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ABSTRACT

Complexation and coagulation of plant-derived dissolved organic matter (DOM) by metal cations are
important biogeochemical processes of organic matter in aquatic systems. Thus, coagulation and frac-
tionation of DOM derived from aquatic plants by Ca(II), AI(IIl), and Fe(IIl) ions were investigated. Metal
ion-induced removal of DOM was determined by analyzing dissolved organic carbon in supernatants
after addition of these metal cations individually. After additions of metal ions, both dissolved and
coagulated organic fractions were characterized by use of fluorescence excitation emission matrix-
parallel factor (EEM-PARAFAC) analysis and Fourier transform infrared (FT-IR) spectroscopy. Addition
of Ca(Il), Fe(III) or AI(III) resulted in net removal of aquatic plant-derived DOM. Efficiencies of removal of
DOM by Fe(Ill) or Al(Ill) were greater than that by Ca(ll). However, capacities to remove plant-derived
DOM by the three metals were less than which had been previously reported for humic materials.
Molecular and structural features of plant-derived DOM fractions in associations with metal cations were
characterized by changes in fluorescent components and infrared absorption peaks. Both aromatic and
carboxylic-like organic matters could be removed by Ca(Il), Al(III) or Fe(IIl) ions. Whereas organic matters
containing amides were preferentially removed by Ca(ll), and phenolic materials were selectively
removed by Fe(Ill) or Al(Ill). These observations indicated that plant-derived DOM might have a long-
lasting effect on water quality and organisms due to its poor coagulation with metal cations in aquatic
ecosystems. Plant-derived DOM is of different character than natural organic matter and it is not
advisable to attempt removal through addition of metal salts during treatment of sewage.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

complexes (Fu et al., 2007; Kaiser, 1998; Tipping, 2002). In addition,
formation of insoluble complexes of metal-DOM, called coagula-

Dissolved organic matter (DOM), defined as a complex, incom-
pletely characterized mixture with a variety of aliphatic and aro-
matic compounds, is present ubiquitously in aquatic systems
(Swietlik and Sikorska, 2006; Wu and Xing, 2009). Due to the
intrinsic negative charges present in most DOM, they can bind
metal ions, which would either enhance or reduce mobility of
metal cations in aquatic systems by forming dissolved or insoluble
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tion, could influence chemical composition and activity of DOM in
aquatic environments.

Composition and characteristics of DOM are key factors in
control of its interactions with metal cations, including sorption
and coagulation (Kaiser, 1998; Riedel et al., 2012). For example, the
hydrophobic fraction was selectively decreased after interaction
with added Ca(Il), Al(IIl), or Fe(Ill), which was possibly due to the
formation of insoluble DOM-metal complexes (Kaiser, 1998). Aro-
matic and phenolic carbon of a purified humic acid decreased
significantly after cation-induced coagulation by AI(III) or Fe(III)
(Christl and Kretzschmar, 2007). In addition, types of metal ions are
also an important factor that influences chemical fractionation of


http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2017.11.076&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2017.11.076
https://doi.org/10.1016/j.envpol.2017.11.076
https://doi.org/10.1016/j.envpol.2017.11.076

