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ABSTRACT
This study investigated the binding of Cu(ll) tesblved organic matter (DOM) using the method wdfescence
excitation—emission matrix (EEM) combined with ghalafactor analysis (PARAFAC). The examined DOMrsa
ples included Suwannee River natural organic m@8BNOM), humic acid (SRHA), fulvic acid (SRFA) ahg-
drophilic acid (SRHPIA). The differences in metalding properties were discerned via the behaviondividual
groups of DOM fluorophores. PARAFAC examination skhdvthat there were up to seven independent EEM com-
ponents that behave differently in terms of the&# of Cu(ll) on their fluorescence intensity. Comgnt 1 Le,/Aem
= (270, 340, 395) nm /~500 nm) and Componeit 2t = (~240, 330) nm /~450 nm) were found to be resjwen
to Cu(ll) binding in all four DOM samples. Compoh@&(iedAem = (220, 270-310) nm/400 nm) was present in the
case of Cu(ll) binding to SRNOM, SRFA, and SRHPZamponent 4),/Aem = (260, 340) nm /470 nm), Compo-
nent 5 Lelrem = (220, 245, 280) nm /420 nm), and Component @, = (220, 260, 340) nm /420 nm) were found
in Cu(ll) binding to SRNOM and SRHA, while CompotéhQ.e/Aem = (220, 260-340) nm/430 nm) emerged as a
result of in Cu(ll) binding to SRFA and SRHPIA. Theparent equilibrium constants of Cu(ll) bindirgeach
PARAFAC-discerned component were determined ugiedRyan and Weber equation, and the corresponolin |
values were in the range of 4.9-6.1 while the patacge of fluorescence intensifithat was quenched by Cu(ll) was
in the range of 0.45-0.99 for different DOM compoigediscerned by PARAFAC. The results demonstiad¢ t
PARAFAC analysis of metals affecting on DOM EEMaigpromising approach to gain better insight intititer-
actions between trace metals and specific groupsad fluorophores.

Keywords. EEM; PARAFAC; copper; complexation; dissolved amg matter

1. INTRODUCTION thiol) (Chen et al., 2003; Leenheer and Croue,

_ ) _ 2003). Chemical and physical characteristics
Dissolved organic matter (DOM) found in all ;¢ hom play an important role in its interac-

natural waters is a complex entity compriseg,ns \yith metals affecting their environmental
by compounds with varying molecular weight§te - pioavailability and toxicity (Bai et al.,

and diverse functionalities (e.g., c_arboxyIQOOS; Baken et al., 2011: Leenheer and Croue,
phenol, enol, alcohol, carbonyl, amine, angng3. \wy et al., 2004). The binding of metals
to unfractionated DOM and its representative
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fractions has been extensively studied using aEEM "landscapes” have been typically
wide range of techniques, for instance potereharacterized by the coordinates and intensities
tiometric titration, voltammetry, fluorescenceof one or more peaks that are universally pre-
spectroscopy, ion exchange, gel filtration, disent in EEM of DOM (Coble, 1996; Luster et
alysis, ultrafiltration, electron spin resonancal., 1996; Patel-Sorrentino et al., 2002; Plaza et
spectroscopy, extended X-ray absorption final., 2006). Because these peaks tend to be rel-
structure, etc. A large variety of thermody-atively broad and overlapping, and their in-
namic equilibrium constants obtained usingensities exhibit varying sensitivities to inter-
these approaches and their sometime divergeattions with metal ions, the selection of the
interpretations have been reported (Brownexcitation/emission pairs at which the metal
and Driscoll, 1993; Cabaniss, 1992; Chen et abinding by DOM is quantified may be subjec-
2003; Gamble et al., 1980; Gustafsson antive and result in incomplete evaluation of the
Kleja, 2005; Korshin et al., 2009; Pullin andrelevant metal-DOM interactions. However,
Cabaniss, 1995; van Schaik et al., 2008; Wu since the synchronous fluorescence spectra and
al., 2004). EEMs comprise overlapping features corre-

Examination of the effects of metals on théPonding to contributions of various fluoro-
fluorescence of DOM is one of the most exPhores, better resolution is required to obtain
tensively  utilized methods to probeaccurate binding parameters.

