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ABSTRACT

A series of fluorescence approaches have been employed to characterize the composition,
transformation, and biogeochemical cycles of aquatic dissolved organic matter (DOM).
However, there is no consensus on the protocols for elucidating DOM fluorescence spectra
from protein-like (young DOM) to humic-like (old DOM) types, which are associated with
the intrinsic fluorescence properties involved in the excitation/emission and detection of
DOM. The central objective of this study was to evaluate the excitation–emissions matrices
(EEMs)-average area of fluorescence intensity response using DOM fluorescence spectra col-
lected on six different DOM surrogates using high-performance size-exclusion chromatogra-
phy techniques. We evaluated criteria and protocols of a new Y fluorescence index (YFI) for
comparison with McKnight fluorescence index (MFI), in which 280 nm excitation coincides
with independent inferences with response to emission wavelengths from 350 to 450 nm.
Our results demonstrate that YFI had sufficient distinguishing power to evaluate the charac-
teristics of organic matter, including protein- and humic-type substances under various
solution conditions. In addition, the YFI has good selectivity by showing its distinct signa-
tures at better resolution of fluorescence intensity and little variation in different solutions
including wastewater effluent-derived surface water. Although MFI has the advantage of
fulvic acid-oriented correction, it revealed with a narrow spectral overlap range of 0.84–2.14
for DOM characterization of Suwannee River Humic Acid (SRHA), neomycin trisulphate
salt hydrate (NTH), and bovine serum albumin (BSA). This narrow range of FI for DOM
surrogate was improved with YFI, implying that all NOM substances fluoresce with consid-
erable proportional ranges of 0.30–6.41. Our results suggest that the YFI values of the DOM
surrogate data-set of fluorescence EEMs are likely proportionally lower FI of pahokee peat
HA and leonardite HA relative to elliott soil HA, SRHA, and SRFA, while those of NTH,
Streptomycin sesquisulfate hydrate, L-tyrosine, L-tryptophan, and BSA are higher FI.
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1. Introduction

The behavior and transport of humic substances
(HSs) or natural organic matter (NOM) within aquatic
systems are influenced with their heterogeneity and
complex chemical structures [1–3]. They are in general
naturally occurring, biogenic, heterogeneous mixture
(i.e. humic acid (HA), fulvic acid (FA), lignins, carbo-
hydrates, and proteins etc.), which are derived from
the decomposition of plant and animal resides, and
microbial activities [4,5]. HSs can be categorized into
several groups on the basis of their solubility in alkalis
and acids; for example, HA is soluble only under alka-
line conditions, while FA is soluble in solutions at all
pH values. This is because HA is composed of anionic
macromolecules of a wide range of molecular weights
with both aromatic and aliphatic components
(hydrophobic) with primarily carboxylic functional
groups. In contrast, FA is composed of decomposed
matter from humus and peat, and has a less aromatic
(hydrophilic) and more acidic character. Thus, charac-
terization of the physicochemical properties of dis-
solved organic matter (DOM) should involve
evaluation of its origin and fate, the reactivity and
transport of inorganic and organic pollutants in the
aquatic environment, and its impact on water purifica-
tion and treatment processes [3].

Several fluorescence approaches based on fluores-
cence spectroscopy as an indicator of the general
source of dissolved HA and FA in surface water,
which may be correlated with the aromaticity of dis-
solved HSs, have been employed to elucidate DOM
characteristics [6]. Furthermore, high-performance
size-exclusion chromatography (HPSEC) coupled with
both fluorescence and dissolved organic carbon (DOC)
detectors have been used to configure pairs of fluores-
cent chromatography signals based on the polarity
and molecular size of DOM [7–11]. The HPSEC-fluo-
rescence spectroscopy system facilitated classification
of protein-, polysaccharide-, fulvic-, and humic-like
groups from microbially and terrestrially derived
organic material in water ecosystems. McKnight et al.
[6] proposed the use of the McKnight fluorescence
index (MFI), in which the two-dimensional
fluorescence intensity was scanned at wavelengths of
450–500 nm and an excitation wavelength of 370 nm.
The MFI categorized FA into microbially and terrestri-
ally derived types containing distinctive fluorophores
based on MFI values of ~1.4 and ~1.9, respectively.