S. Liu et al. / Environmental Pollution 234 (2018) 726—734 727

DOM in cation-induced coagulation due to their various binding
affinities for special compounds or functional groups in DOM
(Christl and Kretzschmar, 2007). It was reported that Ca(Il) did not
show any preference for distinct molecular fractions, while Fe(III)
and AI(III) preferentially removed the most oxidized compounds in
DOM (Riedel et al., 2012). Also, calculations based on NICA-Donnan
parameters revealed that under experimental conditions, Ca(Il)
mainly binds to carboxylic-like functional groups, while Fe(Ill) and
AI(IIT) were also bound to phenolic-like functional groups (Milne
et al., 2003). These observations provide valuable insights into
the principal mechanisms of coagulation. However, these studies
are mainly focused on natural waters or commercial humic acids
(Gone et al., 2009; Riedel et al., 2012; Zhu et al., 2014), limited
studies have been conducted on DOM derived from autochthonous
materials (McIntyre and Guéguen, 2013). Eutrophication caused by
mobilization and transport of plant nutrients through anthropo-
genic activity has caused excessive growth of emergent and sub-
merged macrophyte in shallow freshwater lakes. Thus, due to its
large quantities of biomass, plant-derived DOM constitutes one of
the most important contributors to pools of DOM in lakes (Findlay
and Sinsabaugh, 2003). Additionally, due to their limited degrada-
tion history compared with natural DOM that undergoes multi-
decomposition processes, plant-derived DOM has unique molecu-
lar compositions (Liu et al., 2016a; Zhang et al., 2013). Therefore,
studies of coagulation of plant-derived DOM by cations and their
difference from other types of organic matters were needed to fill
this gap in knowledge of DOM, which would further our under-
standing of the environmental behavior of DOM in aquatic systems.

Excitation-emission matrix (EEM) fluorescence spectroscopy,
which could identify humic-like and protein-like organic com-
pounds, provides important information on characteristics of DOM
without requiring tedious pretreatment or fractionations (Cuss and
Guéguen, 2015; Wu et al.,, 2004a, 2004b, 2003; Zhao et al., 2013).
Fluorescence intensities of EEMs, given as a function of emission
(Em) and excitation (Ex) wavelength are typically used to charac-
terize DOM and often assessed by visual inspection. EEM has been
used to evaluate efficiency of removal of organic matter during
treatment of water by coagulation-flocculation (Gone et al., 2009;
Zhu et al., 2014). In order to make a quantitative comparison be-
tween EEMs of samples, multivariate statistical techniques have
been used extensively (Ishii and Boyer, 2012). One of the multi-
variate approaches, parallel factor (PARAFAC) analysis, allows EEMs
to be classified into fluorescent components, which is useful for
assessment of composition, distribution and dynamics of DOM
from aquatic environments (Baghoth et al.,, 2011; Murphy et al.,
2011; Osburn et al., 2012).

Fourier transform infrared (FT-IR) spectroscopy can provide
additional information on functional groups present in organic
matters (Bernier et al., 2013). Thus, combined utilization of EEM-
PARAFAC and FT-IR can provide complementary information on
cation-induced coagulation of aquatic plant-derived DOM in
aquatic systems. Hence, in this study, molecular compositions of
“precipitable” and “non-precipitable” fractions of plant-derived
DOM were investigated by use of a combination of EEM-PARAFAC
and FT-IR spectroscopy. Objectives of this study were to: (1)
assess removal of DOM during coagulation-flocculation with metal
ions Ca(II), Al(IIT) or Fe(Ill); and (2) explore molecular and structural
characteristics of the aquatic plant-derived DOM during and post
cation-induced coagulation.

2. Materials and methods
2.1. Plant-derived DOM

Based on results of previous studies, molecular characteristics of

aquatic plants were basically uniform for emergent, floating and
submerged plants in lakes (Liu et al., 2016a, 2016b, 2017). Thus, one
species of water oats (Zizania caduciflora Turcz., Gramineae) was
chosen as a representative aquatic plant present in lakes to study
the interaction of plant-derived DOM with metal ions. Collection
and preparation of samples were carried out as described in detail
previously (Liu et al., 2016a). Briefly, whole fresh plant biomass was
washed and dried at 60 °C until a constant mass. After drying,
plants were ground to pass through a 1-mm sieve and stored in an
airtight desiccator. Extraction of DOM was carried out by use of a
30:1 (mL/g) Mili-Q water to ground plant biomass ratio. After 18 h
of shaking at 22 °C, the suspension was allowed to stand for 1 h and
passed through 0.45-pum glass fiber filters.

Dissolved organic carbon (DOC) was measured by a multi N/C
3100 analyzer (Jena, Germany). The original plant-derived DOM
had a DOC concentration of 110 mM carbon. In order to better
simulate concentration of DOC in natural waters with vast quan-
tities of plant decomposition, original plant-derived DOM was
diluted until 2.2 mM carbon (the diluted extracts was used as the
raw plant-derived DOM) in studies of coagulation. The pH of final
dilute solution was 5.0.

