
lable at ScienceDirect

Water Research 83 (2015) 217e226
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Conservative behavior of fluorescence EEM-PARAFAC components in
resin fractionation processes and its applicability for characterizing
dissolved organic matter

Wei He, Jin Hur*

Department of Environment and Energy, Sejong University, Seoul, 143-747, South Korea
a r t i c l e i n f o

Article history:
Received 13 May 2015
Received in revised form
23 June 2015
Accepted 26 June 2015
Available online 30 June 2015

Keywords:
Natural organic matter
Resin fractionation
Parallel factor analysis (PARAFAC)
Fluorescence regional integration
Spectral subtraction
* Corresponding author.
E-mail address: jinhur@sejong.edu (J. Hur).

http://dx.doi.org/10.1016/j.watres.2015.06.044
0043-1354/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

In this study, the applicability of the fluorescence excitation-emission matrix combined with parallel
factor analysis (EEM-PARAFAC) was verified for resin fractionation processes, in which bulk dissolved
organic matter (DOM) is separated into several fractions presumably having similar chemical structures.
Here, four PARAFAC components, including three humic-like and one protein-like components, were
identified from the EEMs of all DOM samples through fractionation procedures and the subtracted EEMs
between before and after resins for different DOM sources (effluent, limnic, and riverine). The PARAFAC
components exhibited conservative behavior upon resin fractionation, as indicated by the minimal dif-
ference in the PARAFAC components retained on resins calculated based on the direct subtraction of the
components and the subtracted EEMs. The conservative behavior of PARAFAC components was more
obvious compared with other fluorescent DOM (FDOM) indicators derived from peak-picking and
fluorescence regional integration (FRI) methods. Humic-like components were more insensitive to resin
fractionation than protein-like component. No consistency was found in the relative abundances of the
PARAFAC components for the same resin fractions with different DOM sources, suggesting that the FDOM
composition is more affected by DOM sources rather than by the resin fractions. Our study demonstrated
that EEM-PARAFAC coupled with resin fractionation could provide detailed information on DOM by
quantitatively comparing the individual PARAFAC components within different resin fractions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescence excitation-emission matrix combined with paral-
lel factor analysis (EEM-PARAFAC) has become a popular tool for
probing the fate of dissolved organic matter (DOM) and under-
standing its environmental behaviors in natural and engineered
systems (Borisover et al., 2009; Ishii and Boyer, 2012; Stedmon
et al., 2003; Yang et al., 2015). PARAFAC modeling makes it
possible to extract dissimilar fluorescent components with mini-
mum residuals from a given EEM dataset (Stedmon et al., 2003).
The identified components have been successfully applied for
exploring the biogeochemical dynamics of fluorescent DOM
(FDOM) in aquatic ecosystems, and the temporal and spatial vari-
ations. The individual components have their own sources and
characteristics, displaying different sensitivities to varying
environmental factors like light, salinity, pH, temperature, and
microorganisms (Borisover et al., 2009; Jørgensen et al., 2011;
Meng et al., 2013; Saadi et al., 2006; Yamashita et al., 2008; Yang
and Hur, 2014; Zhang et al., 2009). They also have great potential
for assessing water quality and the efficiency of DOM removal
during treatment systems (Cohen et al., 2014; Gone et al., 2009;
Henderson et al., 2009; Murphy et al., 2011; Seredy�nska-Sobecka
et al., 2011).

To date, several techniques have been suggested for fluores-
cence data decomposition, which included PARAFAC, fluorescence
regional integration (FRI), principal component analysis (PCA), and
self-organizing map (SOM). Among those, PARAFAC and FRI have
been the most popularly used due to the easy quantification of
different FDOM components. The interpretation and source
assignment of PARAFAC components were primarily based on a
traditional peak-picking method (Coble, 1996) in which different
fluorescence peaks were selected from several defined wavelength
ranges of EEM. The FRI method has been often utilized to differ-
entiate different FDOM components within an EEM, in which EEM
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was divided into several assigned regions and their integrated
regional volumes under the EEM surface were calculated and
treated as the individual FDOM components (Chen et al., 2003; Xue
et al., 2012; Zhou et al., 2014), although it is often criticized for the
physical meaningfulness of the integration.

Resin fractionation has been long used as a DOM characterizing
method to obtain relatively homogeneous fractions from a bulk
DOM inherently consisting of heterogeneous chemical structures
and functional groups (He et al., 2011; Schwede-Thomas et al.,
2005; Wu et al., 2003; Xue et al., 2012; Zhou et al., 2014). The
conventional practices for resin fractionation involve the use of acid
and base solutions for pH control to retain the desired DOM frac-
tions on resins or to elute them from the resins (Imai et al., 2001;
Thurman and Malcolm, 1981). Recently, a new resin fractionation
method was proposed to offer more stable DOM fractions with
respect to the chemical properties without the pH manipulation
(Kim and Dempsey, 2012). Through both resin fractionation pro-
cesses, DOM can be separated into hydrophobics (HPO) and/or
transphilics (TPI), and hydrophilics (HPI), and further into acidic,
basic, and neutral fractions (Chen et al., 2003; Imai et al., 2001; Kim
and Dempsey, 2012; Li et al., 2014). In general, dissolved organic
carbon (DOC) and ultraviolet (UV) absorbance have been employed
to track and quantify the DOM fractions retained on resins and/or
eluted from the resins (Imai et al., 2002; Kim and Dempsey, 2012).
However, such DOMparameters represent only the bulk quantity of
DOM, providing limited information on the chemical composition
of resin fractions (Kim and Dempsey, 2012). Addition of other DOM
analyses would be more beneficial for acquiring detailed informa-
tion on the fraction's characteristics.