Use of fluorophore distribution to characterize
DOM has focused on three-dimensional excitation–
emissions matrices (EEMs), which facilitated predic-
tion of DOM behavior in both natural water and
engineered treatment systems [12–14]. Several studies
have shown that use of EEMs enables detection of
various DOM fractions (i.e. proteins and HSs) because
DOM properties relate to chromophoric (light absorb-
ing) and fluorophoric (light emitting) moieties by their
intrinsic fluorescent characteristics [15–18]. To address
the fluorescence spectra of EEMs, a series of methods
involving correlations of DOM specificities and
fluorescent groups have been suggested [19,20]. The
EEM-fluorescence regional integration (FRI) method
was developed to distinguish EEMs by quantitatively
integrating all intensities within designated regions
[1,18,21,22]. The FRI method is based on the various
DOM having different fluorophore groups. Chen et al.
[1] operationally classified excitation and emission
wavelength boundaries into five EEM regions and
integrated underneath EEM intensities to calculate the
cumulative fluorescence spectra; for instance, the
cumulative intensities of shorter excitation wave-
lengths (<250 nm) and emission wavelengths
(<350 nm) were classified as simple aromatic proteins.
Regarding the EEMs-multi-way data analysis of paral-
lel factor analysis (PARAFAC), a statistical modeling
approach to characterizing EEMs of DOM, allows min-
imization of the different independent groups of
data-sets of fluorophores [15,23–25]. Thus, it allows
comparisons of the shift in DOM fluorophore wells as
a function of redox state, as well as identification of
the interactions of trace metals and fluorescence
quenching titrations in DOM [26,27], and tracking of
changes in DOM characteristics during water treat-
ment processes [28].

With these series of fluorescence approach consid-
erations, quantitative variation in the fluorescence
index (FI) depends on the peak fluorescence intensity,
which could be variable due to constrained optimiza-
tion, the proportions of precursor organic materials,
and inner-filter light scattering caused by metal com-
plexation. Compared to EEMs-FI, EEMs-FRI may be
useful for refining DOM fractions for field studies,
which could also be used with other water quality
data to infer DOM characteristics relevant to their
composition, transformation, and biogeochemical
cycles in streams and rivers.
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This study applied quantitative HPSEC-EEMs-FRI
techniques to analysis of DOM surrogates, such as the
IHSS Suwannee River HA and FA. The analysis based
on DOM surrogates of known origin facilitated com-
parison of the MFI and spectral techniques of average
fluorescence intensity. The average fluorescence inten-
sity techniques were contrasted with MFI in terms of
classifying DOM surrogates, in which a new average
fluorescence intensity method (YFI, a new Y Fluores-
cence Index) was applied to quantitative application
through the average intensity of specific emission and
excitation wavelengths with HPSEC-EEMs. This study
also compared the variations in MFI and YFI in aque-
ous solutions of various chemistries and with different
surface water properties.

2. Materials and methods

2.1. Reagents and selection of DOM surrogates

Analytical grade chemicals were obtained from
Sigma–Aldrich, USA. HCl and NaOH (0.1 M) were to
adjust pH, and aliquots of 1 mM NaHCO3 and 20 mM
NaCl for the background electrolyte of conductivities.
Several DOM surrogates (Sigma–Aldrich, USA) were
selected to represent the main organic matter groups
found within water and wastewater, including amino
sugars and proteins. Proteins and amino acids are
important components of DOM and are commonly
used materials in evaluations of DOM characteristics;
these were represented by allochthonous DOM surro-
gates of a principally hydrophilic nature. Suwannee
River standard FA (cat. no. 1S101F), HA (cat. no.
2S101H), pahokee peat HA (cat. no. 1R101 N), leonar-
dite HA (cat. no. 1R101 N), and elliott soil HA (cat.
no. 1R101 N) were purchased from the International
Humic Substance Society (IHSS, USA). Streptomycin
sesquisulfate hydrate (SSH), neomycin trisulphate salt
hydrate (NTH), L-tyrosine (LTRS), L-tryptophan
(LTTP), and bovine serum albumin (BSA) were pur-
chased from Sigma–Aldrich, USA. Solid samples were
dissolved in pure water and filtered through a
0.45 μm Millipore-syringe filter to remove insoluble
particulate materials, and were used without further
purification. Selected characteristics of the bulk NOM
surrogates used in this study and their origins, molec-
ular formulae, molecular weights, atomic ratios, and
aromatic contents are provided in Table 1.

