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HIGHLIGHTS

Fluorescence titrations of FA sub-
fractions with proton were visited by
EEM-PARAFAC.
Carboxylic/phenolic/protein-like chro-
mophores were identified in PARAFAC
components.

pK,; and pKj; of fulvic-like components
were 2.43-4.13 and 9.95-11.27,
respectively.

pKa1 and pK,, of protein-like compo-
nents were 3.33-4.22 and 9.77-10.13,
respectively.
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ABSTRACT

In aquatic environments, pH can control environmental behaviors of fulvic acid (FA) via regulating hydrolysis of
functional groups. Sub-fractions of FA, eluted using pyrophosphate buffers with initial pHs of 3.0 (FA3), 5.0 (FAs),
7.0 (FA7),9.0 (FAg) and 13.0 (FA;3), were used to explore interactions between the various, operationally defined,
FA fractions and protons, by use of EEM-PARAFAC analysis. Splitting of peaks (FA3 and FA;3), merging of peaks
(FA7), disappearance of peaks (FAg and FA;3), and red/blue-shifting of peaks were observed during fluorescence
titration. Fulvic-like components were identified from FAs-FA;3, and protein-like components were observed in
fractions FAg and FA;5. There primary compounds (carboxylic-like, phenolic-like, and protein-like chromo-
phores) in PARAFAC components were distinguished based on acid-base properties. Dissociation constants
(pK,) for fulvic-like components with proton ranged from 2.43 to 4.13 in an acidic pH and from 9.95 to
11.27 at basic pH. These results might be due to protonation of di-carboxylate and phenolic functional groups.
At basic pH, pK; values of protein-like components (9.77-10.13) were similar to those of amino acids. However,
at acidic pH, pK; values of protein-like components, which ranged from 3.33 to 4.22, were 1-2 units greater than
those of amino acids. Results presented here, will benefit understanding of environmental behaviors of FA, as
well as interactions of FA with environmental contaminants.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Fulvic acid (FA) is a more mobile hydrophobic acid fraction of dis-
solved organic matter (DOM) ubiquitously existing in water and soil en-
vironments (Bai et al., 2015; Lehmann and Kleber, 2015). FA has
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potential effects on transport and bioavailability of nutrients, metals,
polycyclic aromatic hydrocarbons, and other contaminants (Cabaniss
and Shuman, 2002; Cai et al., 2016; Dai et al., 2006; Giesy et al., 1978;
Giesy et al., 1983; Leversee et al., 1983; Wang et al., 2016; Xia et al.,
2009). In various aquatic systems, factors including pH, temperature,
and salinity can affect physical and chemical behaviors of FA (Gao
et al., 2015; Pace et al., 2012; Sun et al., 2016; Yu et al., 2010b). Effects
of increasing or decreasing pH on molecular structures, functionalities,
conformations, and intermolecular interactions of FA with metal ions
have been reported (Giesy, 1983; Giesy et al., 2010; Giesy et al., 1986;
Midorikawa and Tanoue, 1998; Pace et al., 2012; Timko et al., 2015;
Tipping, 2005; Yan et al., 2013). For example, based on fluorescence
properties, it can be demonstrated that pH can affect molecular orbitals
of excitable electrons and sphero-colloidal configurations of FA (Pace
et al.,, 2012; Yan et al., 2013). The pH can affect molecular sizes of FA
by partial disassembling of small groups at lower pHs, and formation
of additional inter-/intra-molecular hydrogen bonds at neutral pH
(Pace et al., 2012; Piccolo et al., 1999; Romera-Castillo et al., 2014). Dis-
sociation constants of fluorescent ligands of DOM binding with protons
are associated with the protonation of carboxylates, which, based on
pH-dependence of fluorescence, are candidate ligands (Midorikawa
and Tanoue, 1998; Wu and Tanoue, 2001).

Although mechanisms of interactions between FA and proton have
been studied, due to the structural heterogeneity and variety of composi-
tions, as well as the challenged operational separation of FA, it is not well
understood (Bai et al,, 2015; Lehmann and Kleber, 2015). Fractionating FA
into sub-fractions can reduce their heterogeneity, which facilitates explo-
ration of origin, structure and evolution, as well as interactions with
chemical species. Successful isolation of standard sub-fractions of FA de-
rived from Chinese sources was accomplished by use of stepwise elution
from XAD-8 with pyrophosphate buffers. Detailed descriptions of isola-
tion, fractionation and characterization of FA sub-fractions have been
reported previously (Bai et al., 2015). Enrichment of protein-like sub-
stances was also reported in FA sub-fractions; however the possible
chemical characters of protein-like substances have not yet been studied.

