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Structural characteristics and proton binding properties of sub-fractions (FA3–FA13) of fulvic
acid (FA), eluted stepwise by pyrophosphate buffer were examined by use of fluorescence
titration combined with fluorescence regional integration (FRI) and differential fluorescence
spectroscopy (DFS). Humic-like (H-L) and fulvic-like (F-L) materials, which accounted for
more than 80% of fluorescence response, were dominant in five sub-fractions of FA. Based
on FRI analysis, except the response of F-L materials in FA9 and FA13, maximum changes in
percent fluorescence response were less than 10% as pH was increased from 2.5 to 11.5.
Contents of carboxylic and phenolic groups were compared for fluorescence peaks of FA
sub-fractions based on pH-dependent fluorescence derived from DFS. Static quenching was
the dominant mechanism for binding of protons by FA sub-fractions. Dissociation
constants (pKa) were calculated by use of results of DFS and the modified Stern-Volmer
relationship. The pKa of H-L, F-L, tryptophan-like and tyrosine-like materials of FA sub-
fractions exhibited ranges of 3.17–4.06, 3.12–3.97, 4.14–4.45 and 4.25–4.76, respectively, for
acidic pHs. At basic pHs, values of pKa for corresponding materials were in ranges of 9.71–
10.24, 9.62–10.99, 9.67–10.31 and 9.33–10.28, respectively. At acidic pH, protein-like (P-L)
materials had greater affinities for protons than did either H-L or F-L materials. The di-
carboxylic and phenolic groups were likely predominant sites of protonation for both H-L
and F-L materials at both acidic and basic pHs. Amino acid groups were significant factors
during proton binding to protein-like materials of FA sub-fractions at basic pH.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
Keywords:
Fluorescence titration
Protonation
Modified Stern-Volmer equation
Dissociation constant
Binding
g@vip.skleg.cn (Fengchang Wu), yingchenbai@163.com (Yingchen Bai).

o-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

https://doi.org/10.1016/j.jes.2018.02.015
https://doi.org/10.1016/j.jes.2018.02.015


117J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 7 4 ( 2 0 1 8 ) 1 1 6 – 1 2 5
Introduction
Fulvic acids (FA) comprize the main mobile fraction of
dissolved organic matter (DOM), which can control speciation
and mobilization of metals, organic chemicals and other
environmental contaminants (Giesy, 1983; Giesy et al., 1986;
Maqbool and Hur, 2016; Wang et al., 2016; Yamashita and
Jaffé, 2008). In aquatic systems, increasing or decreasing pH
can affect interactions between FA and various chemical
species, especially metal ions (Alberts and Giesy, 1983; Giesy
et al., 1978; Su et al., 2016; Yan et al., 2013; Zhang et al., 2010).
In addition, pH can also influence sizes and optical properties
of FA (De Haan et al., 1983; Lochmueller and Saavedra, 1986;
Timko et al., 2015; Yan et al., 2013). Due to expansion of
molecular structures or incorporation of new molecules into
the aggregate, increasing pH resulted in an increase in
molecular sizes of FA (De Haan et al., 1983; Lochmueller and
Saavedra, 1986). Due to protonation and deprotonation of
carboxylic-like and phenolic-like chromophores, distin-
guished by fluorescence parallel factor analysis, fluorescence
of Suwannee River FA increased and decreased with pH
decreasing or increasing, respectively (Yan et al., 2013).
However, because of the extreme heterogeneity of FA,
influences of pH on environmental behaviors of FAs have
not been fully characterized.

Three-dimensional excitation-emission matrix (EEM) has
proved to be a sensitive, selective, non-destructive method to
characterize and quantify binding of DOM with protons and/
or metal ions (He et al., 2014; Wu et al., 2011). Fluorescence
regional integration (FRI) is a quantitative technique used to
integrate areas beneath, operationally defined, EEM regions
and analyze wavelength-dependent fluorescence of EEMs
(Chai et al., 2012; Chen et al., 2003; Sun et al., 2016). FRI could
provide information about relative compositions of various
DOM, which had been derived from various environments,
including soils, landfill leachates, bioreactors, and drinking
waters (He et al., 2011; Massicotte and Frenette, 2011; Wu et
al., 2012; Zhou et al., 2013). A more recent method that has
proven to have advantages for elucidating properties of DOM,
is differential fluorescence spectroscopy (DFS), which has
eliminated fluorescence of non-reactive matter and allows
examination of subtle changes in EEMs compared to tradi-
tional “peak picking” methods (Yan et al., 2013). Recently, DFS
was successfully employed to estimate effects of pH on
fluorescence of natural organic matters isolated from the
Suwannee River and a Nordic Reservoir (Yan et al., 2013).
However, as a new method, DFS had not been utilized to
characterize binding of protons with sub-fractions of FA.

