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ABSTRACT

Groundwater high in dissolved organic carbon (DOC) was spiked with 0-120 pmol/L of
copper(Il) (Cu) at pH 4, 6, and 8 to observe changes in fluorescence and UV absorbance of
natural organic matter (NOM). The groundwater had a fluorescence excitation-emission
matrix (EEM) characteristic of humic-like substances. Addition of Cu to the groundwater
resulted in fluorescence quenching of EEM peak intensity and increase in UV absorbance at
254 nm (UVAjs,). Both fluorescence quenching and increase in UVA;s, suggested the com-
plex formation between Cu and NOM. Importantly, DOC measurements showed that physi-
cal loss of NOM did not play a measureable role in contributing to the observed
fluorescence quenching and increase in UVAjs4, which supports the complex formation of
Cu-NOM. The conditional stability constant for Cu-NOM was estimated using both fluores-
cence quenching and UVA,s, increase at each pH and ranged from 4.26 to 5.77. As a follow
up, anion exchange and cation exchange batch experiments were conducted using the
groundwater spiked with 120 pmol/L Cu at pH 8 to gain insight on the behavior of
Cu-NOM, and attempt to give physical meaning to the fluorescence quenching and UVA;s,
increase. The ion exchange results suggested the possibility of a neutral or partially
negatively charged Cu-NOM complex. The significance of this work resides in the idea that
fluorescence quenching and UV absorbance of NOM can be used as a tool to evaluate the
co-removal of contaminants through water treatment processes.
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1. Introduction

Improved insight on the interactions between natu-
ral organic matter (NOM) and metals in water is
needed to better understand the transport and toxicity
of metals in aqueous systems. In particular, the type,

*Corresponding author.

amount, and binding strength of metal-NOM com-
plexes are important factors to consider when study-
ing NOM and metals in water. Fluorescence, and to a
lesser extent UV absorbance, has been used to provide
both qualitative and quantitative information on
metal-NOM interactions [1-12]. For example, copper
(Cu), iron, and other metals are known to decrease (or
quench) the fluorescence intensity and increase the
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UV absorbance of NOM [9,10], due to complex forma-
tion reactions between metal and NOM that changes
the electronic structure of NOM. The precise nature of
metal-NOM interactions and the most appropriate
techniques to investigate these interactions remain
active research questions [12,13].

Various analytical methods exist for estimating the
conditional stability constants of complexes formed
between metals and NOM. A number of these meth-
ods are rather complicated, such as cathodic stripping
voltammetry and ion selective electrode potentiometry
[14,15]. With Ryan and Weber [5,6], fluorescence
quenching was being used to estimate conditional sta-
bility constants of complexes formed between metals
and NOM. Fluorescence quenching and the Ryan-
Weber model have since been used extensively by
researchers in attempts to estimate complexion capaci-
ties and conditional stability constants [1,2,16-20],
although not without limitations [12].

While there have been attempts to account or cor-
rect for increased scatter caused by precipitation dur-
ing fluorescence quenching experiments, surprisingly
little discussion is made regarding other potential
sources of error during the experiment; namely, the
possible loss of fluorophores. Filtration is an easy
method for removing particulate matter from solution,
and therefore, it is an effective way to reduce interfer-
ence caused by particles formed during the quenching
titration. However, the removal of metal-NOM com-
plexes formed can impact the resulting fluorescence
intensity of the filtrate by reducing both the concentra-
tion of NOM as well as the quencher. Because NOM
constitutes the major fraction of fluorophores in natu-
ral waters and its concentration is strongly correlated
with fluorescence intensity [21,22], physical removal of
NOM from samples could lead to exaggerated reduc-
tions in fluorescence intensity that could be mistaken
for quenching, and thus, complex formation. In addi-
tion, comparison between the behaviors of metal-
NOM fluorophores with metal-NOM chromophores is
sparse in the literature [10,16].

Conditional stability constants estimated from fluo-
rescence quenching and UV absorbance titrations are
reported and used as representatives for the associa-
tion strength of metal-NOM complexes [15-18,23], but
little follow-up is made after the estimation of the sta-
bility constants that give further insight to the behav-
ior of these complexes. If conditional stability
constants are truly representative of binding strength,
it is conceivable that they could predict co-transport
or co-removal of the quencher—fluorophore (or metal-
chromophore) complex within engineered systems.
With this in mind, this study proposed that selectively
targeting portions of the complex (either the NOM
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fluorophore/chromophore or the metal quencher)
removal from solution can result in the simultaneous
removal of both, and shed further light on how these
complexes behave in natural and engineered aqueous
systems.

The goal of this research was to provide an
improved understanding of how fluorescence and UV
absorbance can be used to investigate metal-NOM
interactions. The specific objectives of the research
were to (1) investigate the role of fluorescence quench-
ing, UV absorbance, and physical removal of NOM
upon addition of Cu and (2) investigate the strength
of interaction between NOM and Cu using an ion-
exchange method. The link between these two
research objectives is that objective 1 confirms the
changes in fluorescence and UV absorbance are true
measurements of metal-NOM complex formation, and
objective 2 investigates the potential of a physical
removal process, such as ion exchange, to remove the
metal-NOM complex as a surrogate for co-removal
during water treatment.

2. Materials and methods
2.1. Materials
2.1.1. Test waters

All experiments were conducted using groundwa-
ter collected from well three at the Cedar Key water
treatment plant in Cedar Key, FL, USA. The ground-
water was collected in July 2012 and stored at 4°C.
Prior to experiments, the groundwater was filtered
through 0.45 pm nylon filters (Millipore) to remove
any particulates. Table 1 details the water quality of
the Cedar Key groundwater (CK). The dissolved
organic carbon (DOC) concentration in CK is high
due to it being a shallow, carbonate aquifer [24]. In
addition to the natural groundwater, synthetic water
composed of deionized (DI) water and 1,500 mg/L of
sodium chloride was used during the ion-exchange
experiments to mimic the ionic strength of the natural
groundwater without the presence of NOM. The
synthetic water composition is also included in
Table 1.

