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HIGHLIGHTS

GRAPHICAL ABSTRACT

Heterogeneous proton binding sites in
FA sub-fractions were studied by fluo-
rescence spectroscopy.

Heterogeneity of proton binding sites
was observed among fulvic/humic/pro-
tein-like materials.

Each of fulvic/tryptophan-like materials
also presented heterogeneous binding
sits to proton.

Protein-like materials had larger pKa
(4.17-5.29) than fulvic/humic-like ma-
terials (2.20-3.38).

Different pKa values of materials were
agreement with sequential orders from
asynchronous maps.
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Am‘C{é history: Heterogeneous distributions of proton binding sites within sub-fractions of fulvic acid (FA;-FA;3) were investi-
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two-dimensional correlation spectroscopy (2D-COS). Tryptophan-like, fulvic-like and humic-like materials were
observed in SFS. Tyrosine-like materials were identified by use of SFS-PCA analysis. Combined information from
synchronous-asynchronous maps and dissociation constants (pKa) was used to describe heterogeneity of bind-
ing sites for protons within each sub-fraction. Heterogeneous distributions of proton binding sites were observed
in fulvic-like, humic-like, tryptophan-like, and tyrosine-like materials of five sub-fractions and even in the single
fulvic-like materials in FA3 and tryptophan-like materials in FAg and FA;s. Values of pKa of sub-fractions ranged
from 2.20 to 5.29, depending on associated wavelengths in synchronous-asynchronous maps and use of the
modified Stern-Volmer equation. The larger values of pKa (4.17-5.29) were established for protein-like materials
(including tryptophan-like and tyrosine-like materials) in comparison to those (2.20-3.38) for humic-like and
fulvic-like materials in sub-fractions. Sequential variations of 274 nm (pKa 4.15-5.29) — 360-460 nm (pKa
2.78-2.39) for FAs-FA;3 revealed that binding of protons to tryptophan-like materials appeared prior to
humic-like/fulvic-like materials. In FAg, protons were preferentially binding to tryptophan-like materials than
tyrosine-like materials. In FAs, protons were preferentially binding to humic-like materials than fulvic-like mate-
rials. Relative differences of values of pKa for fluorescent materials within each sub-fraction were consistent with
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sequential orders derived from asynchronous maps. Such an integrated approach, SFS-PCA/2D-COS, has superior
potential for further applications in exploring complex interactions between dissolved organic matter and
contaminants in engineered and natural environments.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fulvic acid (FA) is ubiquitous in aquatic and soil environments. FAs,
which comprise a range of molecular structures with various propor-
tions of functional groups, are a more mobile hydrophobic acid fraction
of dissolved organic matter (DOM) (Bai et al., 2015; Berkovic et al.,
2012; Lochmueller and Saavedra, 1986). FA is known to affect mobiliza-
tion, bioavailability or reactivity of environmental contaminants, such
as metal ions, polycyclic aromatic hydrocarbons and other chemical
species (Cabaniss and Shuman, 2002; Chin et al., 2004; Gauthier et al.,
1986; Giesy and Alberts, 1982; Giesy et al., 2010; Giesy and Briese,
1980; limura et al.,, 2012). In aquatic systems, protons can affect func-
tionalities and configurations of DOM and intermolecular interactions
of DOM with environmental contaminants (De Haan et al., 1983; Lu
and Jaffe, 2001; Pace et al,, 2012; Wu et al,, 2004). For example, protons
can affect binding of metal ions (e.g., Cu>*, Hg?>*) to DOM because pro-
tons and metal ions compete for similar types of binding sites (Lu and
Jaffe, 2001; Wu et al., 2004). However, due to structural heterogeneity
of compositions, as well as challenging operational separations of FA
(Bai et al., 2015; Hur and Lee, 2011a; Lehmann and Kleber, 2015), it is
still difficult to fully understand interactions between FA and protons.

Due to abundant functional groups in natural DOM, that fluores-
cence spectroscopy is the most frequently used tool to investigate pro-
tonation-dependent characteristics of DOM (Geng et al., 2010; Yan et
al., 2013). Synchronous fluorescence spectra (SFS) analysis can be
used to distinguish the presence of fluorescent materials and establish
proton or metal binding parameters based on spectral information
(Cabaniss, 2002; Pullin and Cabaniss, 1995). However, due to the strong
overlaps between the fluorescence peaks, resolution of structural com-
ponents of DOM by use of SFS might not be satisfactory (Cabaniss, 2002;
Geng et al., 2010; Pullin and Cabaniss, 1995). Investigation of overall
binding behaviors of protons or metals, by use of selected peak wave-
length pairs, has been criticized for violating the underlying assumption
of a homogeneous distribution of proton or metal binding sites within
DOM. Based on SFS data, principal component analysis (PCA) is a pow-
erful method to identify principle components (PCs) and determine cor-
relations and classification from fluorescence of DOM (Esteves et al.,
2006; Guo et al., 2013; Sakurai and Goto, 2007; Su et al., 2016). PCA pre-
sents a further strategy for reduction of extensive spectroscopic overlap
and rejection of matrix interferences (Esteves et al., 2006; Guo et al.,
2013; Su et al,, 2016). Slight compositional variations of DOM in leach-
ates over hydrophobicity and polarity, as well as changes in conforma-
tion of standard humic substances at variable pH had been identified
by use of SFS combined with PCA (Pullin and Cabaniss, 1995; Su et al.,
2016). 2D COS is useful for simplifying complex spectra consisting of
many overlapping peaks to enhance spectral resolution and identify
order of subtle spectral changes in response to external perturbations
(Chen et al., 2015; Hur et al., 2011; Hur and Lee, 2011a; Magbool and
Hur, 2016; Noda, 1990; Su et al., 2016). 2D COS has been utilized to
present subtle, hidden variations, relative directions and sequential
order of DOM caused by various factors, such as temperature, irradia-
tion, metal ions and anionic surfactant addition (Hur and Lee, 2011a;
Lietal,, 2013; Magbool and Hur, 2016; Xu et al., 2013). To better under-
stand their interactions and environmental behaviors, heterogeneous
binding sites for metal ions (e.g., Cu?>*, Hg?*) within DOM have been
widely studied by use of 2D COS (Hur and Lee, 2011a; Hur and Lee,
2011b). Furthermore, overlapped peaks from SFS-PCA could be selected
as wavelength pairs to support the analysis of spectral variations from