Fluorescence excitation-emission matrix (EEM) spectroscopy is a
rapid, inexpensive, sensitive, elective and non-destructive technique
to investigate chemical and physical properties of DOM. The EEM com-
bined parallel factor analysis (PARAFAC) technique has been used to
characterize fluorescence features of DOM in aquatic systems by
decomposing three-way data into individual fluorescence components
without any assumptions about spectral shape or number (Bro, 1997;
Sgroi et al.,, 2016; Stedmon and Bro, 2008; Zhang et al., 2011). EEM-
PARAFAC analyses have been used to explore interactions of individual
fluorescence components with metals and organic contaminants (Cory
and Mcknight, 2005; He et al., 2013; Kowalczuk et al., 2009; Maqgbool
and Hur, 2016; Sgroi et al., 2016; Wei et al., 2016; Wu et al., 2011; Yan
etal,2013; Yuetal,2011; Zhang et al., 2011). Conditional stability con-
stants were also calculated for the interactions between PARAFAC com-
ponents of DOM and metal ions (e.g., Cu?> ", Hg? ™), as well as organic
contaminants (e.g., sodium dodecyl sulfate) using EEM-PARAFAC
(Magbool and Hur, 2016; Yamashita and Jaffé, 2008). However, to the
best of our knowledge, pK, values of PARAFAC components of FA at
acidic and basic pH ranges had not yet been established.

Objectives of this study were to: (1) Determine primary constituents
based on acid-base properties of PARAFAC components; (2) Investigate
the possible environ-chemical behaviors of protein-like components
with pH changing; (3) Calculate and compare the pK, values of
PARAFAC components at acidic and basic pH ranges.

2. Materials and methods
2.1. Sample pretreatment and fluorescence titration

The Chinese standard FA sample was isolated from surface soil col-
lected from the Jiufeng Mountain Forest, Beijing, China. Extraction and

purification of FA were performed according procedures recommended
by the International Humic Substances Society (Bai et al., 2015). The FA
was stepwise eluted from an XAD-8 resin column into five sub-
fractions: FAs, FAs, FA;, FAq, and FA;3 by use of pyrophosphate buffers
with initial pHs of 3.0, 5.0, 7.0, 9.0 or 13.0 (Fig. S1) (Bai et al., 2015).
The total phosphorous in FA sub-fractions was lower than 0.3% mea-
sured with molybdenum blue method after digesting at 110 °C and cal-
culated as pyrophosphate (Bai et al., 2015).

Each FA sub-fraction was prepared at a concentration of 10.0 mg/L
with 0.05 mol/L KClO4 as background electrolyte. In details, the
100.0 mg FA sub-fractions were dissolved in water (about 100 mL),
and then the solutions were filtered using a 0.22 pm membrane. The
membranes were dried for 48 h at 45 °C before and after filtering the
FA sub-fractions. The mass of non-soluble FA sub-fractions was calculat-
ed by the mass difference of the membranes subsequently, the dissolved
FA sub-fractions were evaluated by reducing the weight of non-soluble
FA sub-fractions from total weight. The filtered FA sub-fraction solu-
tions were then diluted with KClO,4 solution to 10.0 mg/L as stock solu-
tions (Bai et al., 2015). The pH values of solutions were controlled
sequentially at 0.5 pH units from 2.5 to 11.5 by adding small amounts
of HClO4 or KOH. Each solution was continuously stirred by magnetic
stirrer during fluorescence titration. All the solutions were purged for
15 min using nitrogen to avoid static quenching caused by oxygen and
buffering effect of carbonate species during fluorescence spectra detec-
tion (Ryan and Weber, 1982). All chemicals were analytical reagent
grade unless otherwise noted. All solutions were prepared in Milli-Q
water then filtered through 0.45 pum filter membranes (Whatman, UK)
before use.

2.2. Fluorescence spectral analysis

Fluorescence spectra of sub-fractions were measured using a fluo-
rescence spectrometer (Hitachi F-7000, Tokyo, Japan) with a 1 cm
path-length quartz cuvette at room temperature. EEM spectra were ob-
tained by subsequently scanning emission (Em) wavelengths from 250
to 550 nm and excitation (Ex) wavelengths from 200 to 450 nm, both
stepped by 2 nm intervals. Slit widths were 5 nm for both Ex and Em

and scanning speed was set at 2400 nm-min~ .

2.3. Parallel factor analysis

The three-way data of EEMs can be statistically reduced into trilinear
terms and a residual array by using PARAFAC modeling (Stedmon and
Bro, 2008) (Eq. (1)).

N
x,-jg:Zlaifbjfcgf—s—s,-jg,i:l,il;j:1.];g:1,...7G (])
n=

where: for EEM data, x;, represents fluorescence intensity of the ith
sample measured at gth Ex wavelength and jth Em wavelength. Param-
eters a, b, and c represent concentration, Em spectra, and Ex spectra of
fluorophores, respectively. N is the number of components and f repre-
sents the individual component in the samples. The ¢, represents var-
iability unexplained by the model.