2.1.2. Quencher

Cu(l) was used as the quenching chemical in all
experiments. The quenching solution was prepared
either by diluting a Cu(Il) chloride dihydrate solution
(1 M, Fisher Scientific) with DI water or by preparing
a solution from Cu(Il) chloride dihydrate salt (Fisher
Scientific) in DI water. The quenching solution was
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Table 1

Water composition measured for CK and synthetic model water

Parameter Groundwater Synthetic Units Parameter Groundwater Synthetic Units

pH 7.8-8.2 6.1 - Cr- 527 nm mg/L

Conductivity 1,510 1,495 pS/cm Br~ 0.48 nm mg/L

Total hardness 431 nm mg/L CaCO; SO,* 68.9 nm mg/L
Na* 289 nm mg/L

TOC 6.4 nm mg/L K* 8.5 nm mg/L

DOC 6.0 nm mg/L Mg** 33.1 nm mg/L

UVysy 0.171 nm 1/cm Ca’* 120.5 nm mg/L

Note: Not measured (nm).

prepared fresh before each experiment at a concentra-
tion of 0.01 mol/L Cu(l), with varying volumes of
solution added to the samples to reach the target con-
centration. The chloride salt was used because CK had
a high background chloride concentration and the
anion exchange (AEX) process adds chloride to the
solution.

2.1.3. Ion-exchange resins

Amberlite IRA 958 CI (Dow) was used in the AEX
experiments. Amberlite IRA 958 Cl is a strongly basic
anion-exchange resin (AER) used to remove organics,
with a macroporous structure and acrylic polymer
matrix with quaternary ammonium functional groups
and chloride used as counterion. Amberlite 200C Na
(Dow) was used in the cation-exchange (CEX) experi-
ments. Amberlite 200C Na is a strong acid CEX resin
(CER) recommended for demineralization, with a mac-
roporous structure and a polystyrene matrix with sul-
fonic acid functional groups and sodium used as the
counterion. Both AER and CER were used as received
from the manufacturer with no regeneration prior to
use.

2.2. Experimental methods
2.2.1. Fluorescence quenching and UV absorbance

Fluorescence quenching experiments were con-
ducted at three pH levels and five quencher concen-
trations. Prior to each experiment, groundwater was
filtered through 0.45 um nylon filters (Millipore) and
divided into 125 mL flasks with 50 mL of water in
each flask. The samples were spiked with the Cu(Il)
solution to concentrations of 0, 30, 60, 90, and
120 pmol/L Cu(I), with the 0 (no Cu) sample as a
control. Each Cu concentration was tested in dupli-
cate. The pH was measured and adjusted to pH 4
+0.1, pH 6+0.1, or kept unaltered at pH 8 using

6 mol/L HCl and 1 mol/L NaOH solutions. The pH
was measured continuously during the pH adjust-
ments until it remained within *0.1 of the target pH
for 5 min. During Cu(ll) addition, pH adjustment, and
subsequent mixing samples were placed in a water
bath maintained at 25°C. The water bath was placed
on a 15-place magnetic stir plate and samples were
mixed at 400 rpm overnight to ensure complexation
reached equilibrium.

After mixing, an aliquot of sample was removed
from each flask and measured for fluorescence as exci-
tation—emission matrix (EEM) (hereafter referred to as
unfiltered after mixing samples). An aliquot of sample
was also filtered after mixing using 0.45 pm nylon fil-
ters (Millipore), and EEMs were collected for these
samples as well (hereafter referred to as filtered after
mixing samples). UV absorbance wavelength scans
revealed that a solution containing only Cu(Il) in DI
water did not appreciably absorb UV light at 254 nm
(UVAjys4), so UVAjyss of the filtered after mixing
samples was also measured. The filtered after mixing
samples were also measured for DOC and Cu.

2.2.2. Ion exchange

The ion-exchange experiments were conducted
using 250 mL jars containing 250 mL of test water,
and experiments were done in triplicate with control
samples made containing no ion-exchange resin. Both
separate AER and CER experiments were conducted.
Resin was rinsed with DI water before use and a small
amount of DI water was used to transfer the resin
from the graduated cylinder into the sample jars.
Resin was measured volumetrically to 0.6 mL of wet
resin per 250 mL of water. The pH of water samples
following resin addition was measured but left unad-
justed (pH 8). Samples were placed in a water bath
maintained at 25°C. The water bath was placed on a
15-place magnetic stir plate and samples mixed for
12h at 380 rpm. Following mixing, samples were
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tested for the same measurements as the samples from
the quenching experiment: fluorescence EEMs,
UVAjs4, DOC or total organic carbon (TOC), and Cu.
Measurements were made on aliquot of sample for
unfiltered after mixing as well as filtered after mixing
(0.45 um nylon filters, Millipore).

2.3. Analytical methods

The pH was measured using an Accumet
AB-15 + pH meter and calibrated before each use with
pH 4, 7, and 10 buffer solutions. Fluorescence was mea-
sured on a Hitachi F-2500 spectrophotometer using a
1 cm quartz cuvette. The instrument was allowed to
warm up for 1 h prior to use. Fluorescence EEMs were
done with an excitation wavelength (Ex) range of
220450 nm (with 5 nm intervals) and an emission
wavelength (Em) range of 300-600 nm (with 2 nm inter-
vals) with 5 nm slit widths for both excitation and emis-
sion. Scanning was done at 1,500 nm/min, a PMT
voltage of 700 V, and a response time of 0.08 s. Any pos-
sible inner filter effect was not corrected for. A DI water
EEM was measured before each use. Rayleigh scattering
intensities were monitored at Ex/Em =350/350. UV
wavelength scans and UV absorbance measurements
were done on a Hitachi U-2900 spectrophotometer
using a 1cm quartz cuvette. The instrument was
allowed to warm up for 30 min prior to use. For both
fluorescence and UV absorbance, samples were allowed
to reach room temperature prior to analysis. TOC
(unfiltered) and DOC (filtered) were measured on a
Shimadzu TOC-Vcpy TOC analyzer with an ASI-V
autosampler. Samples were adjusted to pH <3 using
2 M HCI before analysis to minimize the effects of inor-
ganic carbon on organic carbon measurements. Each
separate sample was measured in duplicate. External
DOC standards (Ricca Chemical Co.) were also run on
the TOC analyzer and were within 11% of their known
values. Ionic strength was estimated using specific con-
ductivity measured by an ECTestr 11 + Multi range
conductivity meter. Samples for Cu were acidified to
1% acid by volume using trace metal grade nitric acid
(Fisher Scientific) prior to analysis. The Cu concentra-
tion was measured on a Thermo ICAP 6200 inductively
coupled argon plasma atomic emission spectrometer
[25]. Cu measurements were verified with quality
control checks.