2D COS. However, application of SFS-PCA/2D COS to better understand
possible protonation-dependent heterogeneity in fluorescent binding
sites of FA has received little attention.

Fluorescence titration combined with analysis of data by use of the
modified Stern-Volmer equation has been employed to describe affini-
ties of binding of metals, such as Cu? " or Hg? " to DOM and organic con-
taminants, such as the PAH or phenanthrene (Berkovic et al., 2012;
Esteves da Silva et al., 1998; Hur et al., 2011; Lu and Jaffe, 2001). Overall,
conditional stability constants have been successfully used to estimate
heterogeneity of binding of metal ions to DOM (Guo et al., 2012; Hays
et al., 2004; Hur and Lee, 2011a, 2011b). However, the modified
Stern-Volmer equation has not been used to estimate dissociation con-
stants (pKa) of sub-fractions of FA by use of SFS data. By comparing
values of pKa derived during this study, sequential orders of sub-
fractions affected by pH were described by use of synchronous-asyn-
chronous maps with 2D COS.

To reduce structural heterogeneity of FA, soil FA was separated into
sub-fractions by use of XAD-8 adsorption, coupled with stepwise elu-
tion by use of pyrophosphate buffers (Bai et al., 2015). For the present
study, therefore, compositional properties and proton binding charac-
teristics were compared among sub-fractions of FA. Specific objectives
of this study are to: 1) describe compositions and principle components
of sub-fractions of FA; 2) describe heterogeneity of binding sites for pro-
tons within sub-fractions by use of 2D-COS; 3) describe and compare
values of pKa of fluorescent materials of sub-fractions.

2. Materials and methods
2.1. Sample pretreatment

Samples of surface soils used in this study were collected from
Jiufeng Mountain forest, Beijing, China. After air-drying, soils were
ground to pass through a 2 mm mesh. Soils were wetted with a dilute
solution of HCl. Suspended solids were mixed and centrifuged to sepa-
rate FA from the mineral fraction. The supernatant solution (solution
A) was collected. The residue was neutralized with KOH by bubbling
with nitrogen (N,) gas and then centrifuged to obtain the supernatant.
The supernatant solution was acidified with HCI and allowed to repeat
the centrifugation. After centrifugation, the final liquid fraction (solu-
tion B) was collected and combined with solution A to obtain the entire
FA solution. After purification using hydrogen fluoride, XAD-8 resin and
H*-saturated cation-exchange resin, FA was dissolved in pure water
then loaded onto a column containing XAD-8 resin. XAD-8 resin
coupled with pyrophosphate buffers with initial pH of 3.0, 5.0, 7.0, 9.0
and 13.0 were conducted to sequentially separate the purified FA into
five sub-fractions, FAs, FAs, FA;, FAg, and FA3, respectively. All sub-frac-
tions of FA were re-purified and freeze dried (Bai et al., 2015; Song et al.,
2017). Detailed information on isolation and fractionation of FA and its
sub-fractions are described elsewhere (Bai et al., 2015).

2.2. Fluorescence titration

Sub-fractions of FA were diluted to equivalent concentrations of
10.0 mg/L, and ionic strength was adjusted to 0.05 mol/L KCIO4. Briefly,
100.0 mg of each sub-fraction of FA was dissolved in 100 mL water, and
then filtered through 0.22 um membrane. The mass of non-soluble sub-
fraction of FA was calculated based on differences in mass of membrane
and associated material. The filtered sub-fraction of FA was evaluated
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according to the difference between weight of non-soluble sub-fraction
and total weight, and then diluted with KCIO4 to 10.0 mg/L to be used as
a stock solution. During titrations with acid and base values of pH were
adjusted in 0.5 unit increments from 2.0 to 7.0 by addition of HCIO,4 or
KOH with different concentrations. To minimize hysteresis effects of
the molecules of sub-fractions of FA, pH of each solution was equilibra-
tion time under nitrogen (N;) for 15 min. To avoid static quenching
caused by oxygen and buffering effects of carbonate species, fluores-
cence spectra were collected after stabilization of each pH during purg-
ing with N, for 15 min. In order to minimize effects of dilution,
volumetric amounts of both HCIO4 and KOH solutions did not exceed
0.1% (v/v) of sub-fractions solutions (100 mL). Dilutions of FA sub-frac-
tions and increases in ionic strength had no effects on fluorescence of FA
sub-fractions during pH-dependent titration. All chemicals were analyt-
ical reagent grade unless otherwise noted. All solutions were prepared
with Milli-Q water and filtered through 0.45 um glass fiber filter mem-
branes (Whatman, UK).