DOM-metal interactions and estimate the cor- These limitations can be addressed via the
responding equilibrium constants (Esteves danalysis of entire EEM datasets, as opposed to
Silva et al., 1998; Serefigka-Sobecka et al., that of the fluorescence intensity at one or more
2011; Wu et al., 2011). This technique quantidiscreteAedAem pairs. This was demonstrated
fies the quenching or enhancement of DONN the studies by Ohno et al. (2008), Yamashita
fluorescence caused by DOM-metal complexand Jaffe (2008) and Wu et al. (2011), who
ation. The parameters describing these equised parallel factor analysis (PARAFAC) to
libria, typically a single discrete complexationdeconvolute EEMs generated for DOM sam-
constant logk and DOM complexation capac- ples originating from a certain natural envi-
ity (CC), are frequently determined using amonment into contributions of independent
equation that relates changes of DOM fluogroups of DOM fluorophores. This approach
rescence at its maximum and l&gand CC was combined with measurements of fluores-
values (Cabaniss, 1992; Leenheer and Crousgnce quenching at./Aem cCOmbinations cor-
2003; Ryan and Weber, 1982). Measurementssponding to each DOM fluorophore group to
of synchronous fluorescence spectra and eassess the interaction of these fluorophore
citation-emission matrix (EEM) (Cabaniss,groups with metals. However, the precision of
1992; Cook and Langford, 1995; Chen et althis approach may be still affected by the
2003; Esteves da Silva et al., 1998; Kumke @verlap of dissimilar DOM fluorophores that
al., 1998; Luster et al., 1996; Mobed et al.can take place at anfeJ/Aem COmbination
1996; Pullin and Cabaniss, 1995; Plaza et a[Qhno et al., 2008; Wu et al., 2011; Yamashita
2006; Reynolds, 2003) have demonstrated thahd Jaffe, 2008). This limitation can be ad-
different peaks in synchronous fluorescenceressed via rigorous analysis of the behavior of
spectra of DOM or different regions of EEMthe responses of entire groups of DOM fluor-
were quenched to different degree, clearly irephores whose engagement contributions can
dicating different types of interactions betweeibe probed at varying metal loads, but this ap-
the metals and DOM fluorophores associateproach has not been utilized with adequate
with these features. consistency in relevant research.
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In this paper, we investigated the binding 0SRHPIA solutions were prepared at a 5 my L
Cu(ll) by DOM using EEM and PARAFAC DOC concentrations with Millipore Milli-Q
analysis of absolute and relative changes dMQ) water. To minimize hysteresis effects
EEM intensities caused by metal ions’ interac(Dryer et al., 2008), the solution pH was cycled
tions with different DOM fluorophores. EEMs between 2 and 11 four times prior to the titra-
for representative DOM samples, includingion analysis. During this cycling, the solution
IHSS standards (Suwannee River natural opH was held at each end point for 30 min to
ganic matter (SRNOM), humic acid (SRHA),allow for potentially slow equilibration of the
fulvic acid (SRFA) and hydrophilic acid molecules of humic acids. Background ionic
(SRHPIA)) were generated and used to constrengths were established by inclusion of 0.04
pare the contributions of their constituents antfl NaClO, as background electrolyte (AR
apparent complexation constants associatgglade). Concentrations of dissolved organic
Cu(ll) binding by them. The intent of thiscarbon (DOC) were analyzed using a Shi-
study is to provide additional EEM data andnadzu TOC-Vcsh carbon analyzer.
their analysis to better understand interactions
between metal and individual fluorescenf.3 Titration

components of DOM in aquatic environments. o _
Cu(ll) titrations were processed by adding ap-

propriate volumes of prepared Cu(ll) stock
solution into 100 ml DOM solutions to obtain
sequentially increasing Cu(ll) concentration
2.1 Reagents and chemicals from 0 to about 25.6 uM at temperature’@5
The pH of the solutions was kept at pH 5.0
All chemicals were AR grade unless menyyring Cu(ll) additions, and it was controlled
tioned otherwise. All solutions were prepareqlhrough addition of small amounts of dilute
using Milli-Q water (18.2 M2 cm", Milli- HCIO, or NaOH if necessary. The containers
poreCorp., MA, USA), including 0.0001, were continuously stirred during experiments