In resin fractionation, the subtraction of DOM quantity param-
eters (i.e. DOC and UV) between before and after resins is simply
applied to estimate the fractions retained on resins based on mass
balance (Imai et al., 2001, 2002, 2003; Kim and Dempsey, 2012). In
the same manner, the spectral subtraction for the fluorescent
components distributed over EEM could be applied to track the
FDOM through the resin fractionation. However, no effort has been
made to extend the simple subtraction approach into EEM-
PARAFAC for characterizing different DOM fractions obtained
from resin fractionation processes. In fact, this is an attempt to test
the feasibility of EEM-PARAFAC for tracking DOM in fractionation
systems where DOM constantly interacts with the solid phase (e.g.,
resins). There may be two approaches available to utilize EEM-
PARAFAC to track FDOM in resin fractionation processes. One is to
obtain the PARAFAC components based on the subtracted EEMs
between before and after resin (Patra and Mishra, 2002) based on
the BeereLambert law. The other relies on the direct subtraction of
the PARAFAC components between before and after resins. It is not
clear whether or not the two different subtraction approaches
would produce the same results for the DOM retained on resins.

In an effort to verify the quantitative applicability of fluores-
cence EEM-PARAFAC for resin fractionation, the two types of resin
fractionation methods were employed in this study to characterize
aquatic DOMwith diverse sources (i.e., effluent, limnic, and riverine
DOM). The main objectives of this study were 1) to verify the
applicability of EEM-PARAFAC for characterizing DOM in resin
fractionation processes, and 2) to compare the differences in the
FDOM composition of DOM resin fractions among different sources
via EEM-PARAFAC.

2. Materials and methods

2.1. Sample collection and pretreatment

Effluent, limnic, and riverine waters were collected three times
from a water reclamation center in Seoul, Lake Uiam in Gangwon
province, and Han River in Seoul, Korea, respectively, during the
period between November 2014 and January 2015. The in-situ
water quality parameters of the samples are shown in the
Supplementary materials (Table S1). The samples were filtered
through a pre-washed 0.45 mm membrane filter (cellulose acetate,
Toyo Roshi Kaisha, Ltd., Japan) for further fractionation and
analyses.

2.2. Rein fractionation procedures

The two frequently used DOM fractionation procedures, named
Imai's (Imai et al., 2001) and Kim's (Kim and Dempsey, 2008, 2012)
methods, were adopted for this study (Fig.1). In Imai's method,1.0 L
of DOM sample was fractionated into HPO acids (HPO(a)), HPO
neutrals (HPO(n)), organic bases (i.e. HPO bases, HPI bases, and TPI
bases; HPO/HPI/TPI(b)), TPI/HPI acids (TPI/HPI(a)), and TPI/HPI
neutrals (TPI/HPI(n)) (Fig. 1a). Before the fractionation, the pH of
samples was adjusted to 2 by adding concentrated HCl solution.
HPO(a) and the HPO(n) were retained by the first column (7 cm
depth, inner diameter 1.8 cm) packed with nonionic Amberlite
DAX-8 resin (20e60 mesh), and the retained fraction was subse-
quently eluted by 100 mL of 0.1 N NaOH. The DAX-8 resin, poly(-
methyl methacrylate) resin, is known to have nearly the same
capability of capturing humic substances (HS) as XAD-8 resin
(Peuravuori et al., 2002). It was previously demonstrated that the
recovery rate of HPO(a) by the alkaline solution was approximately
100% (Kim and Dempsey, 2012; Thurman andMalcolm,1981). HPO/
HPI/TPI(b) were retained by the second column filled with strong
cation-exchange resin (Bio-Rad AG-MP-50, 50e100 mesh). TPI/
HPI(a) were adsorbed onto strong anion-exchange resin (Bio-Rad
AG-MP-1, 50e100 mesh) in the third column (Fig. 1a). The surface
flow rate was maintained at a rate of 4 L min�1 m�2. The initial
DOM samples and the DOM fractions eluted from each column (i.e.,
IF0: NaOH-eluted fraction, and IF1, IF2, and IF3 refer to the DOM
fractions eluted from XAD-8, AG-MP-50, and AG-MP-1 in Fig. 1a,
respectively) were collected to determine DOC, UV, and fluores-
cence EEM.

In Kim's method (Fig. 1b), the original DOM samples (1.0 L) were
separated into HPO/TPI/HPI acids (HPO/TPI/HPI (a)), HPO bases/
neutrals (HPO(b/n)), TPI bases/neutrals (TPI(b/n)), and HPI bases/
neutrals (HPI(b/n)) upon resin fractionation. The diethylaminoethyl
(DEAE) resin used in Kim and Dempsey (2008) was replaced by a
weakly basic anion-exchange resin (Amberlite IRA-67,
500e750 mm) for this study because of the higher capacity to
retain HPO/TPI/HPI(a) (Peuravuori and Pihlaja, 1998). DAX-8 and
XAD-4 resins were filled in the next two columns sequentially to
obtain the HPO(b/n) and the TPI(b/n), respectively. The surface flow
rate was set at the same rate as in Imai's method. The initial DOM
and the eluted fractions from the resins of IRA-67, DAX-8, and XAD-
4, denoted as KF1, KF2, and KF3 in Fig. 1b, respectively, were
collected for further analyses.