Dissociation constants (Ka), based on pH-dependent fluo-
rescence in an acidic pH range (1.0–5.0), have been used to
characterize DOM isolated from marine and stream water
(Midorikawa and Tanoue, 1998; Wu and Tanoue, 2001).
However, mechanisms for quenching of fluorescence or
absence of measurable Ka of DOM with protons had not yet
been systematically investigated at basic pHs. The Scatchard
function has been used extensively to identify the type of
binding and the number of sites (Giesy et al., 1986; Giesy and
Alberts, 1982; Scatchard, 1949). Like Scatchard plot, the Eadies
double-reciprocal plot were also widely used to isolate the
parameters and fit the metal binding data and interpret the
results without the need to fit four non-independent param-
eters (Giesy et al., 1986; Giesy and Alberts, 1989). In addition, a
modified Stern-Volmer equation has been commonly
employed to determine mechanisms for quenching of fluo-
rescence, including dynamic and static quenching, and
binding parameters by fitting changes in intensities of
fluorescence of two-dimensional fluorescence spectra or
EEM upon the addition of metal ions (Berkovic et al., 2012;
Esteves da Silva et al., 1998; Lu and Jaffe, 2001). In the study,
results of which are presented here, possible mechanisms of
quenching of fluorescence of DOM by protons were confirmed
by (a) exploring the curvature with a modified Stern-Volmer
plot and (b) comparing association constants with an efficient
quencher (Wu et al., 2013). Both DFS and the modified Stern-
Volmer were related to differences of fluorescence spectra
observed during fluorescence titration (Yan et al., 2013). To
our knowledge, the modified Stern-Volmer equation has not
been used previously to establish the Ka between DOM and
proton at acidic and basic pH ranges.

Techniques for fractionating FA into sub-fractions by use
of stepwise elution from XAD-8 with pyrophosphate buffers
have been developed to reduce complexities of mixtures of FA
(Bai et al., 2015). In this study, five sub-fractions of FA were
used as follows: (1) to characterize differences in structures
among sub-fractions of FA by use of FRI analysis; (2) to
identify mechanisms of pH-depended changes in fluores-
cence; (3) to calculate pKas of FA sub-fractions by use of DFS
combined with use of a modified Stern-Volmer equation.
1. Materials and methods

1.1. Sample pretreatment and fluorescence titration

Methods for collection of samples and sequential fractionating
of FA sub-fractions have been reported elsewhere (Bai et al.,
2015). In brief, samples were collected at a depth of 0–15 cm
from the Jiufeng Mountain Forest, Beijing, China. The soil
samples were air-dried, ground to pass through the mesh and
stored at 15°C before analyses. The Chinese standard FA was
extracted from soil samples according the detailed procedures
recommended by the International Humic Substances Society
(IHSS, http://humic-substances.org). The purifications of FA
were performed using the treatment of hydrogen fluoride
combined with the XAD-8 resin and H+-saturated cation
exchanged resin techniques (Bio-Rad, Richmond, CA). The
purified and freeze-dried FA was sequentially separated into
five sub-fractions of FAnamed as FA3, FA5, FA7, FA9, and FA13 by
use of the XAD-8 resin coupled with pyrophosphate buffers
with pHs of 3.0, 5.0, 7.0, 9.0 or 13.0, respectively (Bai et al., 2015;
Song et al., 2017, 2018). All sub-fractions of FA were re-purified
by loading them onto an H+-saturated cation exchanged resin
(Bio-Rad, Richmond, CA). Finally, all sub-fractions of FA were
lyophilized and stored for analysis (Bai et al., 2015).

During fluorescence titrations, solutions of sub-fractions of
FA were prepared at 10.0 mg/L, and background ionic strength
of solutions were established by including 0.05 mol/L KClO4 as
a background electrolyte. pHs of solutions were controlled by
injecting sub-microliter amounts of HClO4 or KOH to derive

http://humic-substances.org
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values of 2.5 to 11.5 and kept under nitrogen for 15 min to
allow equilibration. All chemicals used were analytical
reagent grade unless otherwise specified. All solutions were
prepared in Milli-Q water and filtered through 0.45-μm glass
fiber membrane filters (Whatman, UK) before use.

1.2. Fluorescence spectroscopy

A fluorescence spectrometer (Hitachi F-7000, Tokyo, Japan)
was used, at room temperature, to measure EEMs of FA sub-
fractions. Excitation wavelength (Ex), emission wavelength
(Em), scan speed and slit widths were reported previously
(Song et al., 2017). EEMs of the KClO4 blank were subtracted
from EEMs of FA fractions. Interpolation was used to regulate
the Rayleigh and Raman scatters (Murphy et al., 2013;
Stedmon and Bro, 2008; Yu et al., 2010).

1.3. FRI analysis

In the FRI method, each EEM was divided into five regions
(Regions I–V), using consistent Ex and Emboundaries (Chen et al.,
2003; He et al., 2013; Sun et al., 2016). FRI parameters of percent
fluorescence response (Pi, n, %) were calculated (Eq. (1)).

Pi;n ¼ ∅i;n

∅T;n
� 100% ¼ MFi∑ex∑emI λexλemð ÞΔλexΔλem

∑5
i¼1∅i;n

� 100%; i ¼ I‐V

ð1Þ
where ∅i, n is the Ex/Em area volumes referring to the value of
region i;∅T, n is the Ex/Em area volumes referring to value of the
total region; MFi is a multiplication factor for each region; I
(λexλem) is the fluorescence intensity at each Ex/Emwavelength
pair; Δλex and Δλem are Ex and Em intervals, respectively. The
box charts for FRI analysis were plotted by Origin 9.0 software.

1.4. DFS analysis

The DFS was carried out to distinguish the changes of EEM
with various pH values (Eq. (2)).