PARAFAC modeling was separately performed on five sets of EEMs
(19 samples for FAs, FAg and FA;3, respectively; 16 samples for FAs
and FA;, respectively) for the FA3-FA,3 at various pH values by utilizing
the DOMFluor (version 1.7) toolbox in MATLAB software (Stedmon and
Bro, 2008). In addition, several important preprocessing steps were ap-
plied to minimize the effects of scatter lines of the EEMs. The EEMs of
the KClO4 blank were subtracted from each sample EEMs. The region
of no fluorescence (Ex « Em) were inserted a series of zero values.
The residual Rayleigh and Raman scatters were regulated using interpo-
lation methods derived from Bahram et al. (2006) (Bahram et al., 2006;
Magbool and Hur, 2016; Wu et al., 2011; Xu et al., 2013; Yu et al.,
2010a). The PARAFAC models with 2-7 components were computed
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for the EEMs. Ex and Em loadings were constrained non-negative values
(Lee et al., 2015; Magbool and Hur, 2016; Murphy et al., 2013). The
maximum fluorescence intensity (F) derived by use of the PARAFAC de-
composition method, represented the relative concentration or intensi-
ty of the PARAFAC component (Magbool and Hur, 2016).

2.4. Determination of dissociation constant

Binding parameters based on EEMs were successfully obtained to
characterize interactions between DOM and environmental contami-
nants (Avendano et al., 2016; Cabaniss, 2002; Cabaniss and Shuman,
2002; Guo et al,, 2015; Yamashita and Jaffé, 2008). Also, a 1:1 stoichio-
metric model has been employed previously to describe binding affini-
ties between DOM and proton, as well as metal ions (e.g., Cu®> ™+, Mn?™,
Co?*) (Midorikawa and Tanoue, 1998; Ryan et al., 1983; Ryan and
Weber, 1982; Wu and Tanoue, 2001). Therefore, values for pK,; and
PKa2, calculated from reactions between PARAFAC components (L) and
proton (H) at acidic or basic pH range, respectively, can be quantitative-
ly described with 1:1 stoichiometric model (Eq. (2)).

IOgm = pK,—pH (2)

where: quantities Fy_py and Fi_py obtained from MATLAB software
fitting were F at the high and low values of pH in specific pH ranges, re-
spectively. The pK,; and pKj,, values were calculated with MATLAB soft-
ware at acidic and basic pH range, respectively (detailed derivational
information of Eq. (2) see Supporting Information Appendices A and B).

3. Results and discussion
3.1. General EEM fluorescence spectral of FA sub-fractions

EEMs have been provided for compositions of FA, associated with
humic-like, fulvic-like, protein-like substances (Chen et al., 2003; Sun
et al., 2016). EEMs and spectral parameters of FA sub-fractions are
shown (Table 1 and Fig. 1). For EEMs of FA; and FAs at pH 3.0, two
main peaks were observed at Ex/Em wavelengths of 290-320/410-
450 nm (Peak A) and 230-270/400-450 nm (Peak B) (Fig. 1 a1l and
b1). Peak B of FA3 tended to be resolved into two peaks at neutral (i.e.
pH 7.0) or basic conditions (i.e. pH 11.0) (Table 1 and Fig. 1a2-a3).
Three main peaks including Peak A, Peak B and Peak C (Ex/Em: 220-
235/400-420 nm), were observed in EEMs of FA; at pH 3.0 (Fig. 1c1).
Peaks B and C of FA; tended to merge into a single peak under basic con-
ditions (i.e. pH 11.0) (Table 1 and Fig. 1c3). Peak D (Ex/Em: 260-275/

310-320 nm) and weaker, less distinct peaks appeared at pH 5.0-9.0
for the EEMs of FA;. The similar four peaks for FA; at pH 5.0-9.0 have
been reported previously (Bai et al., 2015). Four peaks, Peak A, B, D
and E (Ex/Em: 215-225/300-310 nm), were identified from the EEMs
of FAg and FA3 (Fig. 1d1-d3, e1-e3). Peak D and Peak E of FAg and
FA,3 disappeared at basic pH range (i.e. pH 10.5-11.5). In addition,
Peak B was broken into two peaks for FA;3 under basic conditions (i.e.
pH 10.0-11.5) (Table 1 and Fig. 1d3, e3). The splitting of peaks (FA3
and FA;3) and merging of peaks (FA7) might be associated to the red/
blue shifts of peaks and the various affinities of FA sub-fractions to pro-
ton (Chen et al,, 2002; Wang et al., 2009). These phenomena should be
investigated in the further study.