In order to minimize adverse effects of the resins on the eluted
DOM fractions, all the resins were previously cleaned using Soxhlet
extraction with methanol for 24 h. For Imai's method, DAX-8 resin
was cleaned with 0.1 N NaOH and pre-conditioned with 0.1 N HCl
before use. The AG-MP-1 and the AG-MP-50 were converted into
free-base and free-acid forms using 1 N NaOH and 1 N HCl,
respectively, and rinsed with ultrapure water to adjust the pH into
~7.0. The blank samples for DAX-8, AG-MP-50, and AG-MP-1 (B1,
B2, and B3, respectively) were also collected from each column. The
DAX-8 and XAD-4 resins used in Kim's method were similarly
cleaned and conditioned except for the maintenance of the neutral
pH condition. The IRA-67 was conditioned with 1 N NaOH, and
rinsed with ultrapure water. In the same manner as in Imai's
method, the blank samples for IRA-67, DAX-8, and XAD-4 (B4, B5,



Fig. 1. Schematic diagrams of the resin fractionation procedures based on Imai's method (a) and Kim and Dempsey (2008, 2012) (b). EEMs of the fractions eluted from resins as well
as those retained on resins are shown for effluent DOM (EfOM).
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and B6, respectively) were collected from each column. After the
blank of the resins and the eluted volumes were all taken into ac-
count, the targeted DOM fractions were quantified using the for-
mula provided in Table S2. The information on DOC, fluorescence
EEMs, and PARAFAC components of the alkaline solution (i.e., 0.1 N
NaOH) and the resin blanks are shown in Table S3 and Fig. S1. The
blank correction was needed because some DOM resin fractions
were eluted in low concentrations (Table S3).

2.3. Analytical methods

The pH of all DOM samples including the resin fractions was re-
adjusted to ~7.0 prior to further analyses (Yang and Hur, 2014). DOC
concentrations were measured by a Shimadzu V-CPH TOC analyzer
with a relative precision of <3% (Yang and Hur, 2014). The ab-
sorption spectra were scanned by a Shimadzu UV-1300 spectrom-
eter at the wavelengths from 200 nm to 800 nm. The absorption
coefficient at 254 nm (a254) was chosen as a UV indictor for DOM
monitoring (Imai et al., 2001; Kim and Dempsey, 2012). A lumi-
nescence spectrometer (Perkin Elmer LS55) was used to obtain
fluorescence EEMswith the emission spectra from 280 to 550 nm at
0.5 nm increments and the excitation wavelengths from 250 to
500 nm at 5 nm increments. Both excitation and emission slits were
adjusted to 5 nm, and the scanning speed was 1200 nmmin�1 (Hur
and Cho, 2012). The EEM data was corrected according to the inter-
laboratory standard method suggested by Murphy et al. (2010). In
brief, EEM was corrected with water blank, and the inner filter
effect was also considered. The fluorescence intensity was cali-
brated using a quinine sulfate dehydrate solution (10 mg L�1). The
data was automatically corrected by a Matlab code, namely,
FDOMcorrect (Murphy et al., 2010).

2.4. EEM spectral subtraction and PARAFAC modeling

Three groups of the FDOM quantity indicators, including those
based on peak-picking, FRI, and PARAFAC methods (Chen et al.,
2003; Coble, 1996; Stedmon et al., 2003), were obtained to test
the feasibility of FDOM for the indicator subtraction upon resin
fractionation. For specific peak-picking (SP) and FRI methods, five
different specific regions (B, T, A, M, and C) were assigned to each
measured EEM as shown in Fig. S2. They represent tyrosine-like,
tryptophan-like, humic (fulvic)-like, marine humic-like, and
humic-like DOM, respectively (Chen et al., 2003; Coble, 1996). The
emission (ex) and excitation (em) wavelength ranges correspond-
ing to the regions of B, T, A, M, and C were ex 250e300/em
280e330, ex 250e300/em 330e380, ex 250e300/em 380e480, ex
300e320/em 380e420, and ex 320e370/em 420e480, respec-
tively. The peak intensities and the integrated volumes were
calculated using a self-written Matlab code (namely, F_specific_-
FRI.m in Script S1) for the FDOM indicators based on the SP and FRI
methods, respectively. The integrated value was divided by the
corresponding area under the surface of EEM so that the values
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would be expressed in the same unit as the other FDOM quantity
parameters.

PARAFAC modeling was performed using a Matlab toolbox,
namely, DOMFluor (Stedmon and Bro, 2008), with a combined EEM
data set of all collected DOM fractions and the subtracted EEMs
between before and after elution through the resins (n ¼ 142). The
number of components was identified based on the split-half
validation (Bro, 1997). The modified Turker's Congruence Coeffi-
cient (mTCC) was employed to compare the identified components
with a library containing 38 PARAFACmodels (Parr et al., 2014). The
mTCC values of >0.95 indicate the exact match between the two
PARAFAC components (Table S4). The related Matlab code (namely,
comPARAFAC.m) is contained in Script S2. The relative concentra-
tion of each PARAFAC component was estimated by the Fmax output
from DOMFluor.