D‐EEMpH ¼ −
1
l

EEMpH−EEMblank−pH

CpH
−
EEMpHref

−EEMblank−pHref

CpHref

� �

ð2Þ
where: D-EEMpH is the differential EEM of FA sub-fraction at
certain pH; l is the quartz cell length; EEMpH and EEMpHref are
EEM of FA sub-fraction measured at certain and reference pH
values, respectively; EEMblank − pH and EEMblank − pHref

are EEM
of 0.1 mol/L KClO4 measured at various certain pH values,
some of which were defined as reference pHs, respectively;
CpH and CpHref are concentrations of FA sub-fraction at certain
and reference pH values, respectively.

1.5. Discrete Scatchard model

In a heterogeneousmixture of binding sites in sub-fractions of
FA (represented by L), the Ka1 and Ka2 at acidic and basic pHs,
respectively can be defined (Eqs. (3) and (4)) (Appendix A
Section S1 and S2).

Ka1 ¼ L1½ � H½ �
HL1½ � at acidic pH ð3Þ
Ka2 ¼ Kow L2½ �
HL2½ � OH½ � at basic pH ð4Þ

where [HL1] (mol/L) and [HL2] (mol/L) are equilibrium concen-
trations of binding at acidic pH and basic pH, respectively; [H]
(mol/L) is the equilibrium concentration of protons, which
were not involved in the main reaction; [L1] (mol/L) and [L2]
(mol/L) is the equilibrium concentration of ligands which
were not involved in the main reaction at acidic pH and basic
pH, respectively; CL1 (mol/L) and CL2 (mol/L) are total concen-
trations of ligands at acidic pH and basic pH, respectively
(Eqs. (5) and (6)).

CL1 ¼ L1½ � þ HL1½ � at acidic pH ð5Þ

CL2 ¼ L2½ � þ HL2½ � at basic pH ð6Þ

TheScatchard functionwas first applied to estimate stability
constants for metal ions binding by proteins (Scatchard, 1949).
The Scatchard function was also widely adapted to determine
types of binding site for binding of metal ions by humic and
fulvic acids (Giesy et al., 1978; Perdue et al., 1984). The Scatchard
function is a discrete model which results in a straight line in a
Scatchard plot if a single type of binding site present. More than
one type of binding site is indicated if the Scatchard plot is
curvilinear (Giesy and Alberts, 1989; Giesy and Briese, 1980;
Giesy et al., 1986).

In this study, the Scatchard function was interpreted
graphically by plotting V/[H] as a function of V at acidic pH and
basic pH, respectively (Eqs. (7) and (8)) (Appendix A Fig. S4).

V1 ¼ HL1½ �
CL1

at acidic pH ð7Þ

V2 ¼ HL2½ �
CL2

at basic pH ð8Þ

In fluorescence titration, it was assumed that FA sub-
fraction had consistent fluorescence characteristics and that
intensification of fluorescence and concentrations of [HL]
were described at acidic pH and basic pH, respectively (Eqs. (9)
and (10)).

V1 ¼ HL1½ �
CL1

¼ F0−F
F0−Fend

¼ ΔF
F0−Fend

at acidic pH ð9Þ

V2 ¼ HL2½ �
CL2

¼ F0−F
F0−Fend

¼ ΔF
F0−Fend

at basic pH ð10Þ

where F0 indicated the maximum fluorescence intensity of
peaks in EEM recorded at pH 7.0 and normalized by concentra-
tion of sub-fractions of FA in the study; F indicated the
fluorescence intensity during titration; ΔF represents the
fluorescence intensity of peaks in D-EEMs; Fend indicated the
fluorescence intensity at the end of titration.

1.6. Determination of dissociation constants

In order to quantify the Ka, binding sites during fluorescence
titrations, defined here as the fluorescence binding sites of
FA sub-fraction, are assumed to have 1:1 stoichiometry
between FA sub-fractions and proton. The modified Stern-
Volmer equation was used to estimate the Ka1 and Ka2 of
FA sub-fractions at either acidic or basic pH, respectively
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(Berkovic et al., 2012; Esteves da Silva et al., 1998; Yamashita
and Jaffé, 2008) (Eq. (11)).

F0
ΔF

¼ Ka

f H½ � þ
1
f

ð11Þ

where f represents the fraction of the initial EEM fluorescence
that corresponding to the binding fluorophores. Values for f
and Ka can be derived by plotting F0/ΔF against 1/[H] using
SigmaPlot 12.5 software (detailed information of Eq. (11) see
Appendix A Section S1 and Section S2).
2. Results and discussion

2.1. FRI analysis of FA sub-fractions at various pHs

Each EEM of five sub-fractions was delineated into five regions
(Regions I–V) according to the approach reported previously
(Chen et al., 2003). For EEMs of FA3-FA13, two peaks observed at
Ex/Em 290–320/410–445 nm and 250–270/405–440 nm were
both located in Region V (Ex/Em 250–450/380–550 nm), which
were classified as humic-like (H-L) materials (Fig. S1) (Chen et
al., 2002, 2003). For EEMs of FA3 (pH 7.0–11.5), FA7 (pH 2.5–11.5),
and FA13 (9.0–11.5), a peak appeared at Ex/Em 225–240/420–
440 nm, which was in Region III (Ex/Em: 200–250/380–550 nm),
which was attributed to fulvic-like (F-L) materials (Appendix A
Fig. S1) (Chai et al., 2012; Chen et al., 2003; He et al., 2013). Two
peaks with shorter Ex were located at Ex/Em of 260–275/310–
320 nm and 215–225/300–310 nm, which existed in Region IV
(Ex/Em: 250–450/250–380 nm) and Region I (Ex/Em: 200–250/250–
330 nm), respectively. These Ex/Em values corresponded to
tryptophan-like materials and tyrosine-like materials in FA9 and
FA13 (Appendix A Fig. S1) (Chen et al., 2003; He et al., 2013). Region
IIwas related to tyrosine-likematerials (AppendixAFig. S1) (Chen
et al., 2003). In this study, tryptophan-like and tyrosine-like
materials were assigned to be protein-like materials (Chen et al.,
2003; He et al., 2013).