2.4. Data analysis

The CK had a main fluorescence peak at Ex/Em of
260-265/436—450 nm and a secondary peak at Ex/Em
of 330-350/430-450 nm, which the literature defines as
humic-like peaks [2,26-29] (see Fig. 1). For consistency
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Fig. 1. Fluorescence EEMs of untreated CK at (a) pH 4, (b)
pH 6, and (c) pH 8 (unadjusted pH).

purposes, the intensity at Ex/Em =260/440 nm was
used to calculate the fluorescence quenching of NOM
with Cu(Il) addition and the conditional stability con-
stant for Cu(ID-NOM.

The conditional stability constant is an equilibrium
constant specific to a certain set of experimental or
environmental conditions. In the case here, the condi-
tional stability constant, K’, is defined as: K'=[ML]/
(IMI'[L]), where [ML] is the theoretical concentration
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of the metal-ligand complex (mol/L), [M] is the
added quencher concentration (mol/L), and [L] is the
theoretical free ligand concentration (mol/L). The con-
ditional stability constant for Cu(ID-NOM was esti-
mated using a non-linear regression analysis based on
the model developed by Ryan and Weber (Eq. (1)),
and used previously [5,16,18,20], which assumes a
one-to-one, metal-ligand complex.

I IIML
-1 ref
Lot + 2K'L

x [(1+K'L+KM)— \/ (14 KL+ K'M)* — 4K2LM
(1

In Eq. (1), I is the measured fluorescence intensity at
Ex/Em =260/440 nm at quencher concentration M
(mol/L), and I is the fluorescence intensity of the
sample at Ex/Em =260/440 nm with zero quencher
concentration.

To reduce the number of parameters to be fit in
Eq. (1), Imi/Les or the theoretical intensity of the
metal-saturated complex normalized to the blank
intensity, was assumed constant and was estimated as
described by Luster et al. [20] using the equation:

1
Iref

I ’ B

IML —aM
Iref—l‘(l—e ) @

with fitting parameters Iy /s and a. The estimated
Iui/Lies from Eq. (2) was inserted into Eq. (1) and the
line was fit to the experimental data for K’, where K’ is
the conditional stability constant. The model was also
fit to the UVA,s, data following the same method as
the fluorescence quenching data, as done by Bai et al.
[16]. For the UV absorbance model, I is the measured
absorbance at quencher concentration M, and I is
the absorbance for the sample at M = 0. Inp/Iyer, and a
were estimated using Eq. (2) and Iy /lef was inserted
into Eq. (1) for K.

3. Results and discussion
3.1. Fluorescence quenching and UV absorbance

In this study, the Ryan-Weber model was fit to the
fluorescence quenching data, as well as to the UV
absorbance data (see Table 2 and Figs. 2 and 3). From
the models, conditional stability constants for the
Cedar Key NOM with Cu were estimated at each pH
level: 4, 6, and 8. Average percent error between
methods for the log K’ estimates in this study was
1.5% and average relative standard error was 3.3%. It
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is possible that estimations could have been improved
by using multiple binding sites between NOM and
metal, as discussed below.

Literature values of conditional stability constants
for humic substances and various organic matter types
quenched with Cu are provided for comparison in
Table 2. The Cu concentrations are given in Table 2,
as well. On the whole, conditional stability constants
appear generally consistent for specified pH values.
For instance, larger log K’ estimates are seen for higher
pH values, smaller estimates for lower, more acidic
pH values. Many experiments estimating these stabil-
ity constants use isolated NOM samples in their
experiments [2,16,17,20], contrasted with this study’s
approach of using a whole natural water sample. The
advantage of using isolated NOM is to eliminate the
effect of the natural water matrix, whereas natural
water has the advantage of the NOM being unaltered.
Of the papers studied that report conditional stability
constants for Cu-NOM, two were found that also
used bulk water in their experiments and used paral-
lel factor analysis (PARAFAC) to deconvolute fluores-
cence quenching responses of organic matter to Cu
addition [19,26]. Of these, Mounier et al. [26] identified
a fluorescence peak for their black water samples in
the same region observed for the Cedar Key NOM
peak. In this work, the one-site model for the pH 6
experiments gives a comparable log K' estimate
(log K'=5.3£0.01) to their first binding site under
their two-site model at pH 6 (log K'=5.5) [26]. For
multiple site complexation, typically the first pre-
sented binding site represents stronger ligands
detected at lower metal concentrations, while the sec-
ondary and other subsequent sites are considered
weaker but more abundant and detectable at higher
metal concentrations [17,20,26]. This study used a nar-
rower range of metal concentrations than Mounier
et al. [26] but still relevant to natural systems; thus,
the quenching observed in the Cedar Key water is
most likely representative of Cu complexation by a
primary, strong ligand, and therefore may explain the
smiliarities in the log K' estimates. Detailed quality
parameters of the surface water used in Mounier et al.
[26] was not available, however, for further compari-
son of experimental conditions and the conditionality
of the constants estimated should be kept in mind
when attempting to compare constants over different
waters, organic matter types, and experimental
conditions.