The individual FDOM indicators retained on the resins of the
fractionation processes were estimated based on the two ap-
proaches: by directly subtracting the FDOM quantity indicators
between before and after elution (Indd), in which the indicators
were previously determined based on the EEMs of all collected
DOM fractions, and by obtaining the indictors (Inds) based on the
subtracted EEM spectra between DOM before and after resins. The
ratios of Indd to Inds were used here to evaluate the stability (or
conservativeness) of the three indicator groups to DOM resin
fractionation. If the ratios approach to 1.0 (i.e., Indd is similar to
Inds), it is assumed that the indicator subtraction has the same
effects as the EEM spectral subtraction on characterizing the resin-
fractionated DOM and also that the FDOM quantity indicator is
conservative through the resin fractionation processes.

3. Results and discussion

3.1. PARAFAC components

Four different PARAFAC components were identified for this
study (Fig. 2): three humic-like components (C1, C2, and C3) and
one protein-like component (C4). The quantitative comparisonwas
made using mTCC values for the identified components versus
those previously reported in the literature (Table S4). The compared
components in the literature with mTCC > 0.95 indicated excellent
Fig. 2. Representative EEMs and the spectral loadings of four identified PARAFAC compon
modeled and the split-half (split 1e2 and 3e4) validated results.
coincidence with those of this study. C1, with the ex/em ranges of
<250e280 (325e360) nm and 370e480 nm, encompasses peaks A
and C (Coble, 1996). It is dominated by UVC humic-like (Peak A)
fluorescence, similar to a humic-like component reported by
Stedmon et al. (2003) and Fellman et al. (2011). This component has
a potential terrestrial source such as DOM derived from soils,
forested streams, and wetlands. It is often observed as negatively
correlated with salinity in estuarine ecosystems (Fellman et al.,
2011; Ishii and Boyer, 2012). C2, with the ex/em ranges of
260e300 (350e400) nm and 420e520 nm, had some overlaps with
Peak A and C. This component can absorb light in the UVA and UVB
bands, and it is associated with large molecular-sized and hydro-
phobic compounds (Cook et al., 2009; Ishii and Boyer, 2012). C3,
with the ex/em ranges of 275e350 nm and 350e450 nm, corre-
sponds to marine humic-like substances (Peak M) (Coble, 1996).
This component is resistant to photo-degradation in surface waters
(Jørgensen et al., 2011), and it has shown no correlation with
quinine-like substances (Cory and McKnight, 2005). C4, with the
ex/em ranges of <250e300 nm and 320e400 nm, is generally
assigned to a tryptophan-like component (Peak T) in many aquatic
environments such as streams (Cory and Kaplan (2012), rivers
(Massicotte and Frenette (2011), estuaries (Fellman et al. (2011),
coast (Kowalczuk et al. (2010), and open seas (Murphy et al. (2008).
It is identical to free tryptophan, and can be derived from autoch-
thonous microorganisms (Stedmon and Markager, 2005).

3.2. Comparison of different FDOM indicators regarding
conservative behavior upon resin fractionation

To evaluate the stability of the FDOM quantity indicators upon
resin fractionation, the indicators determined based on the two
aforementioned subtraction approaches (i.e., the indicator sub-
traction and the EEM subtraction) were all plotted together, and
their relationships were compared according to the three groups of
the FDOM indicators in Fig. 3. Compared with the FRI and PARAFAC
methods (slope, 1.00, R2 ¼ 1.000), the FDOM indicator group from
the SP method was more vulnerable to resin fractionation as indi-
cated by the higher degree of the deviation from the 1:1 lines and
also by the lower coefficients of determination (R2 ¼ 0.945 and
0.926 for Imai's and Kim's fractionation methods, respectively) for
ents. Individual excitation and emission loading are shown for the comparison of the



Fig. 3. Comparison of the FDOM indicators from the subtracted EEM spectra (Inds) versus those from the direct subtraction between the two indicators before and after resins (Indd)
for Imai's fractionation method (chart aec) and Kim's fractionation method (chart def). Chart a and d are based on the FDOM indicators from the peak-picking method; Chart b and
e are based the FDOM indicators from the FRI method; Chart c and f are based on PARAFAC components.
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the linear fitting. The Indd/Inds ratios of the three indicator groups
were calculated and compared in Table S5 and summarized in
Table 1. As a result, the PARAFAC components were the most con-
servative indicator group applicable for resin fractionation, as
indicated by their average Indd/Inds ratios of 0.99 ± 0.17, followed
by those based on the FRI (0.94 ± 0.15) and SP methods
(0.80 ± 0.20).

