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a b s t r a c t

The fluorescence quenching behaviour of a manufactured nanoparticle (NP, iron oxide, 7 nm) on the stan-
dard Suwannee River fulvic acid (SRFA) was investigated for the first time. Size, aggregation and fluores-
cence was examined as a function of NP:SRFA ratio and of pH. Aggregation state varied as both a function
of pH and NP:SRFA ratio, with maximum aggregation at near neutral pH values (6–8). SRFA fluorescence
quenching increased non-linearly with increasing NP concentrations (>0.22 � 10�3 M iron nanoparticles),
indicating the complex nature of NP:SRFA interactions. Aggregates of iron oxide present at pH 7–8
appeared to have a much larger effect on quenching compared with dispersed NPs or dissolved phase
iron. Fluorescence quenching is demonstrated to indicate different mechanisms of NP:SRFA binding with
pH.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nanotechnology may be defined as the production and use of
nanoscale material, with the nanoscale defined as between 1 and
100 nm and nanoscience deals with the scientific properties of
materials in this range. The recent development of nanotechnology
into a major industry has raised concerns over the possible fate,
behaviour and ecotoxicology of manufactured nanoparticles
(NPs), and our knowledge is severely limited in this area (Lead
and Wilkinson, 2006; Nowack and Bucheli, 2007). The small sizes
(and related parameters such as increased specific surface area,
SSA) give NPs properties which are quantitatively and qualitatively
different from the larger scale particles, even where there is no dif-
ference in chemical properties (Madden and Hochella, 2005;
Madden et al., 2006). These changes are related to their specific
surface area (SSA), surface energy, size quantum constraint and
other factors. Despite their abundant applications in the industrial
(Paradise and Goswami, 2007), commercial and biomedical (Lacer-
da et al., 2006) fields, studies have shown that they are potentially
toxic to humans (Soto et al., 2005; Tian et al., 2006; Casey et al.,
2007), mammalian organisms (Bermudez et al., 2004; Oyewumi
et al., 2004; Jia et al., 2005; Muller et al., 2006), fish (Oberdorster,
2004; Smith et al., 2007) and bacteria (Fortner et al., 2005; Brayner
et al., 2006; Lyon et al., 2006; Fabregas et al., in press; Hu et al.,
2009). Knowledge of the environmental fate and behaviour of
NPs is poor, although a few laboratory based studies exist (Wiesner
et al., 2006; Giasuddin et al., 2007; Seeger et al., 2009).

Iron oxide nanoparticles are an important type of NP, based on
production volume and are also relevant in aquatic systems as they
are representative of the shell of core–shell zerovalent iron NPs
used in contaminated land remediation (Zhang, 2003) and which
are highly likely to be discharged into the aquatic environment
(Soto et al., 2005) due to their increasing use in applications for re-
moval of contaminants from the environment (Ponder et al., 2001;
Zhang, 2003; Nurmi et al., 2005; Giasuddin et al., 2007; Phenrat
et al., 2007). Iron oxides are also an important component of col-
loids in aquatic and terrestrial systems and use of model iron oxide
NPs may allow further understanding of these natural materials.

The use of synthesised iron oxides and their interaction with
natural organic macromolecules (NOM) such as humic substances
(HS) thus gives us potential insight into both the natural system
where iron oxide and NOM are key colloidal carriers of pollutants
(Lyven et al., 2003), and also on likely behaviour of manufactured
NPs. It is currently of great importance to study how NOM can
interact with NPs and influence their fate and behaviour through
alteration in, for instance, dispersion state (Hyung et al., 2007).

Humic substances (HS) form a major component of NOM (Aiken
et al., 1985; Chen et al., 2003). They play a vital role in the environ-
ment by influencing transport processes and bioavailability of
nutrients and contaminants (pollutants) (Buffle, 2006; Lead and
Wilkinson, 2006) and may have a similar impact on NP fate and
behaviour in the environment. Recent reports have shown interac-
tions between HS and gold nanoparticles (Diegoli et al., 2008),
zerovalent iron (Giasuddin et al., 2007), fullerenes (Chen and
Elimelech, 2007), iron oxide NP (Mosley and Hunter, 2003;
Baalousha et al., 2008) and multiwalled carbon nanotubes (Hyung
et al., 2007) resulting in changes in their physico-chemical proper-
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ties of the NPs. These interactions are complex, resulting in in-
creased size or decreased dispersion of the NPs, depending on con-
ditions, with dispersion caused by charge and steric stabilisation
and aggregation by bridging mechanisms (Klaine et al., 2008).