2.2. HPSEC and fluorescence EEMs

The preserved samples were divided into two ali-
quots; one was used for determination of MW and

DOC concentrations by HPSEC; the other was
subjected to fluorescence EEM analysis. HPSEC was
performed using a binary pump SL (flow range:
0.001–5 mL/min), a micro-vacuum degasser, diode
array detector SL (spectral analysis: 8 signals, 80 Hz
data rate), and equipped with a silica gel column
(TOSOH TSKgel G2000SWXL G3000SWXL; i.d.
7.8 mm, length 30 cm). Reverse-phase separations
were conducted with a 100 µL sample loop, of length
25 cm and inner diameter 2 cm. HPSEC analyses were
performed using an isocratic elution mode with a
mobile phase mixture of phosphate buffer. This
was operated for 20 min at a constant flow rate of
1 mL/min; a sample injection volume of 2 mL was
used. Generally, among NOM surrogates, hydrophilic
components are regarded as having shorter retention
times, whereas those with hydrophobic characteristics
have longer retention times. A DOC (Modified Sievers
Total Organic Carbon Analyzer 800 Turbo) detector
with an autosampler was used for optimization track-
ing of separated NOM components, which was the
oxidation method with acid addition and external
sparging to remove inorganic carbon. A polyethylene
glycol (PEG) standard of MW 200–10,000 Da was used
as the HPSEC calibrant. Calibration was conducted for
all analyses, and calibration curves yielded stable
values under all experimental conditions tested. The
resultant calibration curve was used to estimate the
MW (Da) of samples as a function of retention time.
NOM samples were subjected to 3-D EEM
fluorescence spectra measurement.

The obtained fluorescence spectra are representa-
tive of the molecular weight distribution of the fluo-
rophores within DOM samples. The 3-D EEM
fluorescence spectra were determined using a Perkin
Elmer LS50B fluorescence spectrophotometer (Perkin
Elmer, New Jersey, USA) with both excitation and
emission monochromators; a xenon lamp at a PMT
voltage of 700 V was used as the excitation source.
The fluorescence emission spectra were determined
using a range of excitation wavelengths to provide a
simultaneously subsequent scanning of EEM spectra
(emission wavelength from 300 to 550 nm in 5 nm
increments by varying the excitation wavelength from
250 to 500 nm at 5 nm intervals, respectively). Accord-
ing to the EEM spectra, the analytical conditions were
set as described in Table 2. For scanning, the fluores-
cence intensities were monitored with a band-pass
width of 5 nm for excitation and 10 nm for emission at
a scan speed of 2,400 nm min−1. The blank spectra
identification was adjusted by Milli-Q water as blank
to minimize water Raman scattering. Various ionic
strength and pH values were used to evaluate the
influence of water chemistry on EEM studies of DOM
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surrogates. Approximately 1.4 mL of the sample was
introduced to the target and placed in a Spectrosul
Far UV quartz triangular fluorescence cell. Fluores-
cence measurements were conducted at 20˚C using
Thermo-chiller.

2.3. Fluorescence index calculations and data processing

The desirable formulation can lead to determina-
tion when attempting to apply the interpolation
method obtained from the average area of fluores-
cence intensities against emission ranges for each exci-
tation by normalizing the cumulative excitation–
emission area to relative regional areas. In this study,
the 3D-EEM spectra were corrected for fluorescence
regional index analysis, in which the fluorescence
intensities were presented as YFI values together with
the average cumulative area of each excitation–emis-
sion range. This range was selected to better reveal
the configuration and to minimize the effects of Ray-
leigh and Raman scattering that FRI yielded better
DOM characteristics and heterogeneity compared to
the FI method. It was also confirmed using dilution
series of DOM standards, such as the IHSS Suwanee
River FA, which suggested that the average fluores-
cence intensities in this range were highly linear and
reliable. Additionally, this range was considered and
duly weighed with the literature survey. The interpo-
lation was used for fluorescence EEM data processing
and YFI (a newly defined Y Fluorescence Index, Y
stands for Yeomin) was calculated using the following
equation:

YFI ¼ FEI range of 350:400=FEI range of 400:450

� ða kEx of 280 nmÞ (1)

where the YFI is calculated as the ratio of the cor-
rected average fluorescence intensities in the range of
350:400 over 400:500 (a λEx of 280 nm). FEI range
of 350:400 refers to the average fluorescence intensities
of the entire range between the λEm range of
350–400 nm and a λEx of 280 nm for the average
fluorescence intensity method.

3. Results and discussion

3.1. DOM surrogate classification

The DOM surrogate was fractionated into four
classes based on the van Krevelen 3D-diagrams accord-
ing to the hydrogen to carbon atomic ratio (H/C), the
oxygen to carbon atomic ratio (O/C), and the carbon to
nitrogen atomic ratio (C/N) (Fig. 1); this is because it
mainly contains the C of biogeochemical cycle and
experiences the structural changes by the degree of
maturity of DOMs based on the different natural cir-
cumstances. Van Krevelen 3D-diagrams have been used
to graphically present elemental compositions (i.e.
hydrophobic, hydrophilic, and/or amphiphilic frac-
tions), in which the H/C and O/C ratios of DOM surro-
gates correlated with the degree of decomposition [29–
32]. Such diagrams indicate the humification process in
terms of the degree of maturity and intensity of degra-
dation processes; e.g. the increased ring condensation
(increase in the H/C ratio), decarboxylation (reduction
in the O/C ratio), and demethylation that occur during
the decay of peat-forming plants, and peat humus mat-
uration into coal.

Atmospheric functionalization of the DOM
surrogate, including aging effects (i.e. oxidation,

Table 2
Analytical conditions used for the Y fluorescence index (YFI)

pH Temp. (˚C) Ionic strength (mS/cm) Concentration (mgC/L)

6.8 10, 20, 30 0.05, 0.7, 1.4 1, 3, 5

Excitation wavelengths (nm) Range of emission wavelengths (nm)

280 300–350 351–400 401–450 451–500

0

20

40

60

80

100

0.1
0.2

0.3
0.4

0.5
0.6

0.7

0.60.81.01.21.41.61.82.02.2

PPHA
LHA
ESHA
SRHA
SRFA
NTH
SSH
LTRS
LTTP
BSA

Humic-like

Fulvic-like

Aminosugar-like

Protein-like

Fig. 1. Van Krevelen 3D diagrams showing the H/C, O/C,
and C/N ratios of NOM surrogates from the assigned
formulae (C, H, O).
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volatilization, and condensation), is generally defined
by changes not only in the O/C ratio but also the
H/C ratio. The combination changes are especially
evident of aging effects if the H/C and O/C atomic
ratios of protein- and aminosugar-like substances
(lower O/C and higher H/C in Fig. 1) are compared
to those of fulvic- and humic-like substances of a high
degree of decomposition (higher O/C and lower H/C
in Fig. 1). Only non-oxidation reactions, such as
ambiguously aminosugar-like (higher O/C ratio), can
be used to describe the aging effect, in which the
hydration process shows no changes through the O/C
ratio by transforming alcohol to carbonyl functional-
ization. The empirical aging factor takes into account
the fact that protein- and aminosugar-like substances
have a lower C/N ratio in living organic matter than
humic organic matter. This difference in C:N ratios is
indicative of the different characteristics of DOM sur-
rogates. Protein- and aminosugar-like substances are
indicative of the beginning of transformation of
organic matter. They are formed by a process in which
the more labile structures (protein, carbohydrates,
amino acids, etc.) are destroyed and utilized through
nitrogen mineralization, but more stable aromatic and
polyaromatic organic compounds are formed in the
atmosphere where the most oxidized humic species
are located at the lower right, as shown in Fig. 1. The
van Krevelen 3D diagram demonstrated that the
humification degrees of DOM surrogates are consis-
tent with their H/C, O/C, and C/N atomic ratios;
hence, such diagrams can be used to characterize
DOM transformation processes.