The conservative behavior was further examined regarding the
relationships between the Indd/Inds ratios and Inds for the three
FDOM indicator groups (Figs. S3 and S4). In general, the Indd/Inds
Table 1
Ratios of Indd to Inds for the fractions retained on various resins based on Imai's and Kim
(1996)’s specific peak-picking (SP) method (SPprotein: the peaks of B and T, SPhumic: the
regions of B and T, FRIhumic: the regions of A, M, and C), and PARAFAC components (PAR

Indicator groups Fractions on 1st resin Fractions o

n Mean(RSD) Min-Max n

Imai's method HPO (n) HPO/TPI/H
SPtotal 39 0.74 (26) 0.28e0.98 44
SPprotein 15 0.68 (28) 0.28e0.98 17
SPhumic 24 0.78 (24) 0.31e0.98 27
FRItotal 38 0.95 (14) 0.28e1.00 45
FRIprotein 15 0.94 (13) 0.63e1.00 18
FRIhumic 38 0.95 (14) 0.28e1.00 45
PARAFACtotal 30 1.07 (36) 0.72e3.04 36
PARAFACprotein 8 0.96 (10) 0.72e1.00 9
PARAFAChumic 22 1.11 (39) 0.96e3.04 27
Kim's method HPO/TPI/HPI (a) HPO (b/n)
SPtotal 45 0.86 (25) 0.00e1.00 44
SPprotein 18 0.87 (18) 0.35e1.00 17
SPhumic 27 0.85 (29) 0.00e0.99 27
FRItotal 45 0.99 (4) 0.80e1.00 44
FRIprotein 18 0.98 (5) 0.80e1.00 17
FRIhumic 45 0.99 (4) 0.80e1.00 44
PARAFACtotal 35 1.02 (7) 1.00e1.32 36
PARAFACprotein 9 1.00 (1) 1.00e1.02 9
PARAFAChumic 26 1.02 (8) 1.00e1.32 27

Note: n e number of samples; RSD e relative standard deviation (%); Min e minimum;
ratios displayed an increasing trend with the intensity of Inds,
implying that the FDOM indicators calculated by direct subtraction
become more consistent with those based on EEM spectral sub-
traction with a higher FDOM intensity. As expected, the tolerant
limits, referring to the minimum indicator intensity corresponding
to the Indd/Inds ratios approaching 1.0, were the highest for the SP
indicators. The poor tolerance of the SP indicators can be attributed
to the changes of the peak locations after EEM spectral subtraction
upon the resin fractionation (Fig. S5). The FRI method seems to
partially avoid this problem because most of the peak changes
's fractionation methods. FDOM quantity indicator groups are obtained from Coble
peaks of A, M, and C), fluorescent regional integration (FRI) method (FRIprotein: the
AFAChumic: C1, C2, and C3, and PARAFACprotein: C4).

n 2nd resin Fractions on 3rd resin

Mean(RSD) Min-Max n Mean(RSD) Min-Max

PI (b) TPI/HPI (a)
0.79 (26) 0.01e1.00 44 0.86 (16) 0.36e1.00
0.68 (40) 0.01e1.00 17 0.78 (23) 0.36e1.00
0.86 (12) 0.61e1.00 27 0.91 (8) 0.70e0.99
0.92 (20) 0.31e1.00 44 0.94 (17) 0.12e1.00
0.80 (32) 0.31e1.00 17 0.84 (27) 0.12e1.00
0.92 (20) 0.31e1.00 44 0.94 (17) 0.12e1.00
0.99 (3) 0.84e1.03 36 0.96 (15) 0.29e1.09
0.97 (5) 0.84e1.00 9 0.83 (31) 0.29e1.00
1.00 (2) 0.94e1.03 27 1.00 (2) 0.97e1.09

TPI (b/n)
0.78 (26) 0.11e1.00 43 0.78 (27) 0.22e1.00
0.72 (38) 0.11e1.00 17 0.67 (36) 0.22e1.00
0.82 (16) 0.53e0.98 26 0.85 (17) 0.45e1.00
0.96 (13) 0.38e1.00 45 0.91 (19) 0.35e1.00
0.89 (20) 0.38e1.00 18 0.79 (28) 0.35e1.00
0.96 (13) 0.38e1.00 45 0.91 (19) 0.35e1.00
0.97 (11) 0.42e1.07 36 0.97 (12) 0.42e1.02
0.90 (22) 0.42e1.00 9 0.95 (13) 0.62e1.00
1.00 (4) 0.83e1.07 27 0.98 (11) 0.42e1.02

Max e maximum.
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occurred within individually defined regions (Chen et al., 2003).
The indicators from both FRI and PARAFACmethods displayed good
tolerance to the subtraction upon resin fractionation, but the
PARAFAC indicators are more preferable in that the PARAFAC
components can represent independent fluorescent groups. In
addition, PARAFAC components were the most insensitive to the
peak changes resulting from EEM spectral subtraction (Figs. S3 and
S4). It is a significant finding that the direct subtraction of PARAFAC
components is applicable in quantitatively tracking FDOM during
resin fractionation processes.

Irrespective of the indicator groups, the humic-like FDOM in-
dicators (Indd/Inds, 0.95 ± 0.16) exhibited higher consistency be-
tween the two subtraction approaches than the protein-like
indicators (Indd/Inds, 0.85 ± 0.22). In detail, the Indd/Inds ratios of
the humic-like indicators based on both FRI and PARAFAC methods
weremuch closer to 1.00 than those of the SPmethod (p < 0.05). No
significant difference was found in the ratios of all FDOM indicators
between FRI and PARAFAC methods (independent t-test: p ¼ 0.19
and 0.69 for Imai's and Kim's methods, respectively). However, the
difference in the ratios of the protein-like indicators depended on
the fractionation methods (p ¼ 0.04 and 0.09 for Imai's and Kim's
methods, respectively). The tolerant limits were mostly higher for
the protein-like versus the humic-like indicators, and the humic-
like indicators were more insensitive to the direct subtraction
than the protein-like indicators as shown by more data points
exhibiting the Indd/Inds ratios close to 1.00 for each indicator group
(Figs. S3 and S4).