Fluorescence spectrometry is a technique which permits rapid
analysis with widespread applications in water science, including
the analysis of HS (Hudson et al., 2007). Fluorescence quenching
of dissolved phase HS due to metal complexation has previously
been used to study metal–HS interactions (Saar and Weber,
1980; Cabaniss, 1992; Cook and Langford, 1995; Sharpless and
McGown, 1999; Cheng and Chi, 2002; Zhao and Nelson, 2005).
However, no similar work on metal quenching has been performed
on NP–HS interactions. This paper examines the interactions iron
oxide NPs and Suwannee River Fulvic acid (SRFA, a well character-
ised, reference material), based on the fluorescence quenching of
FA by the NPs. A fulvic rather than humic acid was used because
of greater relevance to aquatic systems.

2. Materials and methods

2.1. Materials

Commercially available chemicals and solvents were purchased
from Aldrich and Fisher Scientific. Ultra high purity water with a
maximum resistivity of 18 MX cm�1 was used throughout the
experiments. Iron oxide NPs were prepared by the forced hydroly-
sis of FeCl3 solution (filtered at 200 nm) by addition to a boiling HCl
solution (also filtered at 200 nm) and continuing to boil for 10 min
(Schwertman and Cornel, 1991; Kendall and Kosseva, 2006). The fi-
nal suspension of iron oxide NPs had a 1% concentration and was
kept at pH 2 from originally added HCl. The total iron concentra-
tions used in quenching experiments was in all cases <1.2 mM.
SRFA was purchased from the International Humic Substances
Society (IHSS) and used without further modification at 10 mg L�1

in all experiments. The mixed suspensions of iron nanoparticles
and SRFA were allowed to equilibrate at room temperature for
1 h, and then the pH was altered by adding dilute NaOH to obtain
pH values from 2 to 10 and a constant ionic strength of 10�3 M in
NaNO3. Due to high dissolved iron concentration at low pH, ionic
strengths were somewhat higher (<10% change in all cases) at very
low pH values (pH < 3). The pH values were checked after 24 h and
changed as necessary to appropriate values for experiments with
further re-equilibration, until a stable pH was reached. Analysis
of pH was performed with a pHM240 electrode from Radiometer
analytical. Fluorescence spectra were acquired immediately after
pH change (data not shown) and after reaching a stable pH value
(generally approximately 24 h).

2.2. Methods

Dynamic light scattering (DLS) measurements (Baalousha et al.,
2008) were performed at 20 �C using a Malvern High Performance
Particle Sizer (HPPS 5001). The zeta average was obtained as the
average of three measurements performed on each sample after
24 h of equilibration. Actual values in such polydisperse samples
(especially at high pH) may not be accurate, but DLS measure-
ments give useful information about aggregation status.

Fluorescence intensity was measured using a Varian Cary
Eclipse spectrophotometer, equipped with a Peltier temperature
controller. Emission scans were performed from 280 to 500 nm,
with excitation wavelengths from 200 to 400 nm, both at 5 nm
intervals. Uncorrected spectra were combined to form an excita-
tion–emission matrix (EEM). Bandpass was 5 nm, temperature
20 �C and photomultiplier tube voltage set to 725 V. Manufacturer
supplied excitation and emission filters were employed to elimi-

nate any light scattered by the NPs from reaching the photomulti-
plier. Spectrophotometer output was monitored by regular
measurement of the Raman intensity of ultra pure water in a
sealed cuvette at 348 nm excitation and 5 nm bandpass. Over the
analytical period, mean intensity was 23.0 ± 1.1 units.