2.3. Fluorescence spectral analysis

Fluorescence spectra of sub-fractions were measured by use of a
fluorescence spectrometer (Hitachi F-7000, Tokyo, Japan) with a 1 cm
quartz cell. Slit widths were 5 and 10 nm for excitation (Ex) and emis-
sion (Em), respectively. Excitation wavelengths ranged from 200 to
550 nm with a constant wavelength offset of 30 nm. Scanning speed
was 240 nm min~ . Fluorescence of the KClO,4 blank was subtracted
from SFS of sub-fractions and fluorescence intensities of SFS were
presented in arbitrary units (a.u.). Peak wavelengths in SFS represented
excitation values.

2.4. Principal component analysis

In this study, the PCA analysis of all 55 SFS sets (11 SFS data for each
sub-fraction with pH in 0.5 unit increments from 2.0 to 7.0.) was per-
formed by use of SPSS 16.0 software. PCs were extracted from the SFS
data by PCA based on a complementary set of score and loading plots.
Potential non-independence of the spectral data could influence the
results of PCA, therefore, two parameters, Kaiser-Meyer-Olkin measure
and Bartlett's test (P) of spectral data were used to test partial correla-
tion and dependence (Guo et al., 2013).

2.5. Two-dimensional correlation analysis

2D COS was performed by use of 2D-Shige software derived by
Kwansei Gakuin University (Tokyo, Japan). By extending the one-di-
mensional forms of variations into two-dimensional domains, 2D COS
generated a synchronous map and an asynchronous map (Noda and
0zaki, 2009). Synchronous and asynchronous maps provided informa-
tion about simultaneous and sequential changes of spectral intensity,
respectively (Hur et al., 2011a; Noda and Ozaki, 2009). Spectral changes
of y(x,t), as a function of a spectral variable (x) and an external variable
(t), and the dynamic spectra §/(x,t) can be represented (Eq. 1) (Hur et al,,
2011; Noda and Ozaki, 2009).

v — y(X7 t)_)—/(x) fOf' Tiin <t <Tiax
y(x.0 { 0 otherwise (M
_ Tinax
where, y (x) = TW%T / y(x, t)dt is the reference spectrum, denoting
mn [ g

the t variable stationary or averaged spectrum.
The 2D synchronous spectrum is given by Eq. 2.
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The 2D asynchronous spectrum can be obtained from the cross-
correlation of the dynamic spectrum and the Hilbert-transformed
orthogonal spectrum z~(x;, t) (Eq. 3).
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In the synchronous maps, auto-peaks and cross-peaks can be ob-
served at the main diagonal and the off-diagonal positions, respectively.
In asynchronous maps, only cross-peaks appear at the off-diagonal po-
sitions (Chen et al., 2015; Noda, 1990; Noda and Ozaki, 2009). Under
the influence of external forcing functions, the auto-peak represents
the sensitivity of the correlation spectrum to changes in spectral inten-
sity. In synchronous maps, cross-peaks represent the change of spectral
intensity observed for two spectral variables (v1 and v2). Asynchronous
cross-peaks show the sequential order of spectral variations induced by
a perturbation. The sign of auto-peaks is always positive, while cross
peaks can also be either positive or negative (Noda, 1990; Noda and
Ozaki, 2009). If cross-peaks in both maps have the same sign in a
given wavelength range, the spectral change at v1 precedes the change
at v2. Otherwise, the reaction process is reversed according to Noda's
rule (Chen et al,, 2015; Noda, 1990; Noda and Ozaki, 2009). In this
study, 2D COS was performed on 11 sets of SFS data for each sub-frac-
tion of FA with the pH as the external perturbation. Additionally, 2D
COS generated synchronous and asynchronous maps to provide de-
tailed spectral variations of sub-fractions.

2.6. Determination of proton binding parameters

Fluorescence titration combined with use of the Stern-Volmer equa-
tion has been widely used for characterizing binding behaviors of DOM
with metal ions (Esteves da Silva et al., 1998; Yamashita and Jaffé,
2008). In this study, dissociation constants (pKa) of sub-fractions were
estimated by use of modified Stern-Volmer equation, based on data
for wavelengths corresponding to main peaks in the synchronous-asyn-
chronous maps derived from 2D COS. Reactions of proton binding of
sub-fractions (represented by L) at pH 2.0-7.0 and the corresponding
value of Ka could be expressed (Egs. 4 and 5).

HLsL+H (4)
[L][H]

Where: [HL] is the equilibrium concentration of binding process; [H]
is the equilibrium concentration of proton, which were not involved in
the main reaction; [L] is the equilibrium concentration of ligands
which were not involved in the main reaction.