2.2. Metal additions and coagulation

Concentrations of metals in dilute, plant-derived DOM,
measured by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES, OPTIMA 8000DV), were: 6.3 pmol Ca(ll),
6.5 umol Al(III), 18.6 pmol Fe(III). Since perchlorate contributions to
absorbance spectra of DOM were reportedly small, stock solutions
of metal ions were prepared using their perchlorate salts Ca(ClO4)2,
Al(ClO4)3, and Fe(ClOg4)3 (Yan et al,, 2013; Yan and Korshin, 2014).
Additions of metal salts were carried out by adding required vol-
umes of stock into 100 mL raw plant-derived DOM. Final concen-
trations of metals in solutions were 0.4, 1.0, 2.0, 4.0 and 10.0 mM.
Final pH of prepared solutions was adjusted to 4.5 by adding NH3
solution or HClO4 to avoid pH-dependent solubility effects
(Amirsardari et al., 1997; Nierop et al., 2002). Prepared solutions
were shaken for 48 h at room temperature (22 °C) to reach full
equilibrium. After that, solutions were allowed to stand for 4 h and
then passed through 0.45-pm membrane filters. Aliquots of su-
pernatants were used for measurement of DOC, ultraviolet (UV)
absorbance spectra and fluorescence spectra. Remaining superna-
tants and coagulates were freeze-dried, and then preserved in a
desiccator at room temperature for FT-IR analysis. Experiments
were conducted in triplicate.

2.3. Spectroscopic measurements

Filtered samples were analyzed for Ultraviolet (UV) absorbance
and fluorescence analysis. UV absorbance spectra from 200 to
600 nm were measured with a UV-vis spectrophotometer (Agilent
8453), using a 1-cm path length cell. In order to prevent any inner
filter effect, solutions were diluted to a UV absorbance at 260 nm of
0.1 using purified water (Ohno and He, 2011).

Fluorescence measurements were made by an F-7000 fluores-
cence spectrophotometer (Hitachi, Japan). Excitation and emission
wavelength ranges were set from 200 to 450 nm and 250—600 nm,
respectively. Excitation and emission increments were 5 nm with a
slit of 10 nm for both Ex and Em. Scan speed was set at 1200 nm/
min. Photomultiplier detector voltage was fixed at 400 V. EEMs
were measured using 1-cm path length quartz cells. In order to
remove Raman and Rayleigh scatter from fluorescence spectra,
fluorescence of a blank solution consisting of purified water was
subtracted from the 3D scan. Variation in the lamp light intensity
was measured by recording the Raman peak area for deionized
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water at an excitation wavelength of 350 nm (emission wavelength
range: 375—425 nm) each day the instrument was used (Lawaetz
and Stedmon, 2009). Results of Raman peak area for the analysis
day were used to normalize results of fluorescence intensity. Par-
allel factor (PARAFAC) analysis was utilized to examine EEMs
following the tutorial guidelines in literature (Stedmon and Bro,
2008). The fluorescence results in EEM-PARAFAC components
were reported as Raman Units (R.U.).

FT-IR spectra of both freeze-dried supernatants and coagulates
were measured by a Bruker Vertex 70 spectrometer. The analysis
was conducted in the mid-infrared region from 4000 cm~! to
400 cm ™! with a resolution of 4 cm™ .