3.2. Selection of a method of generating a reproducible
average fluorescence intensity

The EEM spectra of DOM surrogate provide the
typically distinct locations of fluorescence peaks in
their excitation and emission maxima, which can be
used to calculate a fluorescence index. A metric of flu-
orescence peaks, EEMs are attributable mainly to the
presence of common fluorophores in DOM surrogates,
which are classified into tryptophan-like (proteins and
peptides), tyrosine-like (aminosugar), fulvic-like, and
autochthonous/allochthonous humic-like materials.
These peaks occur in fluorescence spectra, which was
indicated with the range of common type of DOM
surrogate included protein-like peaks (λEx 270–285 nm,
λEm 310–360 nm), fulvic-like peaks (λEx 320–350 nm,
λEm 400–450 nm), and humic-like peaks (λEx 310–
450 nm, λEm 380–520 nm). The fluorescence intensity of
BSA (λEx 280 nm, λEm 300–500 nm; Fig. 2) exhibited
characteristics suggesting that it could be used to
derive a fluorescence-derived index. The average

regional index of fluorescence spectra were applied
because of its benefits to be able to handle over all
intensities through the wide reference of DOM surro-
gate compared to the typical range of excitation or
emission wavelength.

Based on the fluorescence spectrum of BSA, the
typical diagonal boundaries were drawn within first-
and second-order Rayleigh scattering positions. The
boundary separated into four ranges (designated A to
D) as shown in Fig. 2. The area locations of B and C,
including water level radiation intensity, were dis-
carded to minimize the variations for photochemical
process for DOM surrogate. In this study, YFI was
determined using excitation at 280 nm with the aver-
age intensity of the fluorescence ratio of B over C,
which was expected to remain constant among the
various water chemistry environments. Since protein-
like fluorescence was rarely detected in any fluores-
cence spectrum indices, most are characterized using
the humic-like fluorescence area. Thus, in this study,
the simplification fluorescence average index method
of the DOM surrogate including protein (young DOM)
to HSs (old DOM) was characterized using the median
intensity value of the florescence ratio. Fluorescence
quenching effects due to solution chemistry and over-
lapping effects of fluorophore yields were considered
during selection of fluorescence intensities as quantifi-
cation of these effects was precluded by the unknown
optical properties of discrete isomers within the DOM
surrogate used in this study.

A blank experiment was performed to identify the
optimum wavelength for each wavelength combina-
tion within the fluorescence matrix, and no further
correction of YFI was performed. Spectral subtraction

Fig. 2. Fluorescence photographs of BSA at excitation
wavelengths of 260–300 nm.
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was performed to remove blank spectra mainly caused
by Raman scattering. Fig. 3 suggests that the varia-
tions in the average area of fluorescence ratio in speci-
fic classes of the excitation wavelength of Suwannee
River Humic Acid (SRHA), which was different in
those conditions (conductivity, 0.05–5.1 mS/cm; tem-
perature, 10 and 30˚C). According to the average fluo-
rescence intensity, protein-like types were well
reposed at an excitation of 280 nm and emission wave-
lengths of 300–400 nm, and the YFI values (the ratio of
B over C at various solution chemistries) were similar
under each condition. Generally, the intensity of YFI
decreased with increasing solution temperature and
was more highly variable at excitation wavelengths of
260, 270, 290, and 300 nm compared to 280 nm, espe-
cially in low IS (Fig. 3(a)). At high IS values, YFI inten-
sity was maximum at 280 nm and decreased with
increasing solution temperature as well as decreasing
IS (Fig. 3(b)). This was likely due to the following rea-
sons: (i) DOM surrogate fluorophore formation and
water level radiation intensity became important in
the B range (in Fig. 2) near the first-order Rayleigh
scattering position, which gives increasing intensities
with decreasing temperature, (ii) the intensity of sam-
ples was little quenched with the relative intensity
contribution of DOM fluorophores at 280 nm com-
pared to other excitation wavelengths (260–270, and
290–300 nm), which was expected to persist irrespec-
tive of IS effects and temperature variations. The mini-
mum variation in YFI at excitation at 280 nm with
BSA was reasonable because protein-like substances
exhibited high intensities in this area. Although DOM
possesses humic characteristics, it exhibited low varia-
tion as the two fluorophores overlapped in this range,
related to FI and humification index (HIX) [33,34] val-
ues. The varying IS and solution temperature
appeared to have little effects on the YFI (B over C at
280 nm) spectral characteristics of DOM surrogates.