In order to quantify pKa, it was assumed that FA molecules in sub-
fractions had consistent fluorescence characteristics during fluores-
cence titration. Additionally, fluorescent binding sites in sub-fractions
were also assumed to form 1:1 stoichiometry with protons. Fluores-
cence intensity, the total concentration of ligands (C;) and the concen-
trations of [HL] were described (Eq. 6).

H)__Fo—F
C _FO_FETld (6)

Where: F and F; are the measured fluorescence intensities at certain
pH and at the beginning of the proton fluorescence titration; Fepq
indicated fluorescence intensity at the end of titration. Based on the
assumptions, the modified Stern-Volmer equation could be used in
our study to estimate the values of pKa (Egs. 7 and 8).

FO_Fend _ @
F—Fod Kq (7)
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Letting f="T2 ), the final relationship was derived:

F, F, Ko 1
FomF = AF - TH T T ®)

The parameters of fand Ka are the fraction of the initial fluorescence
that corresponds to the binding fluorophores and the dissociation
constant, respectively.

Fluorescence characteristics occurring in sub-fractions of FA might
not be uniformly distributed among all components of sub-fractions,
such that binding of protons might not be simply proportional to all
binding sites in sub-fractions. The modified Stern-Volmer equation
could not estimate the portion of unbound fluorescence contribution if
stable non-fluorescent binding to proton were formed and/or if fluores-
cence data at a particular wavelength pair represents more than two
binding sites. Despite these underlying limitations, the modified Stern-
Volmer function was still useful for quantifying interactions between
chemical species and DOM. Therefore, the SFS data were fitted by use
of the modified Stern-Volmer equation with Origin 9.1 software.

3. Results and discussion
3.1. Synchronous fluorescence spectra

Three primary peaks, Peak A (272-280 nm), Peak B (328-368 nm)
and Peak C (428-488 nm), were observed in SFS of FA3-FA;3 (Table 1,
Fig. 1). The prominent presences of Peak A were distinguished in the
SES of FA;-FA3 (Fig. 1). Unclear shoulders (~250 nm) observed in the
SFS of both FA; and FAs were likely due to overlapping fluorescence of
Peak A (Fig. 1). Previous studies had found that the common compo-
nents in DOM, including protein-like (i.e., tyrosine-like and trypto-
phan-like materials), fulvic-like and humic-like materials, could be
identified according to their SFS characteristics. The fulvic-like and
humic-like materials had a higher degree of decomposition than both
tyrosine-like and tryptophan-like materials, which are important con-
stituents in the pool of aromatic amino acids (Bao et al., 2006; Chen et
al., 2003; Heo et al., 2015; Zhou et al., 2013). Peak shoulders and
Peaks A-C in SFS of sub-fractions of FA were located at fluorescence
wavelength regions of tyrosine-like (250-265 nm), tryptophan-like
(265-300 nm), fulvic-like (300-380 nm) and humic-like materials
(380-550 nm), respectively (Table 1) (Chen et al.,, 2015; Esteves et al.,
2006). Fluorescence intensities of Peak A (906-1906 a.u.) of FAg and
FA3 were greater than those of FA3-FA; (231-477 a.u.) at pH 7.0. Fluo-
rescence intensity of Peak B (148 a.u.) of FA; was greater than those of
Peak B (100-117 a.u.) of FAs—FA;3 at pH 7.0. Similarly, fluorescence in-
tensity of Peak C (90 a.u.) of FA3 was also greater than those of Peak C
(33-51 a.u.) of FAs-FA;5 at pH 7.0 (Fig. 1). These results suggested
that tryptophan-like materials were predominant in FAg and FA;3, and
greater proportions of fulvic-like and humic-like materials were present

Table 1

Parameters of spectral peaks of sub-fractions of FA.
Peaks Positions Components
Peak A* 272-280 nm Tryptophan-like materials
Peak B* 328-368 nm Fulvic-like materials
Peak C* 428-488 nm Humic-like materials
P1° 274 nm Tryptophan-like materials
p2° 316 nm Fulvic-like materials
p3° 428 nm Humic-like materials
p4° 254 nm Tyrosine-like materials
p5° 286 nm Tryptophan-like materials
P6° 362 nm Fulvic-like materials
P7° 454 nm Humic-like materials

¢ The peak were observed from SFS in Fig. 1.
b The peak was observed from the plots of PCA factor scores vs. spectral wavelength in
Fig. 2.

2500 —FA,
Peak A FA5
2000 FAT
‘!"”‘-‘I‘ FA,
| '\ — FA13
1500 [

1000 +

Fluorescence intensity (a.u.)

500

Peak B Peak C

T T T T T T 1
200 250 300 350 400 450 500 550
Ex wavelength (nm)

Fig. 1. SFS of sub-fractions of FA at pH 7.0.

in FA; at neutral pH. Fluorescence characteristics of sub-fractions of FA
were pH-depended. This observation is consistent with previous reports
(Pullin and Cabaniss, 1995). Those authors focused on effects of pH on
SFS of the standard DOM reference material from the Suwannee River,
USA offered by IHSS (Pullin and Cabaniss, 1995).