3. Results and discussion
3.1. Removal of DOM

Concentrations of DOC in supernatants decreased with addition
of metal cations Ca(II), Al(IIT) and Fe(III) (Fig. 1). Approximately 31%
and 16.7% of DOC were removed, respectively when total concen-
trations of Fe(Ill) or Al(IIl) were 10 mM, but only 6% of DOC was
removed by the same concentration of Ca(Il). These observations
suggested that addition of metal cations Ca(Il), Al(IIl), and Fe(III)
definitely induced the coagulation and removal of DOM. And the
removal capabilities for DOM were much greater by Fe(lll) and
AI(IIT) than that by Ca(Il). It has been reported that Ca(Il) is weakly
complexed with DOM, whereas Fe(Ill) and Al(III) are more strongly
associated with DOM (Kerndorff and Schnitzer, 1980; Nierop et al.,
2002; Tipping, 2002). Thus, observations made during this study
were consistent with previously reported results. However, effi-
ciency of removal of these metal cations for plant-derived DOM is
quite different from those DOM from other sources. Addition of
0.4 mM AI(III) or 0.5 mM Fe(Ill) could remove 90% of DOM (pre-
pared by a purified humic acid) at pH 4, but 5 mM Ca(II) only could
remove 84% of DOM at pH 6 (Christl and Kretzschmar, 2007).
Additionally, Riedel et al. (2012) indicated that Fe(Ill) precipitated
most of the DOM (up to 85%), followed by AI(IIl) (74%). Addition of
Ca(II) resulted in only small amounts of (up to 18%) of water-soluble
DOM extracted from commercially available peat to be removed. In
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Fig. 1. Concentrations of DOC in the supernatants of plant-derived DOM extracts
incubated in the presence of metal ions. Error bars represent standard deviations;
n=3.

the current study, Fe(IIl), Al(IIl), or Ca(Il) all removed much less
DOM than that previously reported values when similar ratios of
DOC/metal and pH were used (Christl and Kretzschmar, 2007;
Riedel et al., 2012). It was thus, hypothesized that chemical struc-
tures of DOM are likely the key factor affecting coagulations
observed differently. To confirm the assumption, plant-derived
DOM in this work was further characterized by multi-
spectroscopic techniques. In addition, molecular compositions of
the “precipitable” and “non-precipitable” fractions of plant-derived
DOM were characterized by EEM-PARAFAC and FT-IR spectroscopy.

3.2. Spectral characterization of the raw plant-derived DOM

Based on the traditional EEMs ‘peak picking’ (Coble, 1996), two
humic-like peaks (peaks A and C) and two protein-like peaks
(peaks T1 and T2) were detected in plant-derived DOM (Fig. S1).
One humic-like fluorescence peak was in the visible region (peak C;
EX/Em = 300—315 nm/420—430 nm) and the other was in ultra-
violet region (peak A; EX/Em = 230—240 nm/420—440 nm). Peaks
A and C are generally considered to be associated with humic-like
(mainly humic and fulvic acids) compounds derived from break-
down of plant materials (Coble, 1996). The presence of these two
peaks has always been attributed to phenolic, carboxylic acids and
carbonylic compounds in DOM (Senesi, 1990). The protein-like
fluorescence peaks were observed at both a long excitation wave-
length (peak T1; EX/Em = 265—275 nm/330—350 nm) and a short
excitation wavelength (peak T2; ExX/Em = 215-225 nm/
330—360 nm). These two protein-like fluorescence peaks (Peaks T1
and T2) were considered to be associated with the tryptophan-like
substances (Baker, 2001; Baker and Inverarity, 2004; Chen et al,,
2003; Yamashita and Tanoue, 2003). These observed fluorescence
peaks have also been identified in other leachates such as algae
exudation (Li et al., 2008; McIntyre and Guéguen, 2013; Romera-
Castillo et al., 2011; Stedmon and Markager, 2005), marine phyto-
plankton cultures (Castillo et al., 2010), and bacterial extracellular
polymeric substances (He et al., 2006; Olk et al., 2000).