0.00l_land 0.005 £ Cu(ClQy); 0.01 and 0.1 and were open to the atmosphere. After each
mol L™ of NaOH; and 0.01, 0.1 and 1.0 m&t L aqdition of Cu(ll), the solution was allowed

2. METHODS AND MATERIALS

of HCIO;, equilibrating for 30 min prior to the removal of
1 mL aliquots for fluorescence EEM analysis,
2.2 Samples the aliquots were added back to the solution

Suwannee River natural organic malttePriortothe next addition of Cu(ll) titration.

(SRNOM) (1R101N), Suwannee River humic 4 F
acid (SRHA) (1R101H) and Suwannee Rive?' uorescence scans

fulvic acid (SRFA) (1S101F) were obtainedrjyorescence EEM data were obtained using a
from the International Humic Substances SQpegrkin-Elmer LS 50B Luminescence spec-
ciety (IHSS). Suwannee River hydrophilic acidyometer (with a 1 cm cell). EEM acquisition
(SRHPIiA) was obtained by passing an acidinyolved scanning and recording of 40 indi-
fied (pH 2) sample of Suwannee River organigiqyal emission spectra at sequential 5 nm in-
matter eluted from column containing Amber+rements of excitation wavelengthe,) be-

lite XAD-8 resin through a column containingyyveen 220 and 415 nm. The emission wave-
Amberlite XAD-4 resin and then eluting thelength fem) range set from 350 to 580 nm in
fraction absorbed on XAD-4 resin with sodiumg 5 nm increments. Instrumental parameters
hydroxide. SRNOM, SRHA, SRFA andyere excitation and emission slits, 5 nm: and
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scan speed, 1200 nm rtin 2.6 Complexation modeling

2.5 PARAFAC modeling The complexation model reported by Ryan and
Weber (1982) was used to determine the
The approach of PARAFAC modeling ofbinding parameters between fluorescent com-
EEMs followed the procedure described imponents derived from PARAFAC and metals.
detail by Stedmon and Bro (2008) and Ohno @&this simple but widely used model is based on
al. (2008), and only a brief description waghe assumption of the formation of 1:1 com-
given here. Essentially, PARAFAC examines plexes between ligands and trace metals. Ac-
consistent series of EEM landscapes formedarding to Ryan and Weber hypothesis (Es-
so-called three-way array of sizex J x K, teves da Silva et al., 1998; Ryan and Weber,
where J is the number of emission wave-1982; Yamashita and Jaffe, 2008), the follow-
lengths,K is the number of excitation wave-ing relationship between the fluorescence in-
lengths, and is the number of samples, whichtensity () and the total metal ion concentration
is corresponding to the fluorescence EEMCy) is obtained.
landscape measured of DOM samples in the
absence and with addition of various concer _,  (hy=lol
trations of Cu(ll) in this study. It provides an °  2KC,
estimate of the number of independent fluor- (1)
ophores as well as their excitation and emis-

sion spectra, and also provides relative con- wherel andl, are the fluorescence intensity
tributions (or concentrations) of each fluorot the metal concentratioy and at the be-
phore in the samples. ginning of titration (in the absence of added
Corrections for Raman scattering were obmetals), respectivelyy. is the limiting value
tained by subtracting water blanks. The highdselow which the fluorescence intensity does
intensity Rayleigh scatter lines were removedot change due to the addition of mekaland
by replacing the fluorescence intensity value€, are the conditional stability constant and
with missing values in the region immediatelytotal ligand concentration, respectively, C,
adjacent to where emission wavelength waandly,_ were obtained via nonlinear regression
equal to 1 and 2 times the excitation waveanalysis of the equation using MATLAB 2010a.
length. The EEM spectra had a triangularlyn addition, the fraction of the initial fluores-
shaped region where the emission wavelengtience that corresponds to the binding fluoro-
was less than that of the excitation wavelengtiphores f) was determined using equation 2.
Because such a characteristic is not expected a.-1.)
for DOM solutions, thus these data pairs were f =%X1OO )
set to zero. 0