More detailed analyses showed that the Ex/Em of peak A of FA3 was
10-19/13-29 nm longer than that of FA3, and the Em of peak B of FA3
was 6-27 nm longer than that of FA3 for corresponding pH values
(Table 1). The longer Ex and Em observed were related to greater
amounts of conjugated aromatic m-electron systems with electron-
withdrawing groups, such as carbonyl containing substituents and car-
boxyl constituents (Chen et al., 2002; Senesi et al., 1991; Wang et al.,
2009). These results observed and presented here were consistent
with the results of NMR analysis in previous study, indicating that FA;
contained more carbonyl/carboxyl groups than did FA;3 (Bai et al.,
2015).

Shifts in locations of peaks were complicated with changes in pH.
With pH increasing from 3.0 to 11.0, blue shifts were observed for
Peak A of FA3 (Ex for 9 nm and Em for 7 nm), Peak A of FA; and FAq
(both Ex for 7 nm), Peak B of FA3 (Ex for 22 nm and Em for 4 nm),
Peak B of FAg (Ex for 6 nm) and FA;5 (Ex for 6 and 32 nm); while red
shifts were observed for Peak A of FA; (Em for 5 nm), Peak A of FAq
(Em for 13 nm), Peak B of FAg (Em for 22 nm), Peak A of FA;3 (Em for
7 nm) and Peak B of FA;5 (Em for 9 and 19 nm) (Table 1). These incon-
sistent shifts of peaks were likely related to conformational changes of
compositions for FA sub-fractions at various pH values. Red and blue
shifts were also observed for EEMs of standard HAs from the Interna-
tional Humic Substance Society and extracellular polymeric substances
as a function of pH (Mobed et al., 1996; Sheng and Yu, 2006). Maximum
peak intensities were observed under neutral conditions (Table 1).

3.2. PARAFAC analysis of FA sub-fractions

Spectra of individual components were successfully deconvoluted
by use of PARAFAC analysis on the EEMs of each sub-fraction at various
pH values. Appropriate numbers of individual components were identi-
fied by PARAFAC models residual analysis and split half analysis
(Fig. S2) (Magbool and Hur, 2016; Stedmon and Bro, 2008; Wu et al.,

Table 1
Fluorescence spectral parameters of FA sub-fractions at pH 3.0, 7.0 and 11.0.
Samples pH Peak A Peak B Peak C Peak D Peak E
Ex/Em Int.? Ex/Em Int.? Ex/Em Int.? Ex/Em Int.? Ex/Em Int.?
FA; 3.0 319/442 314.0 258/440 408.2 - - - - - -
7.0 310/433 419.0 261/439 (230/434) 578.4 (601.2) - - - - - -
11.0 310/435 362.5 259/438 (236/436) 524.6 (533.7) - - - - - -
FAs 3.0 308/430 226.2 259/427 340.0 - - - - - -
7.0 306/426 282.0 255/432 397.6 - - - - - -
11.0 305/428 2232 255/429 334.7 - - - - - -
FA; 3.0 309/413 2254 266/406 4103 229/408 426.5 - - - -
7.0 301/419 293.7 254/421 428.8 228/420 459.9 - - - -
11.0 302/418 255.0 - - 228/419 432.6 - - - -
FAq 3.0 307/415 169.0 261/413 252.8 - - 270/315 193.9 215/300 177.6
7.0 290/415 223.6 250/423 288.0 - - 264/312 430.1 218/300 384.3
11.0 300/428 197.0 255/435 280.0 - - - - - -
FAi3 3.0 300/413 1914 262/413 254.7 - - 272/316 187.3 220/308 155.5
7.0 300/415 236.8 266/414 292.5 - - 270/319 198.3 222/309 189.0
11.0 300/420 169.7 256/432 (230/422) 260.4 (270.7) - - - - - -

- data not available.
2 Int.: fluorescence intensity with arbitrary unit (a.u.).
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2011; Xu et al., 2013; Yu et al., 2010a). The residual analysis and split
half analysis have been widely used to determine the appropriate num-
bers of PARAFAC components derived from DOM (Wu et al., 2011; Xu
et al.,, 2013). Three PARAFAC components were determined for FAs,
FAs and FA;, and four PARAFAC components were identified for FAg
and FAq3 (Figs. 2 and S3).

Distributions of locations of peaks, component categories and prima-
ry compounds of PARAFAC components are shown (Table 2). Individual
components identified by use of PARAFAC analysis were referred as
Component 1 (C1, Ex/Em: 225-305/410-425 nm), Component 2 (C2,
Ex/Em: 210-360/465-485 nm), Component 3 (C3, Ex/Em: 210-330/
300-455 nm) and Component 4 (C4, Ex/Em: 220-275/320-325 nm)
(Table 2). Based on distributions of Ex/Em of PARAFAC components re-
ported previously (Chen et al., 2003; Wei et al., 2016; Zhang et al.,
2011), the C1 (FA3-FA;3), C2 (FA3-FA3) and C3 (FAs-FA;) were catego-
rized as fulvic-like components, and C3 and C4 of both FAg and FA3
were categorized as protein-like components (Table 2).