Box charts of distributions of Pi,n in FA sub-fractions are
shown (Fig. 1). Pi,n occurring in Regions I–V were 2.14% ± 2.60%,
2.72% ± 1.43%, 26.4% ± 1.62%, 6.95% ± 3.34%, and 61.80% ± 6.16%,
respectively (Fig. 1a). The PIII + V,n were more than 80%, showing
that F-L andH-Lmaterials weremain constituents of all five sub-
fractions (Fig. 1a). Mean Pi,n and interquartile range have been
used previously to compare contents of specific materials in FA
sub-fractions (Wei et al., 2016). Mean PI,n and PIV,n of both FA9 and
FA13 were greater than those of either FA3 or FA5 (Fig. 2b and e),
which suggested greater contents of tryptophan-like and
tyrosine-like materials in FA9 and FA13. Mean PIII,n and PV,n of
both FA3 and FA5 were greater than those of FA7–FA13 (Fig. 2b
and e), indicating FA3 and FA5 contained larger content of F-L and
H-L materials than did FA7–FA13.

FRI distributions over five typical regions of FA sub-
fractions at various pHs are shown (Appendix A Fig. S2).
Maximum changes of PI,n, PII,n and PIV,n that were related to
protein-like materials were less than 5%, except for PI,n of FA9.
The PI,n of FA9 increased from 4.43% to 8.19% in the range of
pH 2.5–7.0, then decreased to 1.0% with pH 7.0–11.5 (Appendix
A Fig. S2). The PIII,n associated with F-L materials of FA3–FA13

was constant in the range of pH 2.5–11.5, where maximum
changes of PIII,n were less than 5% (Appendix A Fig. S2).
Changes in PV,n related to H-L materials were inconsistent for
the various sub-fractions of FA. Maximum changes of PV,n
were less than 5% for FA3–FA7, while maximum changes of PV,n
were more than 10% for FA9 and FA13. PV,n of FA9 decreased
from near 55.0% to about 52.0% in the range of pH of 2.5–7.0,
then increased to 65.34% at an range of pH of 7.0–11.5. PV,n of
FA13 was constant at about 53.0% in the range of pH 2.5–7.0,
but increased to 64.53% in the range of pH of 7.0–11.5
(Appendix A Fig. S2). Although pH has a significant effect on
intensities of fluorescence of DOM (De Haan et al., 1983; Pace
et al., 2012; Yan et al., 2013), it has limited effects on
distributions of Pi,n of FA sub-fractions. This observation is
consistent with those reported previously, where relative
proportions of humic and fulvic acids in leachates from
landfills were characterized at various stages of stabilization
(Chai et al., 2012). Therefore, in this study, DFS was applied to
investigate the influence of pH on fluorescence properties of
FA sub-fractions.

2.2. DFS analysis of FA sub-fractions with varied pH

The EEM observed at pH 7.0 was used as the reference for each
sub-fraction. The D-EEMs of FA sub-fractions at various pHs
are shown (Fig. 2). Two main peaks, referred to as Peak A (Ex/
Em: 275–320/400–450 nm) and Peak B (Ex/Em: 225–260/400–
460 nm), were observed in D-EEMs of FA3–FA13. Two peaks,
including Peak C (Ex/Em: 250–270/300–325 nm) and Peak D
(Ex/Em: 200–230/290–310 nm) were also observed in D-EEMs
of FA7–FA13. Based on the FRI regional theory, Peaks A–Dwere
mainly located in Regions V, III, IV and I, respectively (Chen
et al., 2003). Therefore, Peaks A–D, which were affected by
changes in pH, could then be categorized as H-L, F-L,
tryptophan-like, and tyrosine-like materials, respectively
(Chen et al., 2003). Under neutral conditions, Peaks A–D
were weaker than those under acidic and basic conditions in
D-EEMs (Fig. 2).

Effects of changes in pH on ΔF of Peaks A–D for FA sub-
fractions are shown (Fig. 3). The ΔF of Peaks A and B decreased
from pH 2.5 to 7.0, and increased at pH range of 7.0–11.5 for
FA3–FA13 (Fig. 3a and b). ΔF of Peak A decreased in order of
FA3 > FA7 > FA5 > FA13 > FA9 and FA13 > FA3 ≈ FA5 > FA7 >
FA9 at pH 2.5 and 11.5, respectively. The ΔF of Peak B decreased
in order of FA3 > FA7 > FA13 ≈ FA5 > FA9 and FA13 > FA3 ≈ FA5 >
FA7 > FA9 at pH 2.5 and 11.5, respectively. For Peaks A and B, ΔF
exhibited the largest decrease at acidic pH 2.5–5.5 for FA3,
whereas the ΔF exhibited the greatest increase at basic pH 9.0–
11.5 for FA13 (Fig. 3a and b). Because the hydrolysis processes of
carboxylic and phenolic functional groups in DOM were
sensitive to pH, the fluorescence intensity of functional groups
was also dependent on ionization state conditions (Midorikawa
and Tanoue, 1998; Wu and Tanoue, 2001; Yan et al., 2013).
According to the previous studies, an acid group, carboxylic-like
functionality, in fluorophore of DOM had pKa values between
2.0 and 5.0 (Song et al., 2017; Yan et al., 2013). Additionally, the
fluorophore's properties at base conditions were dependent on
the phenolic-like functionality, which had the pKa values
between 8.0 and 11.0 (Song et al., 2017; Yan et al., 2013). It has
been well recognized that carboxylic and phenolic groups
overwhelmingly contributed to the changes in fluorescence
intensities at pH ranges of 2.0–5.0 and 8.0–11.0, respectively.
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Based on results discussed above, it was determined that both
H-L and F-L materials in FA3 likely contained more carboxylic
groups, and both H-L and F-L materials in FA13 likely were
composed of more phenolic groups. Additionally, the ΔF of FA9