3.2. Principal components analysis

Results of the Kaiser-Meyer-Olkin measure and Bartlett's test
showed that all 55 SFS data of sub-fractions were suitable for PCA anal-
ysis with a smaller partial correlation between variables (0.95) and a
larger dependence (P < 0.001). Two PCs (PC1 88.9% and PC2 8.8%)
accounted for 97.6% of the total variance. To interpret SFS signals and
identify fluorescent compounds of sub-fractions, plots of PCA factor
scores versus wavelength were made (Fig. 2) (Guo et al., 2013; Hur et
al., 2009; Su et al., 2016). From PC1 and PC2 plots, seven fluorescence
peaks P1-P7 were centered at 274 nm, 316 nm, 428 nm, 254 nm,
286 nm, 362 nm, and 454 nm, respectively (Table 1, Fig. 2). The P1
and P5 were likely indicative of the presence of the tryptophan-like ma-
terials, which had similar locations within Peak A (Table 1, Figs. 1 and 2)
(Guo etal,, 2013). Peaks P2 and P6, which were in locations near to Peak
B, were identified as fulvic-like materials (Table 1, Figs. 1 and 2) (Guo et
al., 2013). Peaks P3 and P4 were attributable as humic-like materials,
which had similar locations with Peak C (Table 1, Figs. 1 and 2)
(Guo et al., 2013). A novel peak (P4) was identified by PCA analysis
(Fig. 2b), which was related to tyrosine-like materials with shoulders
at about 250 nm in SFS of FA; and FAs (Fig. 1). That is, PCA probably
had an advantage to increase sensitivity and reduce spectroscopic over-
lap than was observed in original fluorescence spectra. The P5-P7 had
12 nm, 46 nm and 26 nm longer wavelengths than corresponding P1-
P3, respectively (Table 1, Fig. 2). Previous studies have documented
that DOM exhibiting longer excitation wavelengths, contained carbonyl,
carboxyl, hydroxyl, alkoxyl constituents (Chen et al., 2002). The longer
excitation wavelengths for P5-P7 might indicate that fluorescent com-
ponents corresponding to PC2 had relatively large amounts of un-satu-
rated m-m bonds and alkoxyl groups (Chen et al., 2002).

Four main clusters (Clusters I-IV) were identified from PCA factor
loadings to establish a classification scheme for sub-fractions based on
their different fluorescence signals at pH 2.0-7.0 (Table S1, Fig. 3). Clus-
ter [ including samples of FAg and FA;3 at pH 2.0-7.0 exhibited a large
loading to PC1 (>0.80) and a lesser loading to PC2 (<0.50) (Table S1,
Fig. 3). On the contrary, Cluster IV including samples of FA3 at pH 2.0-
7.0 had a larger loading to PC2 (>0.85) and a lesser loading to PC1
(<0.50) (Table S1, Fig. 3). These results indicated a greater content of
tryptophan-like materials in both FAg and FAs3, and greater proportion
of fulvic-like materials in FAs. Similar results were also obtained by
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Fig. 2. PCA factor scores vs. spectral wavelength: PC1 (a); PC2 (b).

analysis of the fluorescence intensity of original SFS (Fig. 1) and the fluo-
rescence excitation-emission matrix of sub-fractions of FA (Bai et al.,
2015). Cluster Il including samples of FA; at pH 5.5-7.0 obtained a rela-
tively larger PC1 loading (>0.70). However, Cluster Il including samples
of FAs at pH 2.0-7.0 and FA; at pH 2.0-5.0 exhibited a relatively larger
PC2 loading (>0.70) (Table S1, Fig. 3). Larger changes in loadings of
the PCA appeared for FA; with pH 2.0-7.0, which might be due to com-
parable intensities of Peaks A-C (Figs. 1 and 3). Smaller changes of PC
loadings were observed for FAg and FA;3 with pH 2.0-7.0, which could
be attributed to extra-strong intensities of Peak A compared to Peaks
B and C (Figs. 1 and 3). Different changes in PC loadings as a function
of pH suggested that proton binding sites might be unevenly distributed
within the sub-fractions of FA.

3.3. Two-dimensional correlation fluorescence analysis

Synchronous and asynchronous maps derived from 2D-COS are
shown for five sub-fractions of FA (Fig. 4). In the synchronous map,
two main red/positive auto-peaks were observed for each sub-fraction
in the range of FA3-FA;, and one main red/positive auto-peak was ob-
served for each sub-fraction in the range of FAg—-FAs. In synchronous

and asynchronous maps, the cross-peaks must appear symmetrically
along the diagonal line. Cross-peaks located at the bottom-left corner
of synchronous and asynchronous maps were counted and analyzed.
Therefore, one red/positive cross peak was present in the synchronous
map of FAs, and one blue/negative off-diagonal peak appeared for
each synchronous map of FAs and FA; (Figs. 4 a1, c1). In asynchronous
maps, cross peaks were observed at v1 wavelength ranges of 360-
510 nm and narrow v2 wavelength ranges of 340-380 nm for FAs. In
contrast, cross peaks appeared at vl wavelength ranges of 260-
490 nm and narrow v2 wavelength ranges of 250-300 nm for FAg and
FA13. Cross peaks occupied both of the v2 narrow wavelength ranges
of 250-300 nm and 350-400 nm in each asynchronous map for FAs
and FA;. The complicated distribution of peaks in synchronous and
asynchronous maps for FA3-FA;3 might be related to heterogeneity of
proton binding for different sub-fractions of FA. The heterogeneous
distribution of binding sites of DOM had been reported previously
(Hur and Lee, 2011a). Those authors focused on complexation of DOM
and cupric ion by use of the 2D COS combined with fluorescence spec-
troscopy (Hur and Lee, 2011a).