Values of F for each PARAFAC component at various pH values are
presented (Figs. 3 and S4). For C1 (FAs3-FA3), C2 (FAs, FA; and FA;3)
and C3 (FA3) among fulvic-like components, F values were directly pro-
portional to pH in the range of 2.5-4.5 and reached a plateau at pH 4.5-
9.5, then were inversely proportional to pH in the range of 10.0-11.5.
The rapid increase and decrease of fluorescence intensities at certain
pH ranges were also reported during measurements of fluorescence ti-
tration of DOM (Midorikawa and Tanoue, 1998; Wu and Tanoue, 2001;
Yan et al., 2013). Due to deprotonation of carboxylic-like and phenolic-
like chromophores, intensity of fluorescence increased from pH 2.0 to

400

bl
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300 350 300 350

Al
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450 500 350

B 1 350
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5.0 then decreased from 8.0 to 10.0 (Midorikawa and Tanoue, 1998;
Wu and Tanoue, 2001; Yan et al., 2013). Therefore, increasing values
of F at pH 2.5-4.5 were attributed to deprotonation of carboxylic-like
chromophores, and decreasing values of F values at pH 10.0-11.5
were due to ionization of phenolic-like chromophores of fulvic-like
components. According to the theory of Yan et al. (2013), C1 (FAs-
FA13), C2 (FAs, FA; and FA;3) and C3 (FA3) were primarily composed
of both carboxylic-like and phenolic-like chromophores (Table 2).
Based on acid-basic properties, the same primary compounds were
also reported for Suwannee River FA and Nordic Reservoir DOM
(Midorikawa and Tanoue, 1998; Wu and Tanoue, 2001; Yan et al.,
2013). The F values increased insignificantly as pH was increased from
2.5 to 8.0, and then decreased rapidly as pH was increased from 8.5 to
11.5 for C3 (FAs). It can thus be speculated that C3 (FAs) was primarily
composed of phenolic-like chromophores. Values of F of C2 (FA5 and
FAo) increased at pH values between 2.5 and 4.5, but exhibited less
clear transitions at basic ranges (Fig. 3). Thus, C2 (FAs and FAg) was pri-
marily composed of carboxylic-like chromophores. C3 of FA; was com-
poses of other unknown compounds, which were also reported
previously (Yan et al., 2013) (Fig. S4).

For protein-like components, values of F of both C3 and C4 of FAg ex-
hibited four stages with pH 2.5-11.5, including a plateau at pH 2.5-3.5, a
rapid increasing at pH 3.5-5.5, a plateau at pH 5.5-8.5, and a decreasing
at pH 8.5-11.5 (Fig. 3). Values of F values for both C3 and C4 of FA,3 in-
creased insignificantly at pH 2.5-8.5, and then decreased rapidly at
pH 8.5-11.5 (Fig. S4). The C3 and C4 (FAg and FA;3) were likely associ-
ated to peptide bond of protein-like components. The insignificant
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Fig. 2. Identified PARAFAC components of FA; and FAg with arbitrary unit: FA; (A1-A3); FAg (B1-B4).
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Summary of fluorescence parameters of PARAFAC components.
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Components Ex/Em locations Component categories Primary compounds in term of acid-base properties

FA3 C1 (235,265,300) nm/425 nm Fulvic-like Carboxylic-like and phenolic-like
c2 (265,360 nm)/485 nm Fulvic-like Carboxylic-like and phenolic-like
Cc3 (210,260,330) nm/450 nm Fulvic-like Carboxylic-like and phenolic-like

FAs C1 (240,305 nm)/425 nm Fulvic-like Carboxylic-like and phenolic-like
2 (210,250,350 nm)/475 nm Fulvic-like Carboxylic-like
Cc3 (210,255 nm)/455 nm Fulvic-like Phenolic-like

FA; C1 (225,255,300 nm)/410 nm Fulvic-like Carboxylic-like and phenolic-like
2 (210,250,300 nm)/465 nm Fulvic-like Carboxylic-like and phenolic-like
c3 (225,260 nm)/405 nm Fulvic-like Other components

FAq C1 225nm/410 nm Fulvic-like Carboxylic-like and phenolic-like
2 (210,260,340 nm)/465 nm Fulvic-like Carboxylic-like
a3 220 nm/300 nm Protein-like Protein-like
C4 275 nm/325 nm Protein-like Protein-like