produced smaller changes for Peaks A and B than other FA sub-
fractions, which indicated less content of both carboxylic and
phenolic groups in either H-L or F-L materials in FA9.

The ΔFs of Peaks C and D of FA9 were larger than those of
FA7 or FA13 under both acidic and basic conditions (Fig. 3c
and d). Thus, it was concluded that both tryptophan-like and
tyrosine-like materials in FA9 might contain more carboxylic
and phenolic groups than did fractions FA7 or FA13. The
similar ΔFs, which showed decreasing at pH 2.5–5.5, for both
Peaks C and D were also observed for fractions FA7 and FA13.
The ΔFs of Peaks C and D of FA13 were greater than those of
FA7 at pH 7.5–11.5 (Fig. 3c and d). It is suggested that FA7 and
FA13 might be composed of similar amounts of carboxylic
groups in both tryptophan-like and tyrosine-like materials,
while more phenolic groups were present in both tryptophan-
like and tyrosine-likematerials in FA13. In addition, intensities
of fluorescence of Peaks C and D in D-EEMs of both FA9 and
FA13 under basic conditions were larger than those under
acidic conditions. This result indicated that mechanisms for
quenching of fluorescence for both tryptophan-like and
tyrosine-like materials in fractions FA9 and FA13 were more
significant under basic conditions (Table 1).
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2.3. Dissociation constants of FA sub-fractions

To further characterize functional groups responsible for
fluorescence peaks in D-EEMs and obtain quantitative infor-
mation on participation of constituents contributing to peaks
in binding of protons, DFS coupled with visualization by use of
amodified Stern-Volmer equation, were used to derive pKas of
FA sub-fractions. Parameters for binding of protons, obtained
from DFS are shown (Table 2). When fluorescence titration
data for binding of constituents in sub-fractions of FA with
protons were fitted to themodified Stern-Volmer equation, by
use of linear correlations, typical plots of F0/ΔF vs. 1/[H+] were
obtained (Appendix A Fig. S3), which suggested a single
mechanism of quenching (Bai et al., 2008). Significant, positive
correlations between F0/ΔF and reciprocal concentrations of
quencher have been reported previously for interactions
between DOM and metal ions, such as Cu(II) or Hg(II)
(Esteves da Silva et al., 1998; Lu and Jaffe, 2001). The log10 of
quenching constants of FA sub-fractions fitted by use of the
modified Stern-Volmer equation (R2 = 0.823–0.998) ranged
from 3.12 to 10.99 at pH 2.5–11.5 (Table 2). Based on the
diffusion rate of oxygen, the extremely efficient quenchers
(1010 L/mol/sec), and the typical fluorescence lifetimes
(10−8 sec) in an aqueous solution, log10 of the dynamic
quenching constant cannot exceed 2 at room temperature
(25°C) (Bai et al., 2008; Fang et al., 1998). Log10 of quenching
constants for FA sub-fractions with proton were much greater
than that of the extremely efficient quencher (i.e. oxygen)
(Fang et al., 1998). Therefore, mechanism of static quenching
was dominant for interactions between FA sub-fractions and
protons. When interactions between protons and DOM from
streamwaters in Lake Biwa, Japanwere investigated, based on
pH-dependent fluorescence, static mechanisms of interac-
tions between DOM and protons have been previously
suggested (Wu and Tanoue, 2001).

In this study, more than one type of binding site was
indicated by the nonlinear Scatchard plot and the discrete,
two-component Scatchard function was used to describe
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Fig. 3 – Fluorescence intensity of peaks in D-EEMs (ΔF) of sub-fractions of FA (with 10 mg/L) at various pHs (pHref 7.0): Peak A (a);
Peak B (b); Peak C (c); Peak D (d).
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binding of protons by sub-fractions of FA (Appendix A Fig. S4).
Proton binding by humic acids had been effectively described
by a multi-ligand model (Perdue et al., 1984). The nonlinear
Scatchard function was also applied for binding metal ions,
such as Cu2+ by dissolved organic carbon and ultra-filterable
material isolated from surface waters (Giesy and Alberts, 1989;
Giesy et al., 2010; Giesy and Briese, 1980). The Log10 of
quenching constants obtained by modified Stern-Volmer
Table 1 – Spectral properties of fluorescence peaks in D-EE