Spectral peak features of 3D EEM fluorescence were quantita-
tively separated into four fluorescence components by use of half-
split analysis of PARAFAC (Fig. 2). These fluorescence components
were assigned based on previous reports (Agnelli et al., 2000;
Castillo et al., 2010; Duarte et al., 2005). Component 1, which was
classified as hydrophobic matter that belongs to the high molecular
weight aromatic organic compounds, had a dominant peak with
maximum excitation and emission values of 250/440 nm and a
second broad peak at Ex/Em = 290—345/440 nm. Component 2 was
classified as protein-like compounds, which had a primary and
secondary excitation peak around 275 nm and 220 nm, respec-
tively, with a single emission peak around 350 nm. Component 3
had two dominant peaks around Ex/Em = 220 nm/330—350 nm
and 220 nm/400—430 nm, also with two minor bands centered
around Ex/Em = 270 nm/300—350 nm and 270 nm/400—430 nm.
This peak resembled to tryptophan-like components in un-
denatured protein structures and could be also contributed by
polyphenolic materials (Cuss and Guéguen, 2015; He et al., 2014).
Component 4 was classified as fulvic-like substances, which had a
primary and secondary excitation peak occurring around 235 nm
and 325 nm, with a single emission peak around 400 nm. Plant-
derived DOM consisted of 26% component 1, 30% component 2,
23% component 3 and 21% component 4 (Fig. 2).

Functional groups of carbon in raw plant-derived DOM were
further characterized by FT-IR spectroscopy. Six typical peaks or
bands centered at 3283 cm !, 2928 cm !, 1626 cm !, 1402 cm ™},
1310 cm ™!, and 1038 cm™! were observed from the FI-IR spectrum
of raw plant-derived DOM (Fig. 3). The broad band around
3283 cm~ ! was assigned to N-H stretching from amide/amino acid
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Fig. 2. Spectral features and the relative abundance of fluorescence components of plant-derived DOM separated by EEM-PARAFAC.
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or O-H bond stretching from phenols, alcohols, carboxylic acids,
and/or other substances which contains hydroxyl groups (Francioso
et al,, 1996; Kang et al., 2002; Lguirati et al., 2005). The minor band
at 2928 cm~! corresponds to C—H stretching of methyl and
methylene groups of aliphatic chains (Duarte et al., 2005; He et al.,
2006; Olk et al., 2000). The sharp band at 1600 cm™! or so was
assigned to aromatic C=C vibration, olefinic C=C bonds, symmetric
stretching of COO~ groups, and H-bonded C=0 of conjugated ke-
tones (Francioso et al., 1996; Olk et al., 2000). The minor peak at
1402 cm~! was due to phenolic OH and aliphatic C-H groups
(Agnelli et al., 2000). A minor band at 1310 cm™~! was assigned to C-
N stretch of aromatic primary and secondary amines. The strong
band at 1038 cm™! was attributed to alcoholic and polysaccharide
C-O stretching, silicate vibrations or phosphorus (P) compounds
(Agnelli et al., 2000; Francioso et al., 1996; He et al., 2006). As a
result, all groups of C-H and phenols at 1402 cm™', C—H stretching
vibration at 2928 cm™' and the lack of COO™ at 1710-1725 cm™!
indicated that plant-derived DOM was characterized by poly-
saccharides, amino acids, and phenols/alcohols with few humic
substances.

3.3. Effects of additions of metal cations on spectral features of
plant-derived DOM

Changes of the proportional distribution of fluorescence com-
ponents after cation-induced coagulation could be used to detect
the molecular fractionation of plant-derived DOM through selec-
tive binding and coagulation by metal cations (Fig. 4). Addition of
Ca(Il) decreased the percentage of component 1 and 4, and the
percentage of these two components continuously decreased with
the increasing addition of Ca(Il). This result suggested that Ca(lIl)
was easier to combine with humic-like and fulvic-like hydrophobic
matters which belong to high molecular weight aromatic organic
matters. This observation is consistent with a previous report that
Ca(Il) has stronger affinity for binding to humic acids (He et al.,
2003). With increasing concentrations of Fe(IlI) or AI(III), the rela-
tive abundance of component 1 was continuously decreased. While
the relative abundance of component 2 decreased continuously
with the increasing addition of Fe(Ill) and Al(IIl) when their con-
centration exceeded 0.4 mM. Thus, Fe(Ill) and AI(III) might have
similar binding sites on DOM, and they were readily to bind with
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Fig. 3. The FT-IR spectrum of the freeze-dried plant-derived DOM.