3.3. Average fluorescence intensity analysis under various
conditions

Application of numerous fluorescence indices; e.g.
biological/autochthonous index (BIX) [35], and HIX
[33,34], has facilitated evaluation of a large number of
structural and functional groups and their composi-
tions in DOM surrogates. DOM surrogates contain
aromatic structures (humic-like types) with various
functional groups and heterogeneous components con-
taining unsaturated fatty acid chains (protein-like
types), which influence the fluorescence characteristics.
It was assumed that EEM fluorescence spectroscopy
facilitates accurate determination of the general pat-
terns of DOM surrogates and should be unaffected by
various conditions in terms of its ability to detect
anthropogenic functional groups within DOM sub-
stances. However, EEM fluorescence spectroscopy has
shown high sensitivity due to its substantial character
and susceptible selectivity. In addition, the presence of
functional groups within DOM surrogates affects the
results of EEM spectroscopy because functional
groups can be related to the solution chemistry condi-
tions, such as pH, ionic strength, temperature, sample
concentration, etc. [36].

As shown in Fig. 4, 280 nm excitation coincides
with the intensities of DOM surrogates relating to the
response to emission wavelengths of 350–450 nm.
Using this fluorescence range, the YFI facilitated char-
acterization of protein- and humic-type substances in
organic matter of various origins. The selectivity of
YFI was demonstrated by its determination of fluores-
cence intensity values of 0.45, 2.02, and 6.0 for SRHA,
NTH, and BSA, respectively. It was observed to be
distinct signatures of having a better resolution of
intensity and little variation in various solution condi-
tions as shown in Fig. 4 (arrows indicates variations).
The utility of YFI for characterization of SRHA, NTH,
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Fig. 3. Selection of the optimum excitation wavelength for YFI. (a) pH 6.8, Conductivity 0.05 mS/cm, Temp. 10–30˚C,
Conc. SRHA 5 ppm and (b) pH 6.8, Conductivity 5.1 mS/cm, Temp. 10–30˚C, Conc. SRHA 5 ppm.
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and BSA is consistent with the fact that the fluores-
cence values of all DOM substances and have a clear
gap of proportional ranges from 0.49 to 6.03 (Fig. 4(a),
(b), and (c-2)), while the MFI has a very narrow gap
and fluctuation of proportional ranges from 1.01 to
2.08 (Fig. 4(a), (b), and (c-1)).

In particular, the NTH and BSA fractions showed
a similar MFI of ~2.1 (Fig. 4(a), (b), and (c-1)), which
has a small discrepancy of fluorescence index due to
the barely discernible values of the NTH and BSA
fractions. Such minor discrepancies in the MFI values
were attributable primarily to the arbitrary definition
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of the fluorescence index (the E450/E500 ratio intensity),
so that the weak MFI intensities occurred at the peak
fluorophore positions of fluorescence EEMs in NTH
and BSA. The NTH and BSA were to be formed a
comparatively shorter emission wavelength range and
also their intensity in longer wavelength were
appeared to be no discernible vibration trends.
Regarding reproducibility, YFI showed indistinguish-
able differences under various solution conditions,
especially temperature, conductivity, and concentra-
tion. In contrast, the MFI showed significant variations
under the same conditions (Fig. 4(a), (b), and (c-1)).
The YFI variations for SRHA, NTH, and BSA were
less than 0.05, 0.2, and 0.3, respectively; the equivalent
values for the MFI were 0.08, 0.33, and 0.45, for a tem-
perature of 10–30˚C, conductivity of 0.05–5.1 mS/cm,
and DOC concentration from 1 to 5 mgC/L, respec-
tively. Thus, YFI can be used to identify the fluores-
cent compounds present in complex NOM mixtures
from various origins.