Peaks Sub-fractions Pe

Peak A FA3 300–
FA5 300–
FA7 290–
FA9 295–
FA13 275–

Peak B FA3 225–
FA5 225–
FA7 225–
FA9 240–
FA13 225–

Peak C FA7 260–
FA9 250–
FA13 260–

Peak D FA7 200–
FA9 200–
FA13 200–
equation for acidic and basic pH ranges could be defined as
two binding sites, pKa1 and pKa2 of sub-fractions of FA with
ranges from 3.12 to 4.76 and 9.33 to 10.99, respectively
(Table 2). The pKa values of carboxylic and phenolic groups
of DOM ranged 3.70–4.60 and 8.74–10.31 respectively, by use
of potentiometric titrations combined with the modified
Henderson-Hasselbalch model (Ritchie and Perdue, 2003).
Additionally, pKa values of carboxylic and phenolic groups of
Ms of five sub-fractions of FA.

ak locations
(Ex/Em)

Category

310/425–450 nm Humic-like materials
310/410–450 nm Humic-like materials
320/405–450 nm Humic-like materials
305/420–425 nm Humic-like materials
300/400–410 nm Humic-like materials
260/425–450 nm Fulvic-like materials
260/400–450 nm Fulvic-like materials
275/400–460 nm Fulvic-like materials
250/440–450 nm Fulvic-like materials
250/400–420 nm Fulvic-like materials
270/300–310 nm Tryptophan-like materials
270/300–325 nm Tryptophan-like materials
270/300–325 nm Tryptophan-like materials
220/300–310 nm Tyrosine-like materials
230/290–310 nm Tyrosine-like materials
220/300–310 nm Tyrosine-like materials



Table 2 – Proton binding parameters of fluorescence
peaks of sub-fractions FA determined by use of the
modified Stern-Volmer equation.

Peaks Sub-fractions At acidic pH
range

At basic pH range

pKa1 f R2 pKa2 f R2

Peak A FA3 3.92 0.38 0.955 10.24 0.20 0.943
FA5 3.98 0.26 0.867 10.21 0.29 0.910
FA7 4.06 0.31 0.908 9.83 0.19 0.891
FA9 3.17 0.33 0.955 9.89 0.19 0.968
FA13 3.48 0.30 0.943 9.71 0.36 0.951

Peak B FA3 3.82 0.42 0.980 9.76 0.14 0.882
FA5 3.68 0.25 0.908 9.90 0.21 0.903
FA7 3.97 0.28 0.823 9.62 0.15 0.970
FA9 3.12 0.27 0.998 10.99 0.35 0.994
FA13 3.75 0.29 0.912 9.77 0.30 0.974

Peak C FA7 4.14 0.53 0.994 9.67 0.69 0.943
FA9 4.23 0.53 0.998 10.31 0.92 0.998
FA13 4.45 0.15 0.945 9.84 0.92 0.998

Peak D FA7 4.46 0.55 0.910 9.33 0.73 0.956
FA9 4.25 0.59 0.992 10.28 0.97 0.996
FA13 4.76 0.23 0.852 9.81 0.92 0.974
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DOM determined by use of spectrophotometric titrations
combined with the NICA-Donnan model, ranged 2.66–4.03
and 6.90–8.07 respectively (Dryer et al., 2008; Janot et al., 2010).
Values of pKa1 for FA sub-fractions were similar to those of
DOM from potentiometric titrations and spectrophotometric
titrations. However, the pKa2 values of FA sub-fractions were
similar to those of DOM from potentiometric titrations, and
greater than those of DOM determined from spectrophoto-
metric titrations, whichmight due to the differences in acidity
between excited state and ground state of DOMmolecule. The
fact that data from fluorescence titrations could be fit by use
of the two-component Scatchard function does not prove that
there were only two distinct binding sites. Rather, it shows
that the function with two curve fitting parameters success-
fully described the average range of values in the mixture.
This simplification might be sufficient to describe binding of
protons under many circumstances, even though there was a
continuous range of strengths of binding sites present.

The pKa1s of Peaks A (3.17–4.06) and B (3.12–3.97) of sub-
fractions of FA were comparable, which suggested that H-L
and F-L materials had similar affinities for protons. The pKa1s
of Peaks A and B were also consistent with those of di-
carboxylate molecules (2.5–4.3), indicating that di-carboxylic
groups were likely the predominant sites of binding for both
H-L and F-L materials with protons at acidic pHs (Smith and
Martell, 1989). The pKa1 for binding of protons by the first
fluorescing ligand of DOM ranged 3.40–4.24, which were
similar to those previously reported for sub-fractions of FA
(Midorikawa and Tanoue, 1998). The log10 conditional stability
constants (log K) of DOM binding of Cu(II), Zn(II) and Hg(II)
were 4.7–5.3, 4.24–4.49, and 4.17–4.83, respectively (Hernández
et al., 2006; Lu and Jaffe, 2001). The lesser pKa1 for H-L and F-L
materials and greater log K of Cu(II), Zn(II) and Hg(II) suggested
that protons had weaker affinities to H-L and F-L materials
than did metal ions. This is expected because divalent metal
ions can form ring structures of coordinate covalent bonds
that are more stable than bonds that can be formed between
monovalent protons and oxygen atoms in F-L or H-Lmaterials
(Giesy and Alberts, 1982, 1989). The pKa2 of Peak A (9.71–10.24)
and Peak B (9.62–10.99) of sub-fractions of FA were similar to
those of hydroxyl-benzenes with a range of 8.0–10.0. Thus,
phenolic groups might play a key role in proton binding with
both H-L and F-L materials of sub-fractions of FA at basic pH.