Fluorescence quenching of Cedar Key NOM by
addition of Cu with the Ryan-Weber model fit are
shown in Fig. 2. As expected, fluorescence intensity at
260/440 nm decreases with increasing Cu concentra-
tion, suggesting that complexation occurs between the
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Table 2
Comparison of conditional stability constants from this research and the literature
Quencher
Water or NOM (concentration) log K Other information Ref
Fulvic-acid-like component Cu(I) (0-120 uM)  4.92+0.09 pH 4, fluorescence (260/440) This
4.62 pH 4, UVAys5, study
5.30+0.01 pH 6, fluorescence (260/440)
5.46 pH 6, UVAys,
4.77+0.20 pH 8, fluorescence (260/440)
-4 pH 8, UVA254
Fulvic-like component Cu(D) (1.7 nM- 4.4 pH 6, fluorescence (260/450) [26]
0.01 M) one-binding site model
5.5 and pH 6, fluorescence (260/450)
3.9 two-binding site model
Humic-like component 43 pH 6, fluorescence (332/450)
one-binding site model
5.8-3.9 pH 6, fluorescence (332/450)
two-binding site model
Surface waters (slough systems)  Cu(I) (0-70 uM)  4.67-5.21  Natural pH (7.0-7.7); range for [19]
humic-like multiple components identified
using PARAFAC analysis
Leaf litter extract Cu(D (040 uM) 7.47 and pH 6, two binding sites [20]
5.82
Landfill leachate fulvic acid Cu(II) (0-300 pM)  4.34+0.03 pH 6, UVAys4 [16]
4.88+0.06 pH7, UVAss,
Surface water fulvic acid 446+0.05 pH6, UVAys,
Tyrosine 477+0.04 pH6, UVAys,
Algal-derived organic matter Cu() (0-100 uM)  4.85-5.35  pH 7.8; range for multiple [17]
Suwannee River fulvic acid 497,5.06 components identified using
isolate PARAFAC analysis
Pony Lake fulvic acid isolate 5.37, 5.44
Inogashira soil fulvic acid isolate Cu(ll) (0-240 pM) 3.774.00  pH 4.5, values for various excitation [2]
Shinshinotsu peat fulvic acid 3.87-4.32  wavelengths
extract
Fractionated humic acid from Cu() (0-125 uM) 4.91-5.86  pH 6, range for multiple identified [23]
soil, 1-10 KDa fluorescent peaks
Fractionated humic acid from 5.96-6.48  pH 6, range for multiple identified
soil, >100 KDa fluorescent peaks
Suwannee River fulvic acid Cudl) (0-100 pM)  4.98-5.62  pH 6, range for multiple identified [30]

isolate

fluorescent components

“Model was a poor fit; not included in discussion.

Cu and NOM. Quenching is most significant for the
pH 6 samples and least significant with increasing Cu
concentration for the pH 4 samples. Likewise, log K’
for the pH 6 samples is greater than the value for the
lower pH samples, which is consistant with other

reported trends for samples at varying pH values (see
Table 2). NOM tends to have greater charge density at
more basic pH levels [31], resulting in more binding
or interaction sites available on the NOM molecule. In
other words, metal ions are outcompeted by H" ions
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Fig. 3. UVA,s5, absorbance trends observed for Cedar Key
water samples filtered after-mixing. Experimental results
for replicate samples are shown as symbols. Dashed lines
represent results from the Ryan-Weber model (-—- pH 4;
--- pH 6; - pH 8 (unadjusted pH) not shown because of
poor model fit).

for binding sites at low pH, lower log K’ values, and
less pronounced quenching trends are expected at
high H" concentrations (low pH) and were observed
from pH 6 to pH 4.

For pH 8, it is possible that some insoluble Cu
hydroxide (Cu(OH),) formed in addition to or instead of
a Cu-NOM complex, causing a less pronounced quench-
ing trend when compared with pH 6 despite increased
availability of binding sites on the NOM, due to the
reduced availability of Cu in solution. Further
discussion is provided below. This is supported by
chemical equilibrium calculations at 120 uM Cu(Il)
(Visual MINTEQ, ver. 3.0 [32]) that showed Cu(OH),
undersaturated at pH 4 and 6 but oversaturated at pH 8.

T. de Torres and T.H. Boyer | Desalination and Water Treatment 57 (2016) 6290-6301

UV absorbance increased with Cu concentration as
shown in Fig. 3 and is consistent with trends observed
by Bai et al. [16]. The increase in UV absorbance sug-
gests complex formation between Cu and NOM, simi-
lar to the fluorescence quenching results. Estimated
conditional stability constants from the UV absorbance
trend were used as a comparison with the estimations
from the fluorescence quenching trends, except for the
unadjusted pH 8 samples for which the UV
absorbance model was a poor fit. The two different
approaches gave similar conditional stability constants
for Cu-NOM as shown in Table 2. Yan et al. showed
that the interactions between Suwannee River fulvic
acid and Cu were similar to the interactions of
salicylic- and polyhydroxyphenolic groups with
Cu [10].

To monitor changes in DOC and Cu concentrations
in the samples caused by filtration, DOC, and Cu lev-
els were measured on the filtered samples (i.e. filtered
after mixing) and compared with unfiltered samples.
TOC concentrations in unfiltered samples were
assumed equal and constant across all unfiltered sam-
ples. Although loss of DOC was observed after filtra-
tion (Fig. 4), the loss of DOC was not nearly as
marked as the loss of fluorescence intensity (Fig. 2), as
evidenced with only approximately 10% DOC loss but
up to 50% reduction in fluorescence intensity for the
pH 6 titrations. Precipitation formed is likely to have
been insoluble Cu-NOM complexes (in addition to
potential Cu(OH), precipitation at pH 8), but because
fluorescence intensity is strongly correlated with DOC
concentration [21], it is unlikely that the Cedar Key
organic matter was removed from solution via precipi-
tation with the Cu addition to the extent that would

12
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Fig. 4. Changes in DOC for Cedar Key water samples fil-
tered after mixing. Experimental results for duplicate sam-
ples are shown as symbols. The solid line represents no
change in DOC concentration (DOC/DOC;=1) with
increasing quencher concentration.



T. de Torres and T.H. Boyer | Desalination and Water Treatment 57 (2016) 6290-6301

cause the observed decrease in fluorescence. Thus, it
can be assumed that the decrease in fluorescence was,
in fact, quenching caused by Cu-NOM complexation,
rather than exaggerated peak intensity loss caused by
physical loss of fluorophores.

For Cu-NOM complexation to occur, Cu must be
present in solution to complex with the NOM. The Cu
concentrations of the filtered after mixing samples
were measured and compared to unfiltered ground-
water samples spiked with Cu(l) to monitor for
potential Cu loss either through insoluble Cu-NOM
complex formation or other loss via precipitation.
At pH 8, filtered after mixing samples had up to
1.5mg/L Cu (approx. 24 uM) remaining in solution
vs. the expected 7.6 mg/L (120 uM), likely due to
removal of supersaturated Cu(OH), as predicted by
chemical equilibrium calculations and further explain-
ing the less pronounced quenching trend at pH 8 com-
pared with pH 6. The Cu in filtered after mixing
samples for pH 6 and pH 4 samples were also
reduced when compared with unfiltered samples;
however, the Cu concentrations in samples for pH 6
compared with pH 4 were roughly equal per target
concentration. With equal concentrations of Cu, the
differing quenching trends are likely caused by
competition for binding sites by protons at the
lower pH.