humic-like, fulvic-like and aromatic protein-like components. It is
worth while noting that the so-called protein-like fluorescence
peak was not only derived from proteinaceous materials but also
from phenolic moieties such as tannins (Hernes et al., 2009; Maie
et al,, 2007). Indeed, considered amounts of phenolic compounds
such as hydrolysable and condensed tannins are considered to
leach from senescent plant materials into natural water. Thus, it
was possible that Fe(Ill) could be bound not only to aromatic sub-
stances but also phenolic/protein-like materials. This conclusion is
in agreement with previous studies by Milne et al. (2003) who
revealed that Ca(ll) mainly bind to carboxylic-like functional
groups, while Al(III) and Fe(Ill) were also bound to phenolic-like
functional groups.

However, residual metal ions Fe(III), Al(Ill) and Ca(Il) remaining
in the supernatants might affect the fluorescence intensity of DOM
(Bai et al., 2008; Gao et al., 2015; Wu et al,, 2011; Yan et al., 2013).
Effects of metal ions on enhancement or quenching of fluorescence
intensity of DOM can be large (McIntyre and Guéguen, 2013; Patel-
Sorrentino et al., 2004). This might adversely affect the assessment
of the concentration of the fluorescent components and result in an
analytic deviation. Thus, the above conclusion based on the per-
centage changes of PARAFAC components should be further verified
through the relationship between the fluorescence intensity and
DOC concentration. Fluorescence intensity of each component was
further plotted versus DOC for both raw and treated DOM samples
containing different concentrations of residual metals. However, a
significant relationship (p < 0.05) was only observed between
concentrations of DOC with component 1 (Fig. 5). Changes in the
percentage of component 1 could explain at least 79%, 74% and 95%
of the removal of DOC by addition of Ca(ll), Al(Ill) and Fe(III),
respectively (Fig. 5). These results prompted that intensity changes
of fluorescence component 1 could be, to some degree, considered
as an indicator of DOM removal. Additionally, the result would also
support the conclusion that Ca(Il), Al(IIl) and Fe(Ill) preferentially
remove humic-like and fulvic-like organic matters. However, the
selective combination of Fe(Ill) and Al(III) with phenolic/protein-
like substances needed to be verified further by orther spectro-
scopic methods since no significant correlation was observed be-
tween them.

Since FT-IR spectroscopy can reveal configurations of organic
matter at a functional group level, organic components can be
traced by comparing FT-IR peak changes (Fig. 6). Addition of Ca(II)
resulted in no obvious changes of the FT-IR spectral features for the
DOM remaining in the solution until its concentration reached up
to 10.0 mM. The relative intensity of the peak in 1069 cm™!
increased when the concentration of Ca(ll) was 10.0 mM, which
may be due to the decrease of other peaks' intensity. The obser-
vation reveals that Ca(Il) might selectively bind with organic mat-
ters such as aromatic, carboxylic-like, and amides, and also induce
their precipitation in solutions. Addition of AI(Ill) or Fe(Ill)
decreased all peaks' intensity of FT-IR spectra, especially peaks at
1626 cm~! and 1402 cm™~ . This indicated that addition of Fe(III) or
AI(III) caused precipitation of DOM including all C functional
groups, especially for aromatic, carboxylic-like and phenolic
substances.

Changes in FT-IR spectral features could be analyzed further
semi-quantitatively by monitoring the ratio changes of the FT-IR
peak areas. Aliphatic and carboxylic groups are two prominent
components in DOM. Absorbance bands in the ranges of 3020 to
2800 cm~! and 1720 to 1600 cm~! in FI-IR spectra have been
attributed to these two groups, respectively (He and Zhang, 2015).
Two bands in the range of 3020 to 2800 cm~! are grouped and
designated as Band A (aliphatic), while the other band in the range
of 1740 to 1600 cm™ ! is designated as Band B (carboxylic). A band at
1100 to 1030 cm~! was designated as B and C and used as a
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reference for comparing the relative intensities of Bands A and B
(He and Zhang, 2015). Ratios of Band A/Band C and Band B/Band C
decreased when the concentration of Ca(Il) was 10.0 mM (Table S1).

