rotation and the
rotation rate decreased in the solution (Lakshman et al., 1996).
Therefore, humic-like substances began to exist in the form of
planar expansion when exposed to a given Cu2þ concentration
(Lakshman et al., 1996).

For the conformation change of N]O in NO3
�, isolated NO3

� has
high symmetry with plane triangle structure, meaning that the
nitrogen atom is located in the center of the regular triangle, the
bond length is 1.26 Å, and the bond angle is 120 �C. However,
Kameda et al. (2006) found that due to the effect of sodium ions, the
NO3

� would turn into spatial structure with 170.7� of plane degree,
the bond length was 1.28 Å, and the bond angle was 119.8� via the
calculation of density functional theory (DFT), but the NO3

� was still
highly symmetric (Kameda et al., 2006). Thus, it can be inferred that
NO3

� would present in similar conformational change with the
copper ions perturbation. It meant conformation change of N]O in
NO3

� from plane triangle structure into spatial structure with the
increase of Cu2þ concentrations. To make the conformation change
process of DOM with copper ions more intuitive, a comprehensive
picture was established based on the above conjecture at a mo-
lecular level (Fig. S14).

Therefore, the fluorescent components such as the tyrosine and
humic-like substances, and the non-fluorescent group such as NO3

�

played a vital role in conformational changes of DOM with copper
ions perturbation. They were more sensitive to copper ions than
other functional groups in DOM released from duckweed systems.
4. Conclusions

The removal performance of ammonia nitrogen (NH3eN) and
total phosphorus (TP) could be improved at 0.1e1.0mg/L of Cu2þ,
while was inhibited at 2.0e5.0mg/L of Cu2þ in duckweed systems
for the treatment of swine wastewater. The kinetic model reached
an optimal Cu2þ concentration of 0.96mg/L for the removal of
NH3eN and TP in swine wastewater.

The EEM-PARAFAC analysis showed that there were four com-
ponents including microbial humic-like substance, tyrosine, NADH,
and humic-like substance in DOM released from the duckweed
systems. Moreover, NADH exhibited high capacities of binding
copper ions due to the high stability constant (log KM¼ 5.65),
which indicated that NADH was an important metal chelator in
duckweed systems.

On the PCA assessment, the large value of PC1 revealed that the
released DOM was mainly consisted of low molecular weight
(LMW) substance at 1.0mg/L of Cu2þ, while the small value of PC1
indicated that most of DOM were high molecular weight (HMW)
substance at 2.0e5.0mg/L of Cu2þ in duckweed systems.
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The stress of Cu2þ on the binding order between the function
groups of DOM and copper ions followed the order as: CeH, N]O,
AreH>NeH, COO�> CeOeC> CeO according to the results of the
2D-FTIR-CoS analysis.

There existed a critical copper ion concentration of 0.5mg/L for
the variation of DOM conformations via the PCMW2D analysis, and
CeH, N]O, and AreH were most likely responsible for the
variation.

This study might provide an alternative approach for the
exploration of both the interaction mechanisms of heavy metals on
nutrient uptake and the role of DOM on microcosmic migration of
heavy metals in duckweed systems for swine wastewater
treatment.
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