FAi3 C1 (235,280 nm)/415 nm Fulvic-like Carboxylic-like and phenolic-like
2 (210,265,350 nm)/470 nm Fulvic-like Carboxylic-like and phenolic-like
Cc3 (230,275 nm)/325 nm Protein-like Protein-like
C4 220 nm/320 nm Protein-like Protein-like

increasing F values of C3 and C4 for FA;3 indicated that FA;5 contained
lesser amounts of carboxylic-like chromophores than FAg, which was
consistent with recent results detected by NMR analysis (Bai et al.,
2015). Also, for the F values C3 and C4 of FAy, the plateau stage
(pH 2.5-3.5) was also observed in changes of fluorescence peak
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Fig. 3. F values of each PARAFAC component with arbitrary unit at various pH values for
FAs (top) and FAg (bottom).

intensities with pH changing reported by Midorikawa and Tanoue
(1998) (Fig. 3). The F values of C1 (FA; and FAg), C2 (FAs3), C3 (FAg)
and C4 (FA) at pH 7.0 were lower than that on both sides. This phe-
nomena was also observed by Sheng and Yu (2006) (Fig. 3), and it
should to be further researched.

3.3. Determination of dissociation constants of PARAFAC components

The pK;, of FA-proton had previously been determined by use of fluo-
rescence titration at acidic pH (Midorikawa and Tanoue, 1998; Wu and
Tanoue, 2001), however pK, values of PARAFAC components with pro-
tons have not been investigated. The F values of PARAFAC components
at acidic and basic pH ranges were fitted by Eq. (2), respectively (R*> =
0.97-0.99). The pK,; and pKj; values of PARAFAC components with pro-
tons ranged from 2.43 to 4.22 and 9.77 to 11.27, respectively (Table 3).

At acidic pH, pK;, values of fulvic-like components (2.43-4.13) were
comparable to that of FA-proton (2.28-4.42) based on fluorescence
peak intensities (Midorikawa and Tanoue, 1998; Wu and Tanoue,
2001). The pKj; values of fulvic-like components were also close to
those of di-carboxylate molecules (2.5-4.3), except for maleic acid
(Martell and Smith, 1975; Smith and Martell, 1989). These results indi-
cated that fulvic-like components were likely predominated by di-
carboxylate functional groups. Moreover, conditional stability constants
for PARAFAC components of DOM for Cu(1II), Cd(1I) and Hg(II), as deter-
mined by use of the Ryan-Weber equation, were 4.48-6.32, 4.64-5.10
and 3.92-6.76, respectively (Guo et al, 2015; Wu et al, 2011;
Yamashita and Jaffé, 2008). The lower pKj,; values for binding of protons
to fulvic-like components suggested that protons were bound relatively
weaker than were some specific metal ions. At basic pH, pKj; values of
fulvic-like components were in the range of 9.95-11.27, which were
similar to those of hydroxybenzenes, which had a range of 8.0-10.0
(Midorikawa and Tanoue, 1998). This result indicated that the phenolic
groups in fulvic-like components were likely to play a major role in
binding of protons by FA at basic pH. The conditional stability constants
value of the second ligand class in DOM (~9.0), which was obtained
using fluorescence quenching titration with Cu(ll) at pH 8.15
(Midorikawa and Tanoue, 1998), was lesser than pK,, values of fulvic-
like components.

DOM with greater contents of carboxyl-like chromophores exhibited
lesser pK,; values for protons (Midorikawa and Tanoue, 1998). There-
fore, for fulvic-like components, the C1 (FAs, FAs, FAg and FA;3), C2
(FAs-FA13) and C3 (FAs) exhibited lesser pK,; values (2.43-3.40),
which indicated more carboxyl-like chromophores. In addition, the C1
(FAg and FA;3) and C3 (FAs) among fulvic-like components with lesser
pKaz values (9.95-10.12) suggested greater content of phenolic-like
chromophores. These conclusions were consistent with the results of
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Table 3
Dissociation constants of PARAFAC components at acidic and basic pH.
Components At acidic pH range At basic pH range
FpH-maxa FpH-minb FH-pH FL-pH pKal R2 FpH-maxa FpH-minb FH-pH FL-pH pKaZ Rz
FA; C1 527.0 3286 518.8 3144 3.40 0.9817 509.5 444.4 508.2 434.6 10.77 0.9884
2 259.8 175.6 260.1 177.2 3.74 0.9812 254.1 207.0 2519 196.3 10.91 0.9855
c3 228.3 179.8 226.9 125.5 2.43 0.9705 184.7 1185 183.2 107.1 10.77 0.9938
FAs5 C1 349.7 294.2 3444 280.7 3.02 0.9668 3376 287.3 3353 259.9 11.27 0.9836
c2 108.7 87.9 107.7 79.2 2.84 0.9863 104.7 79.9 + + + +
c3 128.0 117.6 + + + + 1043 125 113.6 0 10.08 0.9994
FA; C1 386.7 36.1 395.2 19.1 4.13 0.9902 394.8 342.2 395.9 340.2 10.32 0.9945
(@) 209.4 176.4 207.8 158.4 2.75 0.9705 226.6 1724 228.2 160.3 10.88 0.9865
c3 379.3 179 + + + + 16.7 0 + + + +
FAq C1 284.2 239.6 289.5 2223 2.95 0.9995 268.2 224.2 268.8 222.4 10.12 0.9654
c2 108.5 83.2 108.0 78.7 3.17 0.9678 158.8 1341 + + + +
Cc3 4183 189.7 432.6 178.5 422 0.9965 437.8 11.6 472.6 0 10.10 0.9995
c4 2777 134.5 285.4 1321 333 0.9977 267.0 40.2 279.8 323 10.13 0.9983
FA13 C1 307.0 2404 303.2 214.5 2.89 0.9744 287.6 2203 293.7 220.6 9.95 0.9942
c2 109.3 88.0 108.7 829 3.07 0.9738 152.9 108.8 155.0 102.2 10.71 0.9946
c3 177.5 157.7 + + + + 145.8 30.4 164.5 254 9.77 0.9904
Cc4 135.2 115.2 + + + + 115.6 6.62 128.9 0 10.02 0.9936