This indicated that relative intensity around 2928 cm~! and

1624 cm™! decreased as a function of increasing concentration of
Ca(II). These changes further confirmed that Ca(Il) could bind with
aliphatic and carboxyl-like compounds, and also cause their pre-
cipitation in solutions. Spectra of freeze-dried DOM remaining in
supernatants after adding AI(III) or Fe(Ill) showed more complicate
changes (Table S1). With increasing concentrations of Al(III), rela-
tive intensity of 3283 cm~! and 2928 cm~! decreased until the
concentration of Al(Ill) reached up to 2.0 mM. However, a further
increase in concentration of Al(IIl) did not further decrease, rather
increased, their relative peak intensity. A similar phenomenon was
observed for addition of Fe(IIl). This result might be caused by the
substantially decrease of the normalized peak of Band C at
1038 cm~! when excessive Al(Ill) and Fe(lll) added to DOM. The
presence of a peak at 1038 cm~! was attributed to polysaccharide
C-0 stretching, silicate vibrations or P compounds (Agnelli et al.,
2000; Francioso et al., 1996; He et al., 2006). For plant-derived
DOM, polysaccharides or P compounds seem to have more contri-
butions to band intensities in this region (Liu et al., 2016a). Thus,
the decrease in intensity of the band at 1038 cm~! might be
attributable to removal of polysaccharides and P compounds.
However, previous studies revealed that polysaccharides were not
coagulated following additions of hydrolyzing metal salts (Masion
et al., 2000). Thus, the P compound ubiquitous in plant-derived
DOM might be combined with Al(Ill) or Fe(Ill) in the form of
phosphate-DOM-Fe(Al) (Zhu et al., 2015), which decreased the
spectral intensity around 1038 cm™~. Another possible explanation
might be that high concentrations of Al(IIl) and Fe(Ill) induced a
decline in the adsorption-bridging capability of flocculated P-DOM-
Fe(Al) polymer (Subramanian et al., 1999; Zhu et al., 2014). Thus,
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high concentrations of Al(III) or Fe(Ill) would induce the excessive
of soluble monomeric and possible polynuclear forms, and finally
result in a decrease in net removal of DOM. In conclusion, these
results revealed that both carboxylic-like substances and phos-
phorus in plant-derived DOM could be partly removed by interac-
tion with Fe(Ill) or Al(III).

3.4. Spectral characterization of coagulated plant-derived DOM

Coagulated materials formed after addition of Ca(Il), Fe(Ill), or
AI(IIT) were collected, freeze-dried and further analyzed by FT-IR
spectroscopy (Fig. 7). The spectrum of DOM coagulated with
Ca(1l) ion exhibited sharp peaks at 1614 cm~! and 1321 cm™!, which
correspond to carboxylic-like functional groups and aromatic pri-
mary and second amines respectively. Results indicated that in-
teractions of Ca(Il) with carboxylic-like, aromatic, and amines were
responsible for DOM coagulation, which is also consistent with
observations from FT-IR spectra of DOM remaining in the super-
natant. FT-IR spectra of DOM coagulated by AI(Ill) or Fe(IIl)
exhibited three bands at 1641/1643 cm ™l 1423/1414 cm™ ! and

1082/1067 cm~! and a broad minor peak at 3333/3279 cm™ . This
likely indicated that Fe(Ill) and AI(Ill) cations precipitated
carboxylic-like, aromatic, and phenolic-like compounds, as well as
presumably P compound. These findings were consistent with re-
sults from FT-IR spectra of DOM in the supernatant and also
consistent with previous report by Milne et al. (2003) who showed
that Ca(IlI) mainly interacted with carboxylic-like functional groups
of humic acid, while Fe(IIl) and Al(III) were also bound to phenolic-
like functional groups.