3.3. PARAFAC components of different resin fractions

3.3.1. Fractionation using Imai's method
DOC concentrations and the intensities of PARAFAC components

for different DOM fractions are summarized in Table 2, and their
relative abundances were compared for EfOM, LiOM, and RiOM in
Figs. 4 and S6. The organic acids (i.e., HPO(a) and TPI/HPI(a)) were
the dominant fractions in all the DOM sources (Table 2 and
Fig. S6a), constituting more than 50% of the DOM as DOC, which is
in accordance with previous studies (Imai et al., 2001, 2002). In
LiOM and RiOM, HPO(a) was more abundant than TPI/HPI (a), while
the opposite trend was found for EfOM. Organic bases were the
lowest fractions for all the DOM sources, accounting for 6%~17% of
DOM. Organic neutrals (i.e., HPO(n) and TPI/HPI(n)) was the second
Table 2
DOC concentrations and the intensities of PARAFAC components for different resin fract

Fractionation methods Imai's method

Organic matter HPO (a) HPO (n) HPO/TPI/HPI (b) TPI/HPI (a)

Effluent
DOC (mg L�1) 2.04 ± 0.56 0.65 ± 0.80 1.43 ± 1.35 2.41 ± 1.18
C1 (mg QS L�1) 14.83 ± 7.45 23.86 ± 5.76 36.14 ± 6.86 29.75 ± 19.29
C2 (mg QS L�1) 7.76 ± 2.40 14.30 ± 5.82 18.77 ± 1.91 16.59 ± 8.53
C3 (mg QS L�1) 4.38 ± 2.62 16.29 ± 8.94 21.49 ± 7.92 19.85 ± 6.28
C4 (mg QS L�1) 5.76 ± 4.79 23.17 ± 7.20 16.38 ± 9.17 24.65 ± 4.10
Limnic
DOC (mg L�1) 0.99 ± 0.36 0.23 ± 0.05 0.36 ± 0.31 0.66 ± 0.27
C1 (mg QS L�1) 5.78 ± 1.25 6.52 ± 8.71 6.14 ± 2.34 5.03 ± 3.05
C2 (mg QS L�1) 3.33 ± 0.49 1.34 ± 2.18 1.99 ± 1.09 2.01 ± 1.35
C3 (mg QS L�1) 1.89 ± 0.53 2.10 ± 2.97 3.13 ± 0.39 2.60 ± 1.41
C4 (mg QS L�1) 2.01 ± 0.88 4.47 ± 4.36 4.04 ± 1.38 2.89 ± 3.04
Riverine
DOC (mg L�1) 1.01 ± 0.26 0.43 ± 0.08 0.24 ± 0.17 0.80 ± 0.14
C1 (mg QS L�1) 7.47 ± 1.47 6.67 ± 4.10 5.07 ± 3.49 9.36 ± 5.45
C2 (mg QS L�1) 3.14 ± 1.50 1.88 ± 2.03 2.37 ± 1.61 3.82 ± 2.42
C3 (mg QS L�1) 2.54 ± 0.32 2.23 ± 1.79 2.42 ± 1.02 5.02 ± 2.76
C4 (mg QS L�1) 3.96 ± 0.57 4.97 ± 3.84 3.26 ± 2.10 6.66 ± 3.72

Note: Data are expressed by average ± standard deviation.
largest fractions, responsible for ~35% in DOC for DOM samples, and
the HPO(n) fractions were present in low quantities (7%~13%),
which agreed with the previous studies (Imai et al., 2002).

A representative humic-like fluorescence component, C1, was
consistently higher than the protein-like component (i.e., C4) for all
the resin fractions irrespective of DOM sources (Table 2 and
Fig. 4aec) except for HPO(n) of LiOM. It can be hypothesized that
humic-like and protein-like components are enriched in HPO(a)
and organic bases, respectively, considering the chemical charac-
teristics of the resins (Imai et al., 2001). However, our results
revealed no significant correlations (p > 0.05) between the in-
tensities of the two fluorescence components and DOC concen-
trations of the corresponding fractions. This inconsistency may
suggest that non-fluorescent DOM components are more dominant
in the fractions of HPO(a) and organic bases and/or that FDOM
composition depends more on the DOM sources than on the resin
characteristics. Our results are in line with a previous study of Chen
et al. (2003), in which the FDOM composition was not consistent
with the types of the resin fractions but instead varied with DOM
sources.