The pKa1s of Peaks C (4.14–4.45) and D (4.25–4.76) were
greater than those of Peaks A or B, which suggested that both
tryptophan-like and tyrosine-like materials had greater affin-
ities for protons than did H-L and F-L materials. Using
fluorescence quenching titration, log10K values for Glycyl-L-
tryptophan and L-tryptophan with Cu(II) were in the range of
4.88–6.02 (Hays et al., 2004). Based on thermodynamic stability
and acid dissociation constants, the first log10K of L-tyrosine
with Cu(II) was 4.77 (Martell and Smith, 1974). These log10 Ks
of tryptophan and tyrosine bound to Cu(II) were slightly
greater than pKa1 values of tyrosine-like and tryptophan-like
materials in sub-fractions of FA. These results indicated that
the relatively weaker proton binding strengths were present
in tryptophan-like and tyrosine-like materials in mixtures of
substances comprising sub-fractions of FA. Values for pKa2 of
Peaks C (9.67–10.31) and D (9.33–10.28) were comparable to pKa

values for amino acids (9.61–12.02) (Aliyu and Na'Aliya, 2009).
This observation indicated that amino acid groups in protein-
like materials were significant factors during proton binding
to sub-fractions of FA at basic pHs. The f values of Peaks A–D
were in the range of 0.19–0.38, 0.14–0.42, 0.15–0.92 and 0.23–
0.97, respectively (Table 2). Values of f for Peaks C (0.69–0.92)
and D (0.73–0.97) for sub-fractions of FA, except for FA13 at
acidic pHs, were greater than that of Peaks A (0.19–0.29) and B
(0.14–0.35). Similar f values were also present during com-
plexation of protein-like material with Cu(II) (0.61–0.76) and
Hg(II) (0.76–0.93), respectively (Zhang et al., 2010). The larger f
values suggested that a large proportion of organic ligands
bound to protons were protein-like materials in sub-fractions
of FA (Table 2). The least values of f for Peaks C and D for FA13

at acidic pH range need to be further investigated.
3. Conclusions

Based ondistributions of percent fluorescence response derived
from FRI analysis, H-L and F-L materials, as primary compo-
nents accounted for more than 80% in five sub-fractions of FA.
Tryptophan-like and tyrosine-like materials were present in
both FA9 and FA13 compared to FA3–FA7. Based on results of DFS
analysis, both H-L and F-L materials in FA3 might contain more
carboxylic groups, and more phenolic groups were present in
both H-L and F-L materials in FA13. Fewer content of both
carboxylic and phenolic groups occurred in all H-L and F-L
materials of FA9. Protein-like materials of FA9 had more
carboxylic and phenolic groups than those of both FA7 and
FA13. Static quenching was the dominant mechanism for the
interactions between sub-fractions of F-L materials and proton.
Values for pKa1 and pKa2 for H-Lmaterials of sub-fractions of F-L
materials had ranges of 3.17–4.06 and 9.71–10.24, respectively.
Simultaneously, pKa1 and pKa2 for F-L materials exhibited
ranges of 3.12–3.97 and 9.62–10.99, respectively. Protonation of
both H-L and F-L materials in sub-fractions were associated
with di-carboxylate and phenolic functional groups at acidic



124 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 7 4 ( 2 0 1 8 ) 1 1 6 – 1 2 5
and basic pH range. The pKa1 for tryptophan-like (4.14–4.45) and
tyrosine-likematerials (4.25–4.76) were greater than those of H-L
and F-L materials, indicating larger affinities to proton for
tryptophan-like and tyrosine-like materials in sub-fractions.
Values of pKa2 for tryptophan-like (9.67–10.31) and tyrosine-like
materials (9.33–10.28) were comparable to those of amino acids,
which indicated that protonation of protein-like materials was
associatedwith amino acid groups in sub-fractions of FA at basic
pH.
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Supplementary caption 

 

Fig. S1. Fluorescence regions and excitation-emission wavelength boundaries. 

 

Fig. S2. The pH-dependent FRI distributions over the five typical regions of sub-fractions at 

various pH: FA3 (a); FA5 (b); FA7 (c); FA9 (d); FA13 (e). 

 

Fig. S3. The representative modified Stern-Volmer plots for Peak A of FA3 (R
2
=0.994) and FA13 

(R
2
=0.993) at pH 2.5-6.5, respectively. The lines represent modified-predicted values. 

 

Fig. S4. Scatchard diagram for Peak A of FA3. Line b represents values predicted from a 

two-component Scatchard function. 

 

Section S1 and Section S2 Detailed derivational information of equation (3) in manuscript. 
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Fig. S1 Fluorescence regions and excitation-emission wavelength boundaries. 
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Fig. S2. pH-dependent FRI distributions over the five typical regions of sub-fractions at various 

pH: FA3 (a); FA5 (b); FA7 (c); FA9 (d); FA13 (e). 
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Fig. S3. Representative, modified Stern-Volmer plots for Peak A of FA3 (R
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=0.994) and FA13 

(R
2
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Fig. S4. Scatchard diagram for Peak A of FA3. Line b represents values predicted from a 
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Section S1 

Dissociation constants of sub-fractions of FA were estimated from the maximum fluorescence 

intensity of peaks in D-EEMs at acidic pH range (pH 2.5-6.5). Formation of 1:1 stoichiometry 

model between the binding sites of sub-fractions of FA (represented by L1) and proton was 

assumed at acidic pH range. The proton binding reaction could be expressed (Equation A1) 

𝐻𝐿1 ↔ 𝐿1 + 𝐻                                                                                                                          

(A1) 

The corresponding dissociation constant, Ka1, was (Equation A2). 