The bulk sample main fluorescent peak of the
Cedar Key water (Ex/Em = 260/440) is defined by lit-
erature as a humic-like peak [2,26,27], and humic-like
fluorophores can be assumed to be representative of
the whole organic material present [33]. While bulk
fluorescence measurements on the Cedar Key water
resulted in a single peak that could be assumed as
representative of the whole sample, this is not always
the case for other samples that contain multiple fluo-
rophores [26,33,34]. Bulk fluorescence measurements
do not consider how varying types of organic matter
contribute to the overall fluorescence signal. There is a
possibility that for some samples, there are multiple
fluorophores that interact with both the metal ion
added as well as the other fluorophores. For example,
Yamashita and Jaffe [19] used PARAFAC to separate
the whole water EEM into eight components. From
their results, four of the eight components (three ter-
restrial humic components and a microbially derived
component) contributed nearly 80% of the overall fluo-
rescence, while the other four (microbial humic, terres-
trial humic, and two protein components) contributed
the remaining 23% [19], and so small losses of organic
matter of the first four components could result in lar-
ger reductions in the overall bulk fluorescence inten-
sity. Additionally, there is the possibility of the
presence of non-fluorescent organic matter fractions. If
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the majority of the organic matter in a sample is
non-fluorescent, the quenching of fluorophores can
show large reductions in fluorescence intensity with-
out large reductions in overall TOC concentration.

In summary, the use of fluorescence quenching
for the estimation of stability constants for aquatic
NOM could be improved by understanding the vari-
ous components that make up organic matter within
the water matrix. Because fluorescence quenching
only observes changes in NOM fluorophores, condi-
tional stability constants estimated from fluorescence
quenching only estimates the parameter for that spe-
cific portion of organic matter without giving consid-
eration to the complexation that could occur with the
non-fluorescent organic material [26]. The addition of
the UV absorbance titrations provides information on
NOM chromophores to complement the information
on NOM fluorophores. Finally, by employing
methods such as PARAFAC to deconvolute the sig-
nals given in fluorescence EEMs, additional informa-
tion can be gained from fluorescence methods
[18,19,26,35,36].

3.2. lon-exchange experiments

The results of the ion-exchange experiments are
summarized in Table 3 for the samples not filtered
after mixing, and Table 4 for samples filtered after
mixing. Columns with the “0” subscript refer to resin-
free control samples. Fig. 5 shows fluorescence, UV,
DOC, and Cu changes for filtered after mixing sam-
ples after ion exchange. lon-exchange experiments
were done at the water’s natural pH, approximately 8,
to cause minimal changes to the water chemistry.

BCK+Cu+AEX ®CK+Cu+CEX ®@NaCl+Cu+AEX BNaCl+ Cu+ CEX

1.0

0.8

0.6

0.4

0.2 1

0.0 - T T T

F/F, UV/UV, DOC/DOC,, Cu/Cu,

Fig. 5. Ion-exchange results for Cedar Key water samples
spiked with Cu(l), filtered after mixing, and normalized
to the resin-free controls. Legend: CK, Cu, AEX, CEX, DI
water, and NaCl (NaCl).
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Because NOM typically has a net negative charge,
it is expected to be removed using an AEX process.
Indeed, AEX is used in water treatment and has been
shown to be an effective method of removing NOM
from water [21,37,38]. Removal of Cu (i.e. Cu?"),
because of its cationic nature, is not expected with
AEX. Marked decreases were seen in the concentration
of DOC in both the unfiltered (i.e. not filtered after
mixing) and filtered (i.e. filtered after mixing) Cedar
Key (CK) samples, while Cu levels in samples spiked
with Cu(l) (CK + Cu) were reduced to an average of
70% of their initial concentrations (30% removal) in
the filtered samples (Fig. 5). The Cu removal was not
seen in the unfiltered samples spiked with Cu(Il) and
treated with AEX (CK + Cu + AEX). In the synthetic
water samples with no NOM, Cu removal was not
observed with AEX (7.4 to 7.9 + 0.1 mg/L). It is note-
worthy that there are large differences between the Cu
levels detected in the unfiltered and filtered samples,
suggesting loss of Cu due to filtration. As in the fluo-
rescence quenching experiment, at pH 8 it is likely
that some portion of the Cu in the samples was
removed from solution as insoluble Cu(OH), and con-
sequently removed from the sample through filtration.
UV absorbance results for the no resin samples
are consistent with those found in the quenching

Table 3
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experiments, and while Cu addition had increased UV
absorbance of the CK samples; the removal of NOM
through AEX would reduce it again (Fig. 5).

The CEX results are also summarized in Tables 3
and 4. DOC removal through cationic exchange was
not expected for reasons mentioned previously and
was not observed. Elevated readings for fluorescence,
UV, and DOC above the control samples for the unfil-
tered samples could be due to interference from the
CER. UV absorbance is not strongly affected by CEX
in the filtered Cedar Key sample, while it increases
with Cu as expected. Interestingly, while Cu removal
by CEX was observed in the synthetic water samples
(those with no NOM, with over 90% Cu removal, see
Fig. 5), Cu removal in the Cedar Key samples was not
observed to the same extent for either unfiltered or fil-
tered samples. Thus, Cu is removed to great extent
with the CEX in samples lacking NOM. However, it
should be acknowledged that Cedar Key water does
have high calcium concentrations (Table 1), which
competes for CEX sites on the resin and can also
result in low Cu removal. Because of this potential for
interference with the ion-exchange experiments, future
experiments should be done that observe the natural
water matrix without the NOM, as well as experi-
ments that include only the NOM isolate to better

Ion-exchange results for Cedar Key water samples that were not filtered after mixing. Legend for water type: CK, Cu,

AEX, CEX, DI water, and NaCl (NaCl)

TOC, TOC Cug Cu
Water type Fo F UVy(em™) UV (em™) (mg/L) (mg/L) (mg/L) (mg/L)
CK + AEX 5310 1,165 = 109 0.186 0223 +0.062 6.4 26+04 001 0.02 + 0.02
CK + Cu + AEX 2,571  513=+12 0.284 0153 +0.02 54 2001 4.1 4.0+02
CK + CEX 559 7,850 1,979  0.179 0.396 +0.133 6.3 88+21 0.01 0.02 + 0.004
CK +Cu + CEX 2,681 4204+1264 0262 0.481 +0.106 5.7 80+14 5.1 5.7 + 0.4
NaCl+Cu+AEX - - - - - - 7.4 79 +0.1
NaCl+Cu+CEX - - - - - - 8.3 0.3 +0.02
Table 4