(1+KC, +KG, —/(KG, +KG, +1f - &K'CG, )

PARAFAC modeling was carried out in
MATLAB 2010a (Mathworks, Natick, MA)
with N-way toolbox and DOM Fluor toolbox 3. RESULTS AND DISCUSSION
(Stedmon and Bro, 2008). A non-negativity
constraint was applied to the parameters &l

allow only chemically and spectroscopicallyggp landscapes of SRNOM, SRHA, SRFA
relevant results (Stedmon and Bro, 2008). 54 SRHPIA at pH 5.0 in the absence of Cu(ll)
are shown in Figure 1 (a), (b), (c), and (d). The
EEM data for the four Suwannee River DOM

EEM landscape of DOMs
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samples had substantial similarities such as ti8RHPIA were considerably higher than those
presence of two prominent peaks (referred tof SRNOM and SRHA.

as Peak Alexhem = 245-260 nm/420-460 nm,  The addition of Cu(ll) led to the appearance
Peak B,Aedlem = 325-340 nm/420-460 nm) of two new local maxima in the EEM of
and a shoulder atiellem = 325-340 SRNOM and SRHA located afe,/Aem = 280
nm/450-.490 nm (Peak 'C). Peaks A arlld.B Obhm/420 nm, andie/Aem = 250 NM/420 nm,
served in these experiments were similar tghile the intensity of the rest of the EEM of
those described in the previous studies th&RNOM and SRHA decreased with the addi-
utilized samples of highly variable originstion of Cu(ll). In contrast with the behavior of
(commercial humic substances, fresh wateSRNOM and SRHA, the addition of Cu(ll) to
seawater or coastal organic matter) (Coblehe SRFA and SRHPIA solutions caused a sig-

1996;. Christensen et al., 2005; Cory angificant reduction of the intensities of Peaks A
McKnight, 2005; Hall et al.,, 2005; Ohno andand B, but no additional features appeared
Bro, 2006). Although the DOC concentrationgshown in Figure 1 (e), (f), (g), and (h) for

were the same in all cases (5.0 mg).Lthe SRNOM, SRHA, SRFA and SRHPIA, respec-
intensities of fluorescence of SRFA andijyely).
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Figure 1 EEM data in the absence of Cu(ll) for SRNOM &RHA (b), SRFA (c), and
SRHPIA (d); EEM data in the presence of 1.6 uM Qudgr SRNOM (e), SRHA (f), SRFA (g),
and SRHPIA (h); relative changes of the EEM inghesence of 1.6 uM Cu(ll) of SRNOM (i),
SRHA (j), SRFA (k), and SRHPIA (1), calculated ugithe reference EEM corresponding to in

the absence of Cu(ll)
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The changes of EEM spectra after the addemission was more pronounced at higher
tion of Cu(ll) were affected by DOM proper- emission wavelength.
ties. In order to examine in more detail the
nature of the changes of fluorescence intensiB/2 Quantitation of interactions of Cu(ll)
caused by the presence of Cu(ll), the EEM data  with DOM

set generated in the presence of 1.6 uM Cu(l_ll) . )
was normalized by the EEM data in the abl® ascertain the behavior of the fluorophores

sence of Cu(ll). This procedure allowed gengontributing to the EEM of the each studied

erating 3D matrixes of relative changes oPOM sample, the entire set of the EEM data
DOM fluorescence after the addition of Cu(i).9énerated using varying concentrations  of

Examination of these matrixes of relative EEMCU(I) was examined by PARAFAC. The
sensitivities allowed establishing importan’ ARAFAC models with 2-6 components were
features in the relevant EEM regions. computed for the SRNOM, SRHA, SRFA, and

SRHPIA data sets separately. In the case of

The 3D maps relative changes of DOMCu(II) binding, seven PARAFAC components

fluorescence quenching or enhancement in the ; . .
o were determined to be present in the examined
presence of 1.6 pM@u(ll) are shown in Figure

10, 0. 9. ana () for SEow, Swa, SRS W vayng promierce s
SRFA, and SRHPIA, respectively. It shows that '