+ data cannot be accurately estimated.

? Fph-max: the maximum F values with arbitrary unit of individual components derived from PARAFAC in specific pH range.
b Foti-min: the minimum F values with arbitrary unit of individual components derived from PARAFAC in specific pH range.

primary compounds of PARAFAC components in term of acid-base
properties (Table 2).

At acidic pH, pKj; values of protein-like components (3.33-4.22)
were greater than the pK, values of amino acids (1.9-2.4)
(Midorikawa and Tanoue, 1998). The high pK,; values of protein-like
components might be due to less clustered carboxyl groups existing in
aliphatic, alicyclic structures (Leenheer et al., 2003). At basic pH, pKa»
values of protein-like components (9.77-10.13) were similar to pK,
values of amino acids (9.61-12.02) (Aliyu and Na'Aliya, 2009). These re-
sults indicated that amino acid groups in PARAFAC components were
significant factors in FA-proton binding at basic pH.

The pK,; values of C3 (FAs, FA;, and FA;3) and C4 (FA;3), as well as
PK,2 values of C2 (FAs and FAg) and C3 (FA7) could not be accurately es-
timated because of smaller F transitions with pH increasing from 2.5 to
6.5 and pH decreasing from 7.5 to 11.5, respectively. The smaller F tran-
sitions were also consistent with the lower content of carboxylic-like or
phenolic-like chromophores (Tables 2-3). The un-calculable pKj;
values for both C3 and C4 of FAg indicated that the protein-like compo-
nents of FAg presented less content of carboxylic-like chromophores
than that of FA{3. EEM combined with a PARAFAC analysis is a useful
tool for investigating the interaction mechanisms between FA sub-
fractions and proton. This technique can be extended for the studies of
FA derived from different sources with other chemical species.

4. Conclusions

Pattern of EEM of FA sub-fractions changed during fluorescence ti-
tration. Splitting of peak B (Ex/Em: 230-270/400-450 nm) of FA; and
FA3, merging of Peaks B and Peak C (Ex/Em: 220-235/400-420 nm)
of FA,, disappearance of Peak D (Ex/Em: 260-275/310-320 nm) and
Peak E (Ex/Em: 215-225/300-310 nm) of both FAg and FA3 were ob-
served at pH ranging from 2.5 to 11.5. According to Yan's theory, the
C1 (FAs-FA;3), C2 (FAs, FA7, and FA;3) and C3 (FA3) were categorized
as fulvic-like components with primary compounds of both
carboxylic-like and phenolic-like chromophores. The C2 (FAs and FAg)
and C3 (FAs) were attributed to fulvic-like components with major
compounds of carboxylic-like chromophores and phenolic-like chro-
mophores, respectively. The C3 (FAg and FA3) and C4 (FAg and FA;3)
were primarily composed of protein-like components. The pKj, values
for fulvic-like components ranged from 2.43 to 4.13 and 9.95 to
11.27 at acidic and basic pH ranges, respectively. These results might
be associated with protonation of di-carboxylate and phenolic function-
al groups in FA sub-fractions. The pK,; values (3.33-4.22) for protein-

like components were 1-2 units greater than that of amino acids,
which indicated fewer clustered carboxyl groups existing in aliphatic,
alicyclic structures in FA sub-fractions. The pKj, values (9.77-10.13)
for protein-like components were similar to those for amino acids at
basic pH. Protein-like components in FAg contained more carboxyl
groups than did FA;s.
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Supplementary caption

Fig. S1. Extraction and fractionation procedures of FA.

Fig. S2. Residual analysis and split half analysis for PARAFAC model validation for FA sub-

fractions: FAz:al-a2; FAs:b1-b2; FA7:c1-c2; FAq:d1-d2; FA3:el-e2.