𝐾𝑎1 =
[𝐿1][𝐻]

[𝐻𝐿1]
                                                                                                                             

(A2) 

where: [HL1] is the equilibrium concentration of binding process; [H] is the equilibrium 

concentration of proton which were not involved in the main reaction; [L1] is the equilibrium 

concentration of ligands which were not involved in the main reaction; CL1 is the total 

concentration of ligands (Equations A3 and A4).  

CL1=[L1]+[HL1]                                                                                                                        

(A3) 

From equation (S2) and (S3): 

[𝐻𝐿1]

𝐶𝐿1
=

[𝐻]

𝐾𝑎1+[𝐻]
                                                                                                                          

(A4) 
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In fluorescence titration, it was assumed that FA sub-fractions molecules had consistent 

fluorescence characteristics. And the intensification of fluorescence intensity and the 

concentrations of [HL] was described (Equation A5). 

[𝐻𝐿1]

𝐶𝐿1
=

𝐹0−𝐹

𝐹0−𝐹𝑒𝑛𝑑
                                                                                                                          

(A5) 

where: F0 indicated the maximum fluorescence intensity of peaks in EEM recorded at pH 7.0 and 

normalized by concentration of sub-fractions of FA in the study; F indicated the fluorescence 

intensity during titration; Fend indicated the fluorescence intensity at the end of titration. 

From equation (A4) and (A5), 

𝐹0−𝐹𝑒𝑛𝑑

𝐹−𝐹𝑒𝑛𝑑
=

[𝐻]

𝐾𝑎1
+ 1                                                                                                                      

(A6) 

Letting f=
(𝐹0−𝐹𝑒𝑛𝑑)

𝐹0
 in combination with equations (A6) the final relationship was derived 

(Equation A7). 

𝐹0

𝐹0−𝐹
=

𝐹0

∆𝐹
=

𝐾𝑎1

𝑓[H]
+

1

𝑓
                                                                                                                

(A7) 

Where: ∆F represents the fluorescence intensity of peaks in D-EEMs at acidic pH range of 

2.5-6.5; f represents the fraction of the initial EEM fluorescence that corresponding to the 

binding fluorophores. f and Ka1 can be solved by plotting F0/∆F against 1/[H] using SigmaPlot 

12.5 software. 
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Section S2 

Dissociation constants of sub-fractions of FA were estimated from the maximum fluorescence 

intensity of peaks in D-EEMs at acidic pH range (pH 7.5-11.5). Formation of 1:1 stoichiometry 

model between the binding sites of sub-fractions of FA (represented by L2) and proton was 

assumed at acidic pH range. The proton binding reaction was expressed (Equation B1) 

𝐻𝐿2 + 𝑂𝐻 ↔ 𝐿2 + 𝐻2𝑂                                                                                                           

(B1) 

The conditional stability constant, Kc, and dissociation constant, Ka2, can be expressed 

(Equation B2): 

𝐾𝑐 =
[𝐿2]

[𝐻𝐿2][𝑂𝐻]
=

𝐾𝑎2

𝐾𝑜𝑤
                                                                                                                

(B2) 

where: [HL2] is the equilibrium concentration of binding process; [L2] is the equilibrium 

concentration of ligands which were not involved in the main reaction; CL2 is the total 

concentration of ligands. Equations B3 and B4 were derived. 

CL2=[L2]+[HL2]                                                                                                                        

(B3) 

From equation (B2) and (B3), 

[𝐻𝐿2]

𝐶𝐿2
=

𝐾𝑜𝑤

𝐾𝑜𝑤+𝐾𝑎2[𝑂𝐻]
                                                                                                                  

(B4) 
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In fluorescence titration, it was assumed that sub-fractions of molecules in FA had consistent 

fluorescence characteristics. Intensification of fluorescence intensity and the concentrations of 

[HL] was described linearly (Equation B5). 

[𝐻𝐿2]

𝐶𝐿2
=

𝐹0−𝐹

𝐹0−𝐹𝑒𝑛𝑑
                                                                                                                         

(B5) 

where: F0 indicated the maximum fluorescence intensity of peaks in EEM recorded at pH 7.0 and 

normalized by concentration of sub-fractions of FA in the study; F indicated the fluorescence 

intensity during titration; Fend indicated the fluorescence intensity at the end of titration. 

From equation (B4) and (B5), 

𝐹0−𝐹𝑒𝑛𝑑

𝐹−𝐹𝑒𝑛𝑑
=

𝐾𝑜𝑤

𝐾𝑎2[𝑂𝐻]
+ 1                                                                                                                

(B6) 

Letting f=
(𝐹0−𝐹𝑒𝑛𝑑)

𝐹0
 in combination with equation (B6), Equation (B7) can be obtained: 

𝐹0

𝐹0−𝐹
=

𝐹0

∆𝐹
=

𝐾𝑎2

𝑓[H]
+

1

𝑓
                                                                                                                

(B7) 

Where: ∆F represents the fluorescence intensity of peaks in D-EEMs at acidic pH range of 

7.5-11.5; f represents the fraction of the initial EEM fluorescence that corresponding to the 

binding fluorophores. f and Ka2 can be solved by plotting F0/∆F against 1/[H] using SigmaPlot 

12.5 software. 
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