In the synchronous map of FAs, two main auto peaks (360/360 nm
and 450/450 nm) were located at wavelength ranges of Peak B and

L O FA,
e Q (:\‘3(‘*} '.: ™ FA,
R & FA
*ssaansnt® A A e 5 FA
0.8+ & .
Cluster IV *“'q_ : 9
b ,:i’. LLTTN FA 13
G 4 S, ::
w0 0.6 Cluster III LT
£ Cluster II
3
3} : % P
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Fig. 3. SFS loading of sub-fractions on PC2 relative to PC1 at pH 2.0-7.0.



1284 F. Song et al. / Science of the Total Environment 616-617 (2018) 1279-1287

500 500 4
450 - 450
400 - : 400
350 . 350 - - &
300 300 A
250 250 4
T T T T T T T T T T T T
al 250300 350 400 450500 g2 250 300 350 400 450 50
500 5004
450 450 ‘
400 _ 400 1 #
s0{ & W aso{ | §w
300 300
250 4 250 4
bl 250300 350 400 450500 b2 250 300 350 400 450 50
’é\ 500 - 500 -
= 450 - 450
p—
1 400 -
< 400 .
éﬁ 350 - 350
5
300 300 -
E . & -
§ 250 250
cl 250300 350 400 450500 C2 250 300 350 400 450 50
500 500 |
450 - as0{ W
400 - 400 -
350 350 B
300 300
- - -
250 250
T T T T T T T T T T T T
dl 250300 350 400 450500 d2 250 300 350 400 450 50
500 500
450 450
400 - 400 A
350 350 -
. 300 A
300 o - -
250 250 -
el 250 300 350 400 450500 €2 250 300 350 400 450 500
Wavelength (nm)

Fig. 4. 2D COS analysis of SFS sub-fractions of FA. Synchronous maps for FA3-FA;3 (al-e1), asynchronous maps for FA3-FA;3 (a2-e2). The x-axis and y-axis are v1 and v2 respectively,

derived by 2D-Shige software.

Peak C, respectively (Fig. 4 a1, Table 2). One main positive off-diagonal
peak was observed near 450/374 nm (Fig. 4 a1, Table 2), which indicat-
ed that fulvic-like and humic-like materials occurred in the same direc-
tion with changing pH in FAs. For each the synchronous maps of FAs and

FA;, two auto peaks were found near 274/274 nm and 360/360 nm
along the diagonal line, which were associated with Peaks A and B, re-
spectively (Fig.4 b1, c1, Table 2). A cross peak with a negative sign locat-
ed off the diagonal line at 360/274 nm was observed for synchronous
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Table 2
2D COS results on the assignment and sign of peaks in synchronous and asynchronous (in the brackets) maps of sub-fractions of FA with proton binding.
Sub-fractions Peak wavelength v1 (nm) Assignment Peak wavelength v2 (nm) and Signs
250 274 350 360 374 450
FA3 360 Fulvic-like materials +
374 (+)
450 Humic-like materials (+) - +
FAs 274 Tryptophan-like materials +
360 Fulvic-like materials (+) - +
374 (+)
450 Humic-like materials (=) (+)
FA; 274 Tryptophan-like materials +
360 Fulvic-like materials —/(—) (+) +
460 Humic-like materials (=) (+)
FAq 254 Tyrosine-like materials (=)
274 Tryptophan-like materials +
290 (=)
350 Fulvic-like materials (=)
430 Humic-like materials (+)
460 (=)
FA3 274 Tryptophan-like materials +
290 (=)
324 Fulvic-like materials (=)
374 (=)
460 Humic-like materials (=)

Note: Signs were obtained from synchronous and asynchronous maps. The + represents red/positive, — represents blue/negative.

maps of both FAs and FA; (Fig. 4 b1, c1, Table 2). This result indicated
that, with changes of pH, changes in fulvic-like materials occur in a dif-
ferent direction than those of tryptophan-like materials. Detailed analy-
ses showed that inconsistent changes in fluorescence intensities of
fulvic-like materials as a function of pH, appeared for FAs and FA;. This
result was probably due to the influence of wavelength shift of a strong
fluorescence peak around 290-390/340-520 nm (Song et al., 2017).
For synchronous maps of FAg and FA;3, one positive auto-peak (274/
274 nm) associated with Peak A was found along the diagonal line
(Fig. 4 d1, el, Table 2). This observation indicated that the spectral
changes proceeded in the same direction with changing pH.