The theory of quenching fluorescence has been described in de-
tail elsewhere (Lakowicz, 1999; Geddes, 2001). Fluorescence
quenching is a process which decreases the intensity of the fluores-
cence emission. Quenching may occur by a wide range of mecha-
nisms as either static (e.g. equilibrium complexation) or dynamic
(e.g. collisional) quenching. Dynamic quenching is a process where
the fluorophore and the quencher come into contact during the
lifetime of the excited state and involves energy transfer, while sta-
tic quenching is a process where non-fluorescent complexes of the
ground state fluorophore are formed. For monodisperse systems,
fluorescence quenching data have a linear dependence when pre-
sented as a Stern–Volmer plot i.e. by plotting I0/I (fluorescence
intensity in the absence of quencher/fluorescence intensity in the
presence of quencher) against concentration of quencher and devi-
ations from linearity carry information on the nature of the
quenching process and fluorophore–quencher interaction. If there
is more than one quenching process operating over a range of con-
centrations or environmental conditions, the Stern–Volmer plots
would be non-linear. Therefore exploring the linearity of Stern–
Volmer plots is an excellent tool to understand organic matter
interactions with iron NPs.

3. Results and discussion

3.1. Aggregation behaviour

Previously we have shown that, when fully disaggregated (at
low pH), this iron oxide is 7 ± 3 nm based on a number size distri-
bution from measurements and calculations using atomic force
microscopy (AFM), transmission electron microscopy (TEM) and
field flow fractionation (FFF) data (Baalousha et al., 2008). In the
same study, we also considered aggregation in this system and
showed it to be essentially charge dependent, in line with expecta-
tions from DLVO theory. Dynamic light scattering (DLS) data for
NPs in the absence of SRFA (Fig. 1) agrees with previous work
and shows that the NPs aggregate strongly as a function of pH
and charge (Baalousha et al., 2008), with maximum aggregation
at pH 8. Fig. 1 also shows the detailed aggregation behaviour as a
function of SRFA and NP concentration. Larger sizes seen at low
pH (where the iron oxide is strongly positively charged) is due to
aggregation of the HS, either alone or with the iron oxide NPs.
Aggregation is at a maximum at pH 4 when the equimolar ratios
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Fig. 1. Dynamic light scattering at different pHs of SRFA with different concentra-
tions of iron NMs (11 � 10�5 M iron NMs (e), 0.22 � 10�3 M iron NMs (d),
0.56 � 10�3 M iron NMs (N), 1.12 � 10�3 M iron NMs (�)) and 1.12 � 10�3 M iron
NMs alone (j).
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of FA:NPs are used, at pH 6 when the equivalent molar ratios
(assuming the molar mass of SRFA is 1000 (Lead et al., 2000)) of
FA:NPs is 1:22, at pH 7 is 1:56 and at pH 8 is 1:112 electrophoretic
mobility data (not shown) indicates good agreement between
charge and aggregation, with points of zero charge (pzc) essentially
identical to the pH value at which maximum aggregation occurs.
This behaviour can be explained by the formation of surface films
of HS on the iron oxide NPs (Baalousha et al., 2008). At high HS:Fe
ratios, surface coverage is complete and aggregation is shifted to
lower pH values, where the HS is less charged (the pzc for HS is
approximately pH 2, while for iron oxides is approximately pH
8). As Fe increases (HS:Fe ratio decreases), surface coverage de-
creases most likely giving a patchy coating where increasing
amounts of iron oxide are exposed to solution. The aggregation
maximum is then shifted towards higher pH values. At the highest
iron oxide concentration, aggregation occurs at the same pH as
without any HS, indicating that surface coverage is minimal. Inter-
estingly, aggregation appears to be higher with HS present, despite
the charge, perhaps indicating that the HS is bridging iron oxide
aggregates forming even larger aggregates.

Ultrafiltration data for this batch of iron oxides (Baalousha et al.,
2008) indicates that at pH 2, 35% of the total iron is dissolved i.e.
<1 nm, while at pH 3, this value is 10%, pH 4 is at 1% and at higher
pH values the dissolved iron concentration is negligible. The iron
concentrations used are shown in Fig. 3. For all conditions mea-
sured, we therefore have a good understanding of the distribution
between dissolved, nanoparticles and aggregated forms of iron,
including knowledge of aggregate size.