. are shown in Figure 2.
the addition of small amounts of Cu(ll) to | )
SRNOM and SRHA led to the appearance of SX components were present in the EEM of
four peaks of relatively increased intensity>RNOM, including five components  for
(Figure 1 (i) and (j)). These peaks had coord®RHA and four components for SRFA and
nates ofhedhen = 280 NM/350 NMhedhem = SRHPIA, respectively. The appropriate num-
250 NM/350 NM andle/Aem = 280 NM/400 nM ber of components was chosen sufficiently

hedhem= 240 NM/400 nm. The location of thesé_‘igh to fully describg the systematic variatipn
local maxima of relative fluorescence in-n the data to the point where the assumptions

creases was different from that of the maxim§| trilinearity became invalid, i.e. core con-
of absolute EEM intensity shown in Figure 1 (6)Stency diagnostic score became low and re-

and (f). In the other EEM regions of SRNOMsiduaI analysis reached minimum. The core

and SRHA, the intensity of fluorescence de€onsistency diagnostic score was > 90%, and

creased with the addition of Cu(ll), howevert€ Sum of squared error was < 105 for each

the relative sensitivity of EEM intensity to thedat@ Set, thus the error was acceptable (Wu et

presence of Cu(ll) was not uniform, and théﬂ., 2011). The sum of squared error is shown

quenching by Cu(ll) was more prominent afn Figure 3. Component Ld/kem = (270, 340,
500 nm) and Component2fem

higher emission wavelength (Balistrieri and§95) nm/~ .
Blank, 2008; Cabaniss, 2011; Di Toro et al.= (7240, 330) nm/~450 nm) were present in
2001; Meylan et al., 2004). the responses of all four DOM samples to

Cu(ll) binding. Component 3\{/rem = (220,
70-310) nm/400 nm) was found for SRNOM,
RFA, and SRHPIA. Component %e{Aem =

3'260, 340) nm/470 nm), Component)&,fem

In contrast with the data for SRNOM and
SRHA, the fluorescence intensity of SRFA an
SRHPIA decreased in the entire range of e

claion anc emesion wavelengins W NS (220, 245, 280) nm/420 nm), and Compo-
addition of Cu(ll) (Figure 1 (k) and (). Simi- g7y 5 — (220, 260, 340) nm/420 nm)

larly to the observation for SRNOM and . o
SRHA. the quenching of SRFA and SRHPiAwere found in Cu(ll) binding to SRNOM and
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SRHA, while Component 7A{/em = (220, The fluorescence intensity of the PARA-
260-340) nm/430 nm) was only found in Cu(lllFAC-discerned components decreased gradu-
binding to SRFA and SRHPIA. ally with the addition of Cu(ll), except for

The maximum fluorescence intensities offomponent 4 and Component 5 in SRNOM
each PARAFAC Component associated W”:ﬁ.nd SRHA. Conditional Stablllty constants
changes of EEM caused by the addition oflog K) and the fraction of the fluorescence
Cu(ll) are shown in Figure 4 (a), (d), (g), andntensity €) of each EEM component that was
(j) for SRNOM, SRHA, SRFA, and SRHPIA, affected by Cu(ll) complexation were deter-
respectively. The model predictions generate@fined using eq. 1 and eq. 2 and are shown in
based on the Ryan-Weber equation (eq.1) af@ble 1.
shown as well.
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Figure 2 Excitation and emission spectral loadings ofrtbe-negatively on strained PARA-
FAC model components of Cu(ll) complex to DOMs
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Table 1 Fitting parameters of the Ryan-Weber model, i.er¢centage of fluorescence intensity
participating in the binding) stability constant (lo¢&), and correlation coefficient of
predicted vs. measured fluorescence intensity (R

DOM sample SRNOM SRHA SRFA SRHPIA

parameter lok f R* Logk f R* Logk f R* Logk f R

Component 1 524 0.71099 496 0.99 1.00 5.08 0.67 1.00 5.00 0.96 1.00
Component 2 6.14 053099 536 0.68 1.00 503 0.64 099 515 0.98 1.00