Effluent organic matter (EfOM) derived from
surface water is considered to have a heterogeneous
composition comprising complex aquatic humic and
non-humic substances (i.e. biopolymers). The non-hu-
mic substances are represented by extracellular
polymeric substances (EPS) comprising proteins,
polysaccharides, nucleic acids, lipids, HAs, etc. The
fluorescence intensity of complex aquatic DOM (and
their multiple oxidation states) is affected by the mix-
ture of HSs attached with the substrates of non-humic
substances. Thus, FI can be used to investigate the
DOM present in wastewater effluent-derived surface
water, and the fluorescence characteristics under vari-
ous solution conditions (temp., conduc., and conc. of
DOM) are shown in Fig. 5. Application of the MFI to
the analysis of surface waters from Nakdong, Hwang,
and the Kumho River with various solution conditions
(same with DOM surrogates), in which the DOM was
extracted from the core samples using NaOH, resulted
in detection of marked fluctuations (gradual increases

(a-1)

(a-2)

(b-2)

(b-1)

(c-1)

(c-2)

Fig. 5. Comparison of McKnight FI and YFI for NOMs in surface water: (a) pH 6.8, Conductivity 1 mS/cm, Temp. 10–
30˚C, conc. 1 ppm, (b) pH 6.8, Conductivity 0.05–2 mS/cm, Temp. 20˚C, conc. 1 ppm, and (c) pH 6.8, conductivity 1 mS/
cm, Temp. 20˚C, conc. 0.5–1.5 ppm.
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or decreases, Fig. 5(a), (b), and (c-1)). The YFI for the
Nakdong, Hwang, and the Kimho River were 0.71,
1.1, and 1.61, respectively, regardless of solution con-
ditions. YFI toward Nakdong, Hwang, and the Kumho
River are consistent with the fact that the fluorescence
intensities of DOM substances have the clear gap and
small discrepancy of FI of proportional ranges from
0.71 to 1.61 (variation was less than 0.04), while the
MFI has the very narrow proportional gap and big
discrepancy ranged from 1.72 to 2.23 (variation was
less than 0.13). The peak locations in YFI were inde-
pendent of the DOM concentration, but the peak
intensity in the MFI was strongly dependent on the
DOM concentration. This might be attributable to the
inner filtering configuration effect (different Peak A to
Peak B intensity ratios for both surface water spectra)
to drive the FI. Fig. 5(b-2) shows YFI values and EEM
fluorescence spectral characteristics of surface waters
with various ionic strengths. The peak locations, inten-
sities, and ratios in the EEM spectra of the surface
water samples were not affected markedly by ionic
strength. These results are in good agreement with
those of Mobed et al. [37], who suggested that ionic
strength had no considerable effect on the EEM
spectra of aquatic or soil-derived HSs.

The comparison of MFI and YFI, surface water
characterized by a lower FI intensity was correlated
with terrestrially derived DOC sources, because high
FI values are thought to correlate with both the aro-
maticity of autochthonous organic matter and HSs
attached with substrates of non-humic substances. In
this study, the MFI and YFI exhibited different ten-
dencies. The MFI values were in the order
Hwang > Kumho > Nakdong Rivers, compared to
Kumho > Nakdong > Hwang Rivers for YFI values.
These YFI results were different from the MFI values,
in which the DOM fluorescence intensities decreased
with increasing levels of terrestrially derived DOC.
This might be attributed to the changes in fluorescence
characteristics with the different arbitrary range of the
organic macromolecular fluorophores, as well as the
changes of their configurations of designated main
intensity calculations.

3.4. Average fluorescence intensity analysis of NOM
surrogates

EEM intensity is represented with contour lines.
The average regional intensities of excitation–emission
wavelength boundaries selected to characterize EEMs
were operationally utilized for the same NOM surro-
gate samples. Using YFI, the distinct peak ratios at dif-
ferent emission wavelength boundaries suggest that
the fluorophores present in samples differed according

to their origin. The arrangement of NOM surrogates
was based on the FI, as shown in Fig. 6 (the MFI and
YFI values for NOM surrogates have different bound-
aries from ranges I–IV).