3.2. Fluorescence and fluorescence quenching

Fluorescence peaks associated with fulvic substances (fulvic-
like fluorescence), for fresh water samples are observed at 300–
340 nm excitation and 400–460 nm emission (see review by
Hudson et al., 2007). The representative EEM spectra at 20 �C for

pH 3 and 8 for fulvic acid with and without 0.22 � 10�3 M iron
nanoparticles are shown in Fig. 2. Fig. 3 presents Stern–Volmer
plots associated with addition of different concentrations of Fe
nanoparticles at pH values examined, from pH 2 to pH 10. Given
the distribution between aggregates, dispersed particles and dis-
solved phase species discussed above, quenching of fluorescence
intensity at all pH clearly shows that all forms of iron (dissolved
and dispersed and aggregated NPs) interact with SRFA and quench
fluorescence. From the literature, we expect the dissolved form to
quench HS fluorescence (Cheng and Chi, 2002; Zhao and Nelson,
2005), but this is the first data showing NP quenching.

Fig. 3 shows that the Stern–Volmer plots are non-linear and this
indicates a complex quenching behaviour between the iron species
including the dispersed nanoparticles and their aggregates and the
SRFA. This quenching most likely involves both static and dynamic
quenching mechanisms. Zhao and Nelson (2005) in a fluorescence
quenching study of SRFA in the presence of dissolved Fe(III) at pH 4
demonstrated that both dynamic and static quenching were in-
volved. The non-linear Stern–Volmer plots can be caused by the
presence of polydisperse and complex fluorophores and quench-
ers; it is well known that HS is highly heterogeneous and polydis-
perse (Lead and Wilkinson, 2006) and our data here have shown
that these iron oxide NPs are equally complex. At pH 2 and 3 the
Stern–Volmer plots are the most linear and have the lowest rate
of quenching with iron concentration; at these pH values most of
the iron is present as dispersed nanoparticles, with a substantial
proportion present as the dissolved phase.

Maximum quenching coincides with the maximum aggregation
(maximum values of aggregate size) which occur at pH values of 6–
8 (Fig. 1; Baalousha et al., 2008). Aggregates appear to be more effi-
cient quenchers than either dissolved Fe or Fe oxide NPs.

The Stern–Volmer plots at both pH 9 and 10 (Fig. 3) show an
interesting trend, with a decrease in the I0/I ratio at the highest
iron oxide concentrations, just where DLS data indicates that dis-
aggregation begins to occur, most likely due to increased negative

Fig. 2. Fluorescence EEMs at 20 �C of SRFA with (right) and without (left) iron nanoparticles (0.22 � 10�3 M) and pH 3 (top) and pH 8 (bottom).
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charges at high pH (data not shown). No other pH values show this
behaviour. The observed trend could be related to pH based confor-
mational or chemical changes (leading to electronic changes) in the
SRFA, e.g. full deprotonation of carboxylic and other functional
groups leading to charge repulsion and change in the conformation
of the SRFA as pH increases. However, as this only occurs at the
highest pH where charging of the HS is already near maximal
makes this unlikely. The most likely explanation for the trend is re-
lated to the disaggregation of the iron oxides at pH 9 and 10
(Fig. 1), again indicating that the NP aggregates are the most pow-
erful quenchers compared with the dissolved or primary particle.

4. Conclusions

Iron oxide NPs were synthesised and their pH- and concentra-
tion-dependent aggregation was observed, with aggregation high-
est at pH 7–8, which coincides with the point of zero charge
(Baalousha et al., 2008). This conclusion is also in line with our pre-
vious work. Quenching due to iron NPs was non-linear, indicative
of polydisperse and complex materials, with quenching probably
due to both static and dynamic mechanisms occurring. Greater
quenching at higher nanoparticle concentration indicated changes
in NP:SRFA interactions with NP concentration. The effect of con-
centration is masked partly as the different phases (dissolved,
nanoparticulate and aggregated) quench the SRFA fluorescence to
different extents. In addition, fluorescence quenching at a constant
NP concentration (and SRFA ratio) is highly pH dependent, strongly
reflecting the form of NP (dissolved, dispersed NP or aggregated
NP). The aggregated form of iron was found to be the strongest
quencher, assuming no chemical reactions occurred.

In conclusion, fluorescence quenching is a simple, powerful and
effective probe for determining the nature of interactions between
inorganic nanoparticles and natural organic macromolecules. This
first application of the method shows its potential and the neces-
sity of combining the techniques with others such as DLS to pro-
vide a full description of the test system.
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