Ion-exchange results for Cedar Key water samples filtered after mixing. Legend for water type: CK, Cu, AEX, CEX, DI

water, and NaCl (NaCl)

DOC, DOC
Water type Fo F UVy (em™) UV (em™) (mg/L) (mg/L) Cug (mg/L) Cu (mg/L)
CK+ AEX 5,359 842 + 50 0.186 0.022 +0.002 6.0 20 £02 0.010 0.001 = 0.000
CK+Cu+ AEX 2,958 554 +18 0.170 0.063 £0.010 4.5 1.7+0.03 19 1.5+03
CK + CEX 5164 5,336 +107 0.170 0.177 £ 0.002 6.2 6.4 +0.00 0.01 0.01 + 0.004
CK+Cu+CEX 3,101 3,268 +106 0.187 0202 +0.002 5.2 57+0.04 21 1.9+0.2
NaCl +Cu+ AEX - - - - - - 8.2 77 +0.2
NaCl+Cu+CEX - - - - - - 8.0 0.09 + 0.04
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understand the interactions and their responses to ion-
exchange treatment.

At 1% acid by volume, the samples separated for
metals analysis had a pH < 2, and despite this, control
samples of Cedar Key spiked with Cu(ll) showed
lower measurements of Cu than the expected theoreti-
cal concentration. This emphasizes the possibility of
relatively strong interactions between Cu and NOM,
suggesting that Cu is too tightly bound to the NOM to
be detected as free Cu during instrument analysis and
thus, is too tightly bound to be removed from solution
by CEX. It is difficult to say with certainty, however,
whether the loss of Cu in the AEX samples is from
co-removal with the organic matter through ion
exchange, or from precipitate or particulate removal of
large-sized complexes through filtration. Data seems
to suggest the former.

When coupled with the CEX results, the AEX
results also suggest that Cu binds strongly with the
NOM and can, to some extent, be removed with NOM
via AEX. Because Cu was not removed to the same
extent as the NOM in the AEX experiments, the major-
ity of the NOM removed is likely to be the fraction
that remains unbound by Cu, followed by preferential
removal of NOM fractions that still retain a slight neg-
ative charge across all or part of the molecule. Metal-
complexed NOM is likely outcompeted for spots on
the resin by more densely charged fractions.

Regarding the fluorescence response, standard devi-
ations in absolute intensities between the triplicate sam-
ples of most experimental scenarios were 10% or less
(in arbitrary units), so reproducible responses for these
experimental conditions can be achieved. Only the
unfiltered CEX experiments showed high variability in
their fluorescence readings, and this can likely be attrib-
uted to scattering caused by suspended resin particles
present in the water after mixing. With that low vari-
ability in mind, if measurable chemistry changes (such
as changes in DOC concentration) produce predictable
fluorescence changes, then fluorescence has the poten-
tial to be a quick, predictive analytical tool for provid-
ing insight to changes in the water matrix without
directly measuring a specific parameter.

3.3. Implications for water treatment

NOM, while naturally occurring, is a concern in
drinking water supplies, causing color, taste, and odor
issues. It is also a known precursor for disinfection
byproducts (DBPs), making its removal a vital portion
of the drinking water treatment process. Source waters
themselves are subject to forces that can alter their
water qualities, from forces such as land use changes or
urbanization, groundwater contamination from salt or
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wastewater [39], and changes in recharge water quality
[40], to more natural causes such as storm events,
drought, or seasonal variability. Even climate change
impacts the quality of drinking water sources [41].

Fluorescence  spectroscopy and fluorescence
quenching with their previously mentioned advanta-
ges could be a useful tool for water treatment plant
operators as a way of quickly alerting plants to
changes in their water chemistry. Regular fluorescence
EEM readings during treatment plant operation can
notify operators on water quality changes caused by
changes in NOM concentration, pH changes, or even
changes in NOM composition [7,42]. For example,
fluorescence has been used to track changes in NOM
related to DBP formation [29,43]. Fluorescence tests
and quenching results can provide information
regarding changes from other aqueous constituents
such as metals and, possibly, other unexpected or sea-
sonal contaminants [44]. Fluorescence quenching with
treatment methods can further improve understanding
of water chemistry by providing practical information
beyond the qualitative information from EEM read-
ings. Although quenching and the estimation of stabil-
ity constants cannot simply be compared over various
water and various quenchers, they could be used to
track changes in a single water source over time. In
the hands of water treatment plants, this information
could allow for more effective and more intelligent
treatment of water.

As previously mentioned, if the conditional stabil-
ity constants are indicative of sufficiently strong bonds
within the metal complexes, then selectively targeting
either portion of the complex (either the organic mat-
ter fluorophore or the metal quencher) could result in
the simultaneous removal of both. By using ion
exchange to selectively target only one contaminant at
a time (the negatively charged NOM or the positively
charged metal ion) this study hoped that observed
co-removal with the ion-exchange process would indi-
cate ion exchange as a potential process for specific
removal of one contaminant with the additional bene-
fit of increased co-removal efficiency of another. While
it is true that treatment options exist for removing
TOC and metals, they are usually separate processes
for each contaminant. Additionally, metal removal
processes have focused more on wastewater than
drinking water treatment [45-47]. And although pro-
cesses such as membrane separation are able to simul-
taneously remove organic matter and ionic substances
such as metals, it would be more practical for existing
conventional plants to be able to predict and achieve
co-removal with treatment methods that are already
utilized, thereby requiring minimal retrofitting, or do
not require extra capital costs (such as the installation
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of membranes and the consideration of dealing with
membrane concentrate).

4. Conclusions

Because of their conditional nature, added consid-
eration should be given when discerning meaning
from calculated or experimental conditional stability
constants. While precipitation and fluorophore/chro-
mophore loss does not seem to be an issue with
regard to fluorescence quenching and UV absorbance
results and thus, impacts on stability constant estima-
tions using quenching, factors such as quencher prop-
erties, water matrix properties, and NOM type have
complicated impacts on fluorescence readings. Simply
taking fluorescence quenching readings of bulk NOM
could give a shallower understanding of the changes
happening in the water matrix than could potentially
be gained with currently available analytical methods.
The estimation of conditional stability constants, how-
ever, could be useful for observing changes over time
in locations, where the water chemistry is well known
and a good understanding of the water being treated
is had.