An asynchronous map revealed the degree of the sequential changes
in two wavelengths as a function of changes of pH. In asynchronous
spectra of the FAs, two main positive peaks with wavelengths of 374/
350 nm and 450/360 nm appeared below and off the diagonal line of
the asynchronous map of FA; (Fig. 4 a2, Table 2). Based on Noda's
rule, the degree of sequential changes followed the order of 374 nm
— 350 nm, indicating that the heterogeneous distribution of proton
binding sites even within a wavelength range (350-380 nm) associated
with the same fluorescent materials (e.g., fulvic-like materials) for FAs.
In addition, the order of 450 nm — 360 nm for sequential changes sug-
gested changes occurring in the order of humic-like — fulvic-like mate-
rials with changes of pH. This result indicated those sites to which
protons bind in FA; were relatively homogeneously distributed over
the wavelength range (360-450 nm) for fluorescent materials. Three
main positive peaks (360/250 nm, 374/360 nm and 450/360 nm) and
one weak negative peak (450/274 nm) were observed below and off
the diagonal line in the asynchronous map of FAs (Fig. 4 b2, Table 2).
Two negative peaks (360/274 nm and 460/274 nm) and two positive
peaks (360/350 nm and 460/350 nm) were observed below and
off the diagonal line in the asynchronous map of the FA; (Fig. 4 c2,
Table 2). Therefore, the degree of sequential changes followed the
order of 274 nm — 450 nm — 360 nm — 250 nm for FA5 and 274 nm
— 460 nm — 350 nm for FA;. These results suggest that the order of var-
iations of fluorescent materials was tryptophan-like — humic-like —
fulvic-like — tyrosine-like materials for FAs and tryptophan-like —
humic-like — fulvic-like materials for FA;. Over the wavelength range
of 250-460 nm, the heterogeneous distributions of proton binding
sites for different fluorescent materials were also observed for FA; and
FA,. Four negative cross-peaks (254/274 nm, 290/274 nm, 350/
274 nm and 460/274 nm) and one weak positive peak (430/274 nm)

were observed in the asynchronous map of FAq (Fig. 4 d2, Table 2). In
addition, four negative cross-peaks (290/274 nm, 324/274 nm, 374/
274 nm and 460/274 nm) were observed in the asynchronous map of
FA.3 (Fig. 4 e2, Table 2). These results indicated that changes of fluores-
cence intensity occurring in tryptophan-like materials occurred prior to
those occurring in tyrosine-like, fulvic-like and humic-like materials
for FAg and fulvic-like and humic-like materials for FA;3. Furthermore,
the degree of the sequential changes followed the order of 274 nm
— 290 nm for both FAg and FA5 also suggested that the heterogeneous
distribution of proton binding sites even within tryptophan-like mate-
rials for FAg and FA;s. Therefore, major advantage of using the SFS-
PCA/2D-COS in this study would be to readily reduce extensive overlap
of spectra and to capture subtle sequential differences in spectra over a
range of wavelengths, providing a deep insight into protonation-depen-
dent heterogeneity in fluorescent binding sites in sub-fractions of fulvic
acid.

3.4. Proton binding parameters of FA sub-fractions

To quantitatively corroborate interpretations of 2D COS results, pro-
ton binding parameters were calculated by the fit of the modified Stern-
Volmer equation at the wavelengths corresponding to the main positive
or negative peaks in 2D COS maps (Table 3 and Fig. S1). In addition, the
main positive and negative peaks occurring in 2D COS maps were also
distinguished by use of PCA. The calculated values of pKa and f based
on fluorescence properties ranged 2.20-5.29 and 0.10-0.54 for the
sub-fractions of FA, respectively (R > 0.894) (Table 3). The values of
pKa ranged of 2.20-3.38, 2.78-5.29, 2.39-4.15, 2.60-4.27 and 2.53-
5.12 for FA3-FA;3, respectively (Table 3). In general, values of pKa
were comparable to those reported previous based on the properties
of fluorescence excitation-emission matrix spectra (Midorikawa and
Tanoue, 1998; Song et al., 2017; Wu and Tanoue, 2001).

Fluorescence peaks with wavelengths of 254-290 nm for FAs-FA;3
exhibited larger values of pKa (4.15-5.29) than those (2.20-3.38) of
other peaks for sub-fractions of FA (Table 3). The presence of two adja-
cent aromatic carboxylic groups and/or an aromatic carboxylic group,
and the adjacent phenolic group in sub-fractions of FA overwhelmingly
contributed to changes in pH-dependent fluorescence (Midorikawa and
Tanoue, 1998; Yan et al., 2013). Thus, protein-like materials of FAs-FA;3
might contain more aromatic structures and made stronger binding
with protons. Different values of pKa of fluorescence peaks of sub-
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Table 3
Proton binding parameters fitting by the modified Stern-Volmer equation.

Sub-fractions Peak wavelength (nm)? Modified Stern-Volmer

equation
pKa f R
FA3 350 2.20 043 0.985
360 2.62 0.50 0.993
374 2.54 0.51 0.990
450 338 0.49 0.993
FAs 274 5.29 0.14 0.894
360 - - -
374 - - -
450 2.78 0.21 0.950
FA; 274 4.15 0.37 0.996
360 - - -
460 239 0.40 0.997
FAg 254 417 0.30 0.999
274 427 0.54 0.999
290 414 0.38 0.998
350 - - -
430 - - -
460 2.60 0.30 0.984
FA13 274 5.12 0.10 0.978
290 457 0.16 0.986
324 3.03 0.13 0.942
374 2.76 0.23 0.909
460 2.53 0.37 0.934

- data not available.