3.5. Significance

Precipitation of DOM is an important biogeochemical process,
which influences molecular compositions and ultimate fate of DOM
in lake ecosystems. Overall, results from this study showed that
aromatic, carboxylic-like, phenolic and amides compounds in
organic matters could preferentially bind with metal cations and
subsequently precipitate out of water. Humic organic matters with
high aromaticity tended to precipitate and so accumulate in sedi-
ments. Whereas, non-humic materials such as fresh plant leachate
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with lesser aromaticity would be difficult to precipitate, thus would
play an important role for life in natural waters of lakes. Plant-
derived DOM might have long lasting impact on water quality
and organisms due to its poor coagulation with metal cations in
lake ecosystems.

Coagulation or precipitation of DOM was partially determined
by metal cations. This implied that the inorganic chemistry of
aquatic systems has a significant effect on the cycling of organic
matter. In waters of greater calcium hardness, carboxylic-like, ar-
omatic and amines compounds likely coagulate and precipitate due
to their interaction with great concentrations of Ca ions, while ar-
omatic, phenolic, carboxylic-like and P-containing organic com-
pounds may decrease in aquatic environment with elevated
concentrations of Fe and Al cations. There are more aromatic car-
bon groups in sediments compared to that in water bodies such as
Tai Lake (Liu et al., 2016a), which can be explained, in some degree,
by the readily precipitation of aromatics with metal cations.

Insights gained from this study are also beneficial for waste-
water treatment. Plant-derived DOM has a low amount of aromatics
(Liu et al., 20164, 2016b), which is likely removed with difficulty by
cation-induced coagulation. On the other hand, wastewater domi-
nated by plant leachate is difficult to remove by metal salt floccu-
lation treatment so that this type of wastewater should be treated
by biodegradation (e.g. biofiltration) or other chemical treatment
(e.g. peroxidation). Thus, more appropriate measures should be
taken for better wastewater treatment managements according to
the specific characteristics and sources of wastewater.

4. Conclusions

Cation-induced coagulation of plant-derived DOM with Ca(lI),
AI(IIT) and Fe(Ill) was studied by use of EEM-PARAFAC and FT-IR
spectroscopy. Coagulation by the three metals cations varied due
to their different affinities to plant-derived DOM. Coagulation ca-
pabilities by Fe(IlI) or AI(III) was greater than that of Ca. Further-
more, molecular fractionation of plant-derived DOM was observed
after coagulation by Ca(Il), Fe(Ill) or Al(IIl). Both aromatic and
carboxylic-like organic matters could be removed by either Ca(Il),
AI(IIT) or Fe(Ill) ions. Whereas amides in organic matters were
preferentially removed by Ca(ll), and phenolic materials were
selectively removed by Fe(Ill) or Al(IIl). This observation implies
that inorganic chemistry characteristics have a significant effect on

composition of DOM in the overlying water of lakes. Also, plant-
derived DOM would play an important role in aquatic systems
due to its poor coagulation capacities compared with humic
substances.
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Table S1. Ratios of FT-IR band integral area of freeze-dried supernatants of plant-derived DOM
extracts incubated in the presence of metal ions. Band A (aliphatic, 3020 to 2800 cm™), Band B

(carboxylic, 1740 to 1600 cm™), Band C (carbohydrates or P compounds, 1100 to 1030 cm™)

Group Concentration/mM Band A/Band C Band B/Band C Band A/Band B

0 0.14 1.02 0.14

0.4 0.07 0.87 0.08

cal) 1 0.07 0.85 0.08
2 0.07 1.00 0.07

4 0.06 0.89 0.07

10 0.02 0.35 0.05

0 0.14 1.02 0.14

0.4 0.07 0.89 0.08

ALl 0.05 0.58 0.09
0.04 0.87 0.05

0.07 0.90 0.07

10 0.18 4.36 0.04

0 0.14 1.02 0.14

0.4 0.16 3.15 0.05

Fe(lll 0.08 1.10 0.07
0.10 2.87 0.04

0.79 22.04 0.04

10 0.67 18.82 0.04
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Fig. S1. Fluorescence EEM spectrum of the plant-derived DOM. Peak C, visible
humic-like fluorescence peak; Peak A, ultraviolet humic-like fluorescence peak; Peak T1,

visible protein-like fluorescence peaks; Peak T2, ultraviolet protein-like fluorescence peaks.
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