With regard to water treatment, the ability to pre-
dict and rely on co-removal of contaminants depends
on deeper understanding of how contaminants inter-
act with each other; in this case, how metal-NOM
complexes behave. With further research, coupling
fluorescence quenching and UV absorbance with treat-
ment methods can provide reinforcement to each test
by giving practical meaning to fluorescence quenching
readings, and in turn allow fluorescence readings to
be indicative of predictable changes in water chemis-
try and contaminant removal.

Acknowledgments

We would like to thank Katrina Indarawis for
collecting the CK groundwater used in these experi-
ments, Wes Oehmig for assistance measuring Cu, and
Stephanie Ishii for her insight and comments on
the experimental design and results. This paper
was improved by the thoughtful comments of two
anonymous reviewers.

References

[1] S.E. Cabaniss, M.S. Shuman, Fluorescence quenching
measurements of copper—fulvic acid binding, Anal.
Chem. 60 (1988) 2418-2421.

[2] M. Fukushima, S. Tanaka, K. Nakayasu, K. Sasaki,
H. Nakamura, K. Tatsumi, Investigation of copper(Il)-
binding behavior of fulvic acids by three-dimensional
fluorescence spectrometry, Anal. Sci. 13 (1997)
1011-1015.

T. de Torres and T.H. Boyer | Desalination and Water Treatment 57 (2016) 6290-6301

[3] N. Hudson, A. Baker, D. Reynolds, Fluorescence anal-
ysis of dissolved organic matter in natural, waste, and
polluted waters—A review, River Res. Appl. 23 (2007)
631-649.

[4] X. Lu, R. Jaffe, Interaction between Hg(Il) and natural
dissolved organic matter: A fluorescence spectroscopy
based study, Water Res. 35 (2001) 1793-1803.

[5] D.K. Ryan, J.H. Weber, Copper(Il) complexing capabil-
ities of natural waters by fluorescence quenching,
Environ. Sci. Technol. 16 (1982) 866-872.

[6] D. Ryan, J. Weber, Fluorescence quenching titration
for determination of complexing capacities and stabil-
ity constants of fulvic acids, Anal. Chem. 54 (1982)
986-990.

[7] J. Bridgeman, M. Bieroza, A. Baker, The application of
fluorescence spectroscopy to organic matter character-
isation in drinking water treatment, Rev. Environ. Sci.
Biotechnol. 10 (2011) 277-290.

[8] ES. Boyle, N. Guerriero, A. Thiallet, R.D. Vecchio,
N.V. Blough, Optical properties of humic substances
and CDOM: Relation to structure, Environ. Sci. Tech-
nol. 43 (2009) 2262-2268.

[91 M. Yan, M.F. Benedetti, G.V. Korshin, Study of iron
and aluminum binding to Suwannee River fulvic acid
using absorbance and fluorescence spectroscopy: Com-
parison of data interpretation based on NICA-Donnan
and Stockholm humic models, Water Res. 47 (2013)
5439-5446.

[10] M. Yan, D. Dryer, G.V. Korshin, M.F. Benedetti, In
situ study of binding of copper by fulvic acid:
Comparison of differential absorbance data and model
predictions, Water Res. 47 (2013) 588-596.

[11] M. Yan, G.V. Korshin, Comparative examination of
effects of binding of different metals on chromophores
of dissolved organic matter, Environ. Sci. Technol. 48
(2014) 3177-3185.

[12] B.A. Poulin, J.N. Ryan, G.R. Aiken, Effects of iron on
optical properties of dissolved organic matter,
Environ. Sci. Technol. 48 (2014) 10098-10106.

[13] M.F. Benedetti, CJ. Milne, D.G. Kinniburgh, W.H.
Van Riemsdijk, L.K. Koopal, Metal ion binding to
humic substances: Application of the non-ideal com-
petitive adsorption model, Environ. Sci. Technol. 29
(1995) 446-457.

[14] CM.G. Van den Berg, Determination of the complex-
ing capacity and conditional stability constants of
complexes of copper (II) with natural organic ligands
in seawater by cathodic stripping voltammetry of
copper—catechol complex ions, Marine Chem. 15
(1984) 1-18.

[15] R.A. Saar, J.H. Weber, Comparison of spectrofluorom-
etry and ion-selective electrode potentiometry for
determination of complexes between fulvic acid and
heavy-metal ions, Anal. Chem. 52 (1980), 2095-2100.

[16] Y.C. Bai, F.C. Wu, Q.C. Liu, W. Li, J.Y. Guo, P.Q. Fu,
B.S. Xing, J. Zheng, Ultraviolet absorbance titration for
determining stability constants oh humic substances
with Cu(ll) and Hg(I), Anal. Chim. Acta 616 (2008)
115-121.

[17] AM. McIntyre, C. Guéguen, Binding interactions of
algal-derived dissolved organic matter with metal
ions, Chemosphere 90 (2013) 620-626.

[18] T. Ohno, A. Amirbahman, R. Bro, Parallel factor anal-
ysis of excitation-emission matrix fluorescence spectra



T. de Torres and T.H. Boyer | Desalination and Water Treatment 57 (2016) 6290-6301

of water soluble organic matter as basis for determina-
tion of conditional metal binding parameters, Environ.
Sci. Technol. 42 (2008) 186-192.

[19] Y. Yamashita, R. Jaffé, Characterizing the interac-
tions between trace metals and dissolved organic
matter using excitation—emission matrix and parallel
factor analysis, Environ. Sci. Technol. 42 (2008)
7374-7379.

[20] J. Luster, T. Lloyd, G. Sposito, I. Fry, Multi-wave-
length molecular fluorescence spectrometry for quanti-
tative characterization of copper (II) and aluminum
(IIT) complexation by dissolved organic matter, Envi-
ron. Sci. Technol. 30 (1996) 1565-1574.

[21] P.A. Palomino, T.H. Boyer, Magnetic ion exchange
(miex) treatment of surface water, groundwater, and
landfill leachate wastewater: Effect on organic matter
fluorescence, Sep. Sci. Technol. 48 (2013) 2277-2286.