Similar to DOC, organic acids were the most dominant fractions
for all the PARAFAC components regardless of DOM source
(Fig. S6b-e). They corresponded to 48%, 51%, 47%, and 46% for C1, C2,
C3, and C4, respectively, on average for all collected samples. The
fraction of TPI/HPI(n) accounted for only below 6% of the PARAFAC
components even though it corresponded to ~25% of DOM on the
basis of DOC. The differences in the FDOM composition among the
resin fractions with various DOM sources were better illustrated by
normalizing the PARAFAC component of each fraction to its DOC
concentration (Fig. 5). In EfOM, the HPO(n) fractions displayed the
highest level of FDOM per organic carbon, which were
48.3e114.8 mg QS mg�1 C�1 for humic-like components (C1, C2, and
C3, Fig. 5aec) and 107.2 mg QSmg�1 C�1 for protein-like component
(C4, Fig. 5d), respectively, followed by organic bases. In both LiOM
and RiOM, however, the organic bases exhibited the highest DOC-
normalized FDOM, followed by HPO(n). The abundances of the
DOC-normalized PARAFAC components were similar for the HPO(a)
fractions of EfOM, LiOM, and RiOM, indicating that the HPO(a)
might have similar FDOM composition independent of the DOM
sources. Among the resin fractions, TPI/HPI(n) had the lowest levels
of DOC-normalized FDOM, which were 1.4, 1.0, 1.1, and
0.6 mg QSmg�1 C�1 of C1, C2, C3, and C4, respectively, on average for
ions obtained from Imai's and Kim's fractionation methods.

Kim's method

TPI/HPI (n) HPO/TPI/HPI (a) HPO (b/n) TPI (b/n) HPI (b/n)

1.60 ± 0.06 1.68 ± 1.26 0.88 ± 0.60 1.66 ± 1.24 4.03 ± 1.04
5.06 ± 3.99 22.84 ± 18.36 22.70 ± 18.61 29.70 ± 15.92 23.36 ± 13.47
2.81 ± 2.08 15.53 ± 12.21 15.42 ± 12.39 13.97 ± 9.69 14.57 ± 8.10
3.11 ± 2.51 11.59 ± 13.27 12.56 ± 11.70 10.76 ± 6.99 18.79 ± 10.84
2.50 ± 2.05 31.75 ± 2.22 31.55 ± 2.51 12.65 ± 7.29 10.54 ± 9.63

0.93 ± 0.44 1.28 ± 0.55 0.50 ± 0.74 0.10 ± 0.14 1.16 ± 0.09
0.55 ± 0.36 12.62 ± 2.11 3.07 ± 1.92 3.93 ± 1.54 2.19 ± 0.93
0.54 ± 0.21 5.27 ± 1.49 1.27 ± 0.88 1.30 ± 0.56 0.79 ± 0.21
0.44 ± 0.25 5.42 ± 0.81 1.07 ± 1.09 1.67 ± 1.41 2.36 ± 1.28
0.00 ± 0.00 4.92 ± 1.19 1.11 ± 1.34 1.63 ± 1.07 1.49 ± 0.28

0.96 ± 0.25 1.58 ± 0.08 0.21 ± 0.14 0.24 ± 0.23 1.37 ± 0.14
0.65 ± 0.77 15.74 ± 6.78 7.21 ± 5.31 5.21 ± 4.26 3.45 ± 1.97
0.62 ± 0.52 6.74 ± 2.72 2.50 ± 2.16 1.83 ± 1.61 1.28 ± 0.57
0.61 ± 0.44 6.24 ± 2.48 2.57 ± 1.88 3.24 ± 2.50 3.11 ± 1.93
0.18 ± 0.16 10.41 ± 5.66 4.35 ± 3.70 2.28 ± 1.84 1.93 ± 0.53



Fig. 4. Relative abundance (%) of four PARAFAC components for different resin fractions of EfOM, LiOM, and RiOM based on Imai's method (chart aec) and Kim's method (chart def).

W. He, J. Hur / Water Research 83 (2015) 217e226 223
all collected samples. The order of the resin fractions in the levels of
DOC-normalized FDOM appears to be more affected by the DOM
sources rather than by the PARAFAC components. For example, all
the DOC-normalized PARAFAC components on averagewere higher
in the order of HPO(n) > organic bases > TPI/HPI(a) ~ HPO(a) > TPI/
HPI(n) for EfOM, which was not the case for the other DOM sources.

3.3.2. Fractionation using Kim's method
The sum of organic acids (HPO/TPI/HPI(a)) and HPI(b/n) domi-

nated in all DOM samples (Fig. S6f), constituting more than 68% of
the DOM on the basis of DOC. Only ~18% of organic acids were
found in EfOM, which was similar to the value (15%) previously
reported for effluent DOM in a previous study (Kim and Dempsey,
2012). Both LiOM and RiOM exhibited more abundance of organic
acids than EfOM. This may be attributed to the higher conductivity
or the higher total dissolved solids (TDS) of the effluents versus
limnic and riverine water (Table S1), because the inorganic matter
may participate in the competitive exchange with organic acids for
the anionic resin (IRA-67). Note that the same type of the resin was
placed in the last column of Imai's method, in which the greater
abundance of organic acids was exhibited for the same DOM source
compared with those in Kim's method.

Similar relative abundances of PARAFAC components were
found between HPO(b/n) and TPI(b/n) fractions in LiOM, and be-
tween organic acids and HPO(b/n) fractions in RiOM. For both EfOM
and RiOM, either C1 or C4 was dominantly present in the HPO/TPI/
HPI(a) and the HPO(b/n) fractions, and the overall FDOM compo-
sition was similar for the HPI(b/n) fractions. Among the four resin
fractions, the organic acids (HPO/TPI/HPI(a)) discriminated the
three DOM sources the most as shown by the highest abundance of
C4 in EfOM, followed by RiOM and LiOM (Fig. 4def).