Component 3 5.12 0.491.00 Not found 5,02 045099 489 0.94 1.00
Component 4 No model No model Not found Not found
Component 5 No model No model Not found Not found
Component 6 506 0.690.99 5.02 0.78 0.94 Not found Not found
Component 7 Not found No found 5.04 0.6899 4.97 0.99 1.00

Component 4 and Component 5 whose inthe EEM components were in the range of
tensities changed non-monotonically as 4.9-6.1. This is consistent with prior research
function of total Cu(ll) concentration ap-(Bai et al., 2008; Esteves da Silva et al., 1998;
peared to have two types of binding sited,uster et al., 1996). The values of &g of
forming strong complexes with Cu(ll) at veryComponent 2 were highest in all samples, ex-
low Cu(ll) concentration. This situation wascept for SRFA, while Component 3 had rela-
similar to some previous studies (Balistriertively lower logK andf values compared with
and Blank, 2008; Cabaniss, 2011; Di Toro dhe others in each DOM samples. Component
al., 2001; Meylan et al., 2004). The binding ofL. and Component 7 had relative higlesal-
Cu(ll) by the strongly complexing functional- ues. The properties of the constituents of the
ities (operationally denoted as Sites 1) assocekEM of SRFA and SRHPIA were relatively
ated with Components 4 and 5 in the EEM o€lose, with only slight difference between the
SRNOM and SRHA led to an enhancement ofalues of the equilibrium constants.
the fluorescence intensity of the components. |t needs to emphasize that interaction of
However, upon further Cu(ll) addition, com-cy(i1) with DOM was quantified based on the
plexation by other binding sites (denoted aghanges of contributions of the PARAFAC
Sites II) found in the same fluorophores causomponents emerged during and constituting
es relatively weaker complexes to form. Thentire EEMs obtained at varying total Cu(ll)
binding of Cu(ll) by Sites Il in Component 4 concentrations in this study, This allows ex-
and 5 caused a pronounced quenching of thgnining changes of EEM more accurately and

fluorescence associated with these comp@iiminating the issue of the overlap of dissim-
nents. The two components exhibited a mongr EEM components.

otonic quenching or enhancement required for

: : . Changes of the fluorescence intensity at the
complexation modeling (Figure 4a and d).

combination wavelength corresponding to
The logarithms of the conditional stabilitypaARAFAC component peaks as well as the
constants (log<) for Cu(ll) binding to all of results of modeling of their behavior based on
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the Ryan and Weber equation (solid line) fomodel component were smaller than those
SRFA are shown in Figure 5. It shows that thebtained using discretgs/Aem CcOmbinations
extent of fluorescence decreased more signifvhile the correlation coefficients?Fobtained
icantly with the concentrations of Cu(ll) addi-using entire PARAFAC components’ contri-
tion compared with that in the Figure 4 (g)utions were somewhat larger. This indicates
due to overlapping of discrete componentghat the approach utilized in this study can
The equilibrium constants calculated using eqgield more accurate estimations of the equi-
(1) and (2) through the two approaches aréria constants describing interactions of
compared in Table 2. These data show that tl@&u(ll) with dissimilar DOM components.
values of logK and f for each PARAFAC

800
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+ex220/em400 (Component 3)
Hex220/em440 (Component 7)
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600 4
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200 %M\W
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0 . ‘ . ‘ ‘
0 5 10 15 20 25
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Figure 5 Fluorescence intensity at the combination wagtleoorresponding to PARAFAC
component peaks for SRFA (dots), and predictedyanRind Weber model (solid line)

Table 2 Comparison of fitting parameters of the Ryan-Wehedel for SRFA, i.e., percentage
of fluorescence intensity participating in the bimgl(f), stability constant (lo¢), and
correlation coefficient of predicted vs. measuledrescence intensity @R

Corresponding intensity peak

PARAFAC model t
model componen picking (hex/hem, NM/NM)

Parameter Componer Componen Componen Component
P P P P 275/510 260/460 220/400 220/440
1 2 3 7
LogK 5.08 5.03 5.02 5.04 5.12 5.09 5.06 5.07
f 0.67 0.64 0.45 0.66 0.70 0.64 0.49 0.72

2§ 0.996 0.995 0.985 0.992 0.993 0.992 0.982 0.989
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