[22] F.C. Wu, D.N. Kothawala, R.D. Evans, P.J. Dillon,
Y.R. Cai, Relationships between DOC concentration,
molecular size, and fluorescence properties of DOM in
a stream, Appl. Geochem. 22 (2007) 1659-1667.

[23] J. Hur, B.-M. Lee, Comparing the heterogeneity of
copper-binding characteristics for two different-sized
soil humic acid fractions using fluorescence quenching
combined with 2D-COS, Sci. World J. 11 (2011) 12.

[24] J.N. Apell, T.H. Boyer, Combined ion exchange treat-
ment for removal of dissolved organic matter and
hardness, Water Res. 44 (2010) 2419-2430.

[25] USEPA, Method 6010c inductively coupled plasma-
atomic emission spectrometry, United States Environ-
mental Protection Agency, Washington, DC, 2007.

[26] S. Mounier, H. Zhao, C. Garnier, R. Redan, Copper
complexing properties of dissolved organic matter:
PARAFAC treatment of fluorescence quenching,
Biogeochemistry 106 (2011) 107-116.

[27] W. Chen, P. Westerhoff, J. Leenheer, K. Booksh, Fluo-
rescence excitation—emission matrix regional integra-
tion to quantify spectra for dissolved organic matter,
Environ. Sci. Technol. 37 (2003) 5701-5710.

[28] P.G. Coble, Characterization of marine and terrestrial
DOM in seawater using excitation emission matrix
spectroscopy, Mar. Chem. 51 (1996) 325-346.

[29] B.A. Lyon, RM. Cory, H.S. Weinberg, Changes in dis-
solved organic matter fluorescence and disinfection
byproduct formation from UV and subsequent chlori-
nation/chloramination, J. Hazard. Mater. 264 (2014)
411-419.

[30] D.S. Smith, J.R. Kramer, Multisite metal binding to ful-
vic acid determined using multiresponse fluorescence,
Anal. Chim. Acta 416 (2000) 211-220.

[31] T.H. Boyer, P.C. Singer, G.R. Aiken, Removal of dis-
solved organic matter by anion exchange: Effect of
dissolved organic matter properties, Environ. Sci.
Technol. 42 (2008) 7431-7437.

[32] J.P. Gustafsson, Visual MINTEQ, version 3.0, (2011).
Available from: http://www2.lwr.kth.se/English/Our
Software/vminteq/index.htm

6301

[33] A. Seritti, E. Morelli, L. Nannicini, A. Giambelluca, G.
Scarano, Fluorescence emission characteristics of natu-
rally occurring organic matter in relation to metal com-
plexation studies, Sci. Total Environ. 148 (1994) 73-81.

[34] M.D. Hays, D.K. Ryan, S. Pennell, Multi-wavelength
fluorescence-quenching model for determination of
Cu®* conditional stability constants and ligand con-
centrations of fulvic acid, Appl. Spectrosc. 57 (2003)
454-460.

[35] S.K.L. Ishii, T. Boyer, Behavior of recurring PARAFAC
components in fluorescent dissolved organic matter in
natural and engineered systems: A critical review,
Environ. Sci. Technol. 46 (2012) 2006-2017.

[36] C.M. Andersen, R. Bro, Practical aspects of PARAFAC
modeling of fluorescence excitation-emission data, J.
Chemom. 17 (2003) 200-215.

[37] B. Bolto, D. Dixon, R. Eldridge, Ion exchange for the
removal of natural organic matter, React. Funct.
Polym. 60 (2004) 171-182.

[38] K.A. Indarawis, T.H. Boyer, Superposition of anion
and cation exchange for removal of natural water
ions, Sep. Purif. Technol. 118 (2013) 112-119.

[39]1 JW.A. Foppen, Impact of high-strength wastewater
infiltration on groundwater quality and drinking
water supply: The case of Sana’a, Yemen, J. Hydrol.
263 (2002) 198-216.

[40] A. Kass, I. Gavrieli, Y. Yechieli A. Vengosh, A.
Starinsky, The impact of freshwater and wastewater
irrigation on the chemistry of shallow groundwater: A
case study from the Israeli Coastal Aquifer, J. Hydrol.
300 (2005) 314-331.

[41] I. Delpla, A.-V. Jung, E. Baures, M. Clement,
O. Thomas, Impacts of climate change on surface
water quality in relation to drinking water production,
Environ. Int. 35 (2009) 1225-1233.

[42] A. Matilainen, E.T. Gjessing, T. Lahtinen, L. Hed,
A. Bhatnagar, M. Sillanpédéd, An overview of the meth-
ods used in the characterisation of natural organic
matter (NOM) in relation to drinking water treatment,
Chemosphere 83 (2011) 1431-1442.

[43] P. Roccaro, F.G.A. Vagliasindi, G.V. Korshin, changes
in NOM fluorescence caused by chlorination and their
associations with disinfection by-products formation,
Environ. Sci. Technol. 43 (2009) 724-729.

[44] M. Ziegmann, M. Abert, M. Miiller, F.H. Frimmel, Use
of fluorescence fingerprints for the estimation of
bloom formation and toxin production of Microcystis
aeruginosa, Water Res. 44 (2010) 195-204.

[45] T. Maruyama, S.A. Hannah, J.M. Cohen, Metal
removal by physical and chemical treatment pro-
cesses, J. Water Pollut. Control Fed. 47 (1975) 962-975.

[46] ].G. Dean, F.L. Bosqui, K.H. Lanouette, Removing
heavy metals from waste water, Environ. Sci. Technol.
6 (1972) 518-522.

[47] F. Fu, Q. Wang, Removal of heavy metal ions from
wastewaters: A review, J. Environ. Manage. 92 (2010)
407-418.


http://www2.lwr.kth.se/English/OurSoftware/vminteq/index.htm
http://www2.lwr.kth.se/English/OurSoftware/vminteq/index.htm

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.1.1. Test waters
	2.1.2. Quencher
	2.1.3. Ion-exchange resins

	2.2. Experimental methods
	2.2.1. Fluorescence quenching and UV absorbance
	2.2.2. Ion exchange

	2.3. Analytical methods
	2.4. Data analysis

	3. Results and discussion
	3.1. Fluorescence quenching and UV absorbance
	3.2. Ion-exchange experiments
	3.3. Implications for water treatment

	4. Conclusions
	Acknowledgments
	References