Except for EfOM, organic acids dominated in FDOM (Fig. S6g-i),
accounting for 44%, 48%, 38%, and 53% of C1, C2, C3, and C4,
respectively, on average for all collected samples. Meanwhile, the
compositions of C1 and C2 were similar to each other irrespective
of DOM source, implying the similarity between the two humic-like
components with respect to the source and/or the tendency of the
interactions with the resins. When all collected samples were taken
into account, the FDOM composition of the organic bases/neutrals
were higher on the order of HPO > TPI > HPI for C1 and C2, while
the opposite trendwas found for C3. C4 was predominantly present
in the organic acid fractions for all the DOM sources.

DOC-normalized humic-like components did not exhibit major
differences in the organic acids (HPO/TPI/HPI(a)) among the three
DOM sources (Fig. 5eef) with the average values of 10.9, 5.7, and
4.7 mg QSmg�1 C�1 for C1, C2 and C3, respectively. In contrast, DOC-
normalized protein-like components in the organic acids showed
large variability with the DOM sources. The highest value
(52.3 mg QS mg�1 C�1) was found in EfOM, followed by RiOM and
LiOM. DOC-normalized PARAFAC components in the HPO(b/n) for
EfOM and RiOM were similar to each other (p > 0.05). The highest
normalized PARAFAC components in the TPI(b/n) fractions were
observed in RiOM, followed by LiOM and EfOM. The HPI(b/n)
fractions had the least abundance of FDOM per organic carbon. On
average, DOC-normalized humic-like components were higher on
the order of TPI(b/n) ~ HPO(b/n) > organic acids ~ HPI(b/n), while
the DOC-normalized protein-like component, in the order of
organic acids > HPO(b/n) > TPI(b/n) > HPI (b/n) (Fig. 5eef).

3.4. Implications of conservative behavior of PARAFAC components
to resin fractionation and its applicability for other environmental
systems

DOM fractionation combined with EEM-PARAFAC has been
successfully applied to understand the dynamics of DOM in com-
plex environmental systems, owing to the enhancement of the
resolution in DOM characterization (Murphy et al., 2011; Xue et al.,
2012). This study demonstrated that PARAFAC components are
stable under spectral subtraction upon resin fractionation pro-
cesses and thus can be quantitatively treated like DOC and a254 for
characterizing DOM resin fractions with different chemical struc-
tures/reactivities. In detail, the conservative behavior of PARAFAC



Fig. 5. DOC-normalized intensities of PARAFAC components in different resin fractions for EfOM, LiOM, and RiOM. Fractions were obtained by Imai's method (chart aed) and Kim's
method (chart eeh). “All” in the x-axis represents the average values of each fraction over EfOM, LiOM, and RiOM.
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components was more pronounced for humic-like versus protein-
like FDOM as revealed by the relatively smaller differences be-
tween the Indd and Inds values for the humic-like components. This
finding suggests that humic-like fluorescence components can be
used as a more robust quantity parameter for tracking FDOMwhen
DOM is fractionated upon adsorption. This also provides further
insight into the potential applicability of EEM-PARAFAC for other
environmental systems requiring the tracking of the individual
DOM fractions with different chemical compositions. For example,
the approach used for Indd can be applied to study the fate and the
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behaviors of different FDOM components constantly contacting
with solid phase (e.g., adsorption and membrane filtration). As
shown in this study, however, FDOM is not always coupled with
DOC in resin fractionation because FDOM constitutes only a small
portion of the total DOM (Table S7). This limitation points out the
necessity of combining FDOM indicators with DOC for the full un-
derstanding of DOM changes upon fractionation. Although similar
carbon structures were previously reported for the same resin
fractions from different DOM sources based on nuclear magnetic
resonance (NMR) and FT-IR measurements (Chen et al., 2003), our
results clearly demonstrated that the chemical composition of resin
fractions revealed by EEM-PARAFAC might differ by DOM sources.
EEM-PARAFAC coupled with resin fractionation can be a promising
tool to provide further information on DOM resin fractions with
respect to their chemical composition and the environmental
functionalities associated with the individual PARAFAC compo-
nents. It would be even more beneficial for examining the complex
systems with diverse DOM sources mixed together.

4. Conclusions

Based on the major findings and environmental significance of
our results, the following conclusions can be made.

� The FDOM indicators calculated from FRI and PARAFACmethods
both showed higher stability to the indicator subtraction upon
resin fractionation compared with those of the SP method.
However, because of the low tolerance limit to the indicator
subtraction, the PARAFAC components appear more suitable for
the quantity parameter in tracking the individual FDOM
components.

� Humic-like components showed more conservative behavior to
resin fractionation than the protein-like component as indicated
by the smaller differences between the Indd and Inds values.
Among the resin fractions, organic acid fractions only exhibited
similar FDOM composition between Imai's and Kim's methods.

� No consistent trends in the relative abundances of PARAFAC
components were found for the same resin fractions from
different DOM sources, suggesting that the chemical composi-
tion of DOM revealed by EEM-PARAFAC is more greatly affected
by DOM sources rather than by the types of resin fractions.

� The relative abundances of different resin fractions in DOM as
DOC were completely different from those on the basis of the
FDOM. Furthermore, the distributions of the FDOM resin frac-
tions varied with the individual PARAFAC components, sug-
gesting that EEM-PARAFAC could provide additional
information on resin fractions with respect to the environ-
mental fate and reactivity associated with each PARAFAC
component.
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