When applying MFI and YFI values, the YFI shows
the specific and clear response from sample spectra
through all selected NOM surrogates, in which they
were deployed in sequence by fluorescence index, and
differences in NOM surrogates EEMs collected on dif-
ferent boundaries. A higher density of EEM fluores-
cence-absorbing functional groups corresponds to the
lowest for humic and fulvic-like (0.36 for LHA, fluo-
rophores in a lowest range of in the YFI response
emission wavelengths), medium for aminosugar-like
(2.25 for SSH, fluorophores in an intermediate range
of in the YFI response emission wavelengths), and
highest for protein-like (6.41 for BSA, fluorophores
located in a highest range of in the YFI response emis-
sion wavelengths) types. For the intrinsic YFI parame-
ters of NOM surrogates, these indices increased as
NOM origin was increased from 0.30 to 6.41. On the
other hand, for the MFI, these ratios slightly increased
as from humic- to aminosugar-like was changed from
0.84 to 2.14, and only vaguely changed thereafter in
the protein-like ranges. Such differences confirm that
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Fig. 6. (a) McKnight FI and (b) YFI values of NOM surro-
gates (pH 6.8, Con. 5.1 mS/cm, Temp. 20˚C, Conc. 5 ppm).
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the fluorescence characteristics of the McKnight FI and
YFI differed. The YFI thus facilitates discrimination of
protein-like substances from other NOM components.
However, for the MFI values of aminosugar and pro-
tein-like, this trend was found to be not robust
between them. Especially, the MFI of protein-like sub-
stances showed little difference compared to YFI, for
the following reasons: (i) with the increase in the pro-
portions of aminosugar- and protein-like materials,
this peak was clearly seen at shorter emission range
due to a higher intensity peak corresponding to the
chromophores properties of organic matter connected
to amides from protein-like substances. A higher den-
sity of functional (e.g. amino acids, peptides, and pro-
teins) groups corresponds to a higher intensity at
shorter wavelength (~210 nm), resulting in producing
a higher YFI. Thus, the ratio of the absorbance at
280 nm to that of the YFI emission wavelength is
greater for proteins and amino acids than for HSs. (ii)
The YFI value of humic-like substances, (<0.5) implies
the lowest proportions of aromatic rings in the YFI
response ranges, in which the aromatic groups of
humic materials mainly associated with weaker inten-
sities for SRHA than for protein-like materials.

4. Conclusions

While various spectroscopic techniques, including
HPSEC-EEMs-average fluorescence intensity, are
employed for investigations of DOM characteristics,
they provide qualitative as opposed to quantitative
information. In this study, we evaluated average fluo-
rescence intensities at the same excitation wavelength
(280 nm) of the PPHA, LHA, ESHA, SRHA, SRFA,
NTH, SSH, LTRS, LTTP, and BSA surrogates in their
entire emission ranges (350–450 nm) to identify the
indices of humic and proteinaceous substances. Thus,
the YFI is defined as the ratio of the corrected average
fluorescence intensities at 350:400 to that at 400:450
[nm] with a λEx of 280 nm. Regarding humic-like sub-
stances (old NOM origin), the EEM showed peak max-
ima at a longer emission wavelength, which resulted
in lower YFI values. Similar peaks were found at a
longer emission wavelength for PPHA, LHA, ESHA,
and PPHA. This may be attributable to the large
amounts of functional groups and aromatic rings in
humic-like materials being excited by longer emission
wavelengths. In contrast, protein-like substances
exhibited higher YFI values compared to humic-like
substances due to the higher intensity at shorter wave-
length (~210 nm) derived from the interaction between
the N–H bonding and C–N stretching of the C–N–H
group.

The YFI analysis thus facilitated discrimination of
protein-like substances from other NOM components.
SRHA showed a low YFI value with the old organic
matter fractions, similar to PPHA and LHA. It has
been strongly associated with terrestrial organic matter
participation to, and anticipated to contribute propor-
tionately lower YFI values. With the application of YFI
analysis, it showed trends to the lowest YFI values for
humic and fulvic-like (PPHA, LHA, ESHA, SRHA,
and SRFA), medium for aminosugar-like (NTH and
SSH), and highest for protein-like (LTRS, LTTP, and
BSA) substances.
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