2 The peak wavelengths were selected based on the plots of PCA factor scores vs.
spectral wavelength in Fig. 2, and the synchronous and asynchronous maps of 2D COS in
Fig. 4.

fractions were also a function of estimates of heterogeneity of binding
sites of sub-fractions to protons (Table 3). This conclusion is consistent
with that reported by Midorikawa and Tanoue (1998), who focused
on oceanic DOM from North Pacific (Midorikawa and Tanoue, 1998).

Numbers of pKa values of selected peaks of sub-fractions of FA were
reasonably consistent with previous interpretations of sequential orders
determined by 2D COS analysis. As predicted from spectral features of
the asynchronous maps and Noda's rules, decreasing trends of pKa
values of peaks for FA; were observed in the order of 374 nm (2.54)
— 350 nm (2.20) and 450 nm (3.38) — 360 nm (2.62). Values of pKa
(4.15-5.29) of peaks located at 274 nm were greater than those
(2.39-2.78) of peaks located at 450-460 nm for both FAs and FA,,
which were in agreement with results of the order of sequential chang-
es with 274 nm — 360-460 nm in asynchronous maps of both FAs and
FA;. The pKa value of the peak at wavelength of 274 nm (4.27) for FAg
was greater than those of other peaks at wavelengths of 254 nm
(4.17) and 290-460 nm (2.60-4.14). Similarly, the pKa value of the
peak at wavelength of 274 nm (5.12) for FA;5 was greater than those
of other peaks at wavelength range of 290-460 nm (2.53-4.57). These
results are consistent with the interpretation of the corresponding spec-
tral changes order in the asynchronous of FAg and FA;5. However, the
pKa values of some selected peaks (e.g., 360 nm for FAs and FA;) were
not accurately established (Table 3), which might be attributed to the
inconsistent changing direction and/or the smaller differences of fluo-
rescence intensities with changes of pH (Song et al., 2017). The uncalcu-
lated stability constants of complexation between DOM and cupric ions
were also reported base on the fluorescence peaks distinguished from
2D COS asynchronous maps (Hur and Lee, 2011a, 2011b).

4. Conclusion

Heterogeneous distributions of proton binding sites within sub-frac-
tions of FA were identified by use of SFS-PCA/2D COS coupled with dis-
sociation constants (pKa). Tryptophan-like, fulvic-like and humic-like
materials were observed in SFS and the tyrosine-like materials were
identified by use of SFS-PCA analysis. Relative differences of values of
pKa within sub-fractions were consistent with the sequential orders

derived from the asynchronous maps. In details, values of pKa derived
from modified Stern-Volmer equation ranged from 2.20 to 5.29 for
sub-fractions. Values of pKa of protein-like materials (4.15-5.29) were
greater than those of sub-fractions of humic-like and fulvic-like mate-
rials (2.20-3.38). Variations occurred in order of humic-like — fulvic-
like materials for FAs, and both components changed in the same direc-
tion. Tryptophan-like materials in FAs and FA; had greater values of pKa
(4.15-5.29) than humic-like, fulvic-like and tyrosine-like materials
(2.39-2.78), which were consistent with the orders of variations of
tryptophan-like — humic-like — fulvic-like — tyrosine-like materials
for FAs and tryptophan-like — humic-like — fulvic-like materials for
FA;. Values of pKa of the tryptophan-like materials for each FAg (4.27)
and FA3 (5.12) were greater followed by humic-like, fulvic-like and ty-
rosine-like materials, as expected for the higher variations of trypto-
phan-like materials from spectral patterns of the asynchronous maps
of each FAg and FA;s. The binding sites heterogeneity for proton was
also identified for single fulvic-like materials for FA; with the sequential
changing order of 374 nm — 350 nm and the tryptophan-like materials
for both FAg and FA;5 with the order of 274 nm — 290 nm. The various
binding sites can be readily recognized to elucidate the heterogeneous
properties of DOM by use of SFS-PCA/2D COS combined with pKa, show-
ing the great potential for further applications in revealing the interac-
tions between DOM and environmental contaminants.
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Supporting Information Captions

Fig. S1. The representative modified Stern-VVolmer plots for Peak A (274 nm) of FA; (a,

R?=0.946) and FA3 (b, R?=0.969) at pH 2.0-6.5, respectively.

Table S1. Distribution of clusters for sub-fractions at pH 2.0-7.0.
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Fig. S1. The representative modified Stern-Volmer plots for Peak A (274 nm) of FA;3 (a,

R?=0.946) and FA4; (b, R=0.969) at pH 2.0-6.5, respectively.



Table S1. Distribution of clusters for sub-fractions at pH 2.0-7.0.

Clusters PC1 loading PC2 loading Including samples

Cluster | >0.80 <0.50 FAs (pH 2.0-7.0) and FA;3 (pH 2.0-7.0)
Cluster I1 <0.65 >0.70 FA; (pH 5.5-7.0)
Cluster 111 >0.70 <0.70 FAs (pH 2.0-7.0) and FA; (pH 2.0-5.0)

Cluster IV <0.50 >0.85 FA; (pH 2.0-7.0)
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