Fig. S3. Identified PARAFAC components of FAs, FA; and FA13 with arbitrary unit: FAs (al-

a3); FA7 (b1-b3); FA3 (cl-c4).

Fig. S4. F values of each PARAFAC component with arbitrary unit at various pH values for FAs,

FA; and FA13: FAs (top); FA7 (middle); FA13 (bottom).

Appendix A and Appendix B. Detailed derivational information of equation (2) in manuscript.
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Fig. S2. Residual analysis and split half analysis for PARAFAC model validation for FA sub-

fractions: FAz:al-a2; FAs:b1-b2; FA;:cl-c2; FAq:d1-d2; FA13:e1-e2.



For FAs-FA;, the residual analysis showed a great improvement of fit from two to three
component model, while little enhancement was observed from three to four component model,
indicating three components were adequate for these data (al, bl, cl in Fig. S2). For FAg and
FA;3, the residual analysis showed a great improvement of fit from three to four component
model, while little enhancement was observed from four to five component model, indicating
four components were adequate for these data (d1, el in Fig. S2).

In addition, the similar curves of each pair of halves based on the split half analysis (a2, b2,
c2, d2, e2 in Fig. S2) further validated that three was the appropriate number of components for

FA3-FA; and four was the appropriate number of components for FAg and FA;3.
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Fig. S3. Identified PARAFAC components of FAs, FA; and FA;3 with arbitrary unit: FAs (al-

a3); FA; (b1-b3); FA43 (c1-c4).



400 ~

300

LL 200+

100

500 +

400 +

300+

200

100

400 ~

—4—C3

300 M

LL 200+

X
v v
V*V’/, V/: el
100 4 oo 090
00 *

2 4 6 8 10 12
pH

Fig. S4. F values of each PARAFAC component with arbitrary unit at various pH values for

FAs, FA7 and FA43: FAs (top); FA; (middle); FA13 (bottom).



Appendix A
Dissociation constants (pK,;:) of PARAFAC components were estimated from the increasing
maximum fluorescence intensity (F) with the increase of pH at acid conditions. At acidic pH
range, the reactions between PARAFAC component (L;) and proton (H) can be quantitatively
described with 1:1 stoichiometric model (Equations Al and A2).
HL, &L, +H Al

The dissociation constant, K1, can be expressed:

Kal — [Ll] [H] A2

During fluorescence titration, the F is associated with concentration (C) of PARAFAC

component (L;) by using the molar fluorescence coefficient (¢) (Equations A3-A5).

FH—pH = ng ) CL1 at hlgh pH A3
FL—pH = SHLl * CLl a.t IOW pH A4
F = ng - [Ll] + EHL]_ - [HLl] at mlddle pH A5

Fr-pn 1s for Ly, dissociated at high pH; Fipn is for HL4, dissociated at a low pH.

From mass balance of €, = [L;] + [HL,],

Fy_py —F = (e, —eyy,) - [HL4] A6
F—F _pg= (5L1 - EHLl) " [L4] AT

At acidic pH range, the K, can be quantitatively described (Equation A8):

Fy—pu—F _ [HL1] _ [H]

= = A8
F_FL—pH [Ll] Ka1
Thus,
FH—pH_F _ —
logT = —logK,; — pH = pK,; — pH A9
L-pH

The pKa; values were calculated by MATLAB software.



Appendix B
Dissociation constants (pKs2) of PARAFAC components were estimated from decreasing
maximum fluorescence intensity (F) with the increase of pH at basic condition. At basic pH
range, the reactions between PARAFAC component (L) and hydroxyl (OH) can be
quantitatively described with 1:1 stoichiometric model (Equations B1 and B2).
HL, + OH & L, + H,0 B1

The conditional stability constant, K;, and dissociation constant, Ky, can be expressed:

_ L] _ Kaz
Ke = [HL,][OH]  Kow B2

During the fluorescence titration, the F is associated to the concentration (C) of PARAFAC

component (L,) by using the molar fluorescence coefficient (¢) (Equations B3-B5).

FH—pH = ELZ ) CLZ at hlgh pH B3
FL—pH = SHLZ * CLZ a.t IOW pH B4
F = ELZ - [Lz] + EHLZ - [HLz] at mlddle pH BS

Fh-pH is for L,, dissociated at high pH; F,_, is for HL,, dissociated at low pH.

From mass balance of C;, = [L,] + [HL,],

F—Fy_py = (g1, — €1,) - [HL] B6
Fipn—F = (EHLZ - ELZ) “[L,] B7
At basic pH range, the Ky, can be quantitatively described (Equation B8).

F~Fr-pH — [HLz] — Kow — [H] B8
FL—pH_F [Lz] Kq2'[OH] Kaz

Thus,

log”ﬂ = —logK,, — pH = pK,, — pH B9

Fi—pH—F

The pKg, values were calculated by MATLAB software.
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