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Abstract

3-D fluorescence excitation-emission matrix (EEM) spectrophotometry was applied to investigate the fluorescence characterization of
colloidal organic matter (COM) and truly dissolved organic matter (DOM) from an urban lake and a rural river fractionated by the cross
flow ultrafiltration (CFUF) process with a 1 kDa membrane. Relatively high tryptophan-like fluorescence intensity is found in the urban
water, although the fluorescence of both water samples is mainly dominated by humic/fulvic-like fluorophores. During CFUF process-
ing, the fluorescence intensities of humic/fulvic-like materials in the retentate increased rapidly, but a slight increase is also observed in
the permeate fluorescence intensity. Very different ultrafiltration behaviour occurred with respect to the tryptophan-like fluorophore,
where both permeate and retentate fluorescence intensities increase substantially at the beginning of the CFUF process, then tend to
remain constant at high concentration factor (cf) values. Comparison with tryptophan standards demonstrates that freshwater trypto-
phan-like fluorescence is not dissolved and ‘free’, but is, in part, colloidal and related to the ultrafiltration behaviour of fulvic/humic-like
matter. A good linear relationship between the retentate humic/fulvic-like fluorescence intensity and organic carbon concentration fur-
ther reveals that fluorescent humic/fulvic-like substances are the dominant contributors to colloidal organic carbon, mainly in the col-
loidal fraction.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic matter (OM) in natural waters is a diverse mix-
ture of organic material containing low molecular weight
compounds, e.g. simple organic acids, short-chained hydro-
carbons, and macromolecules such as humic substances
with size ranging from a few hundred to several hundred
thousand Dalton (Thurman, 1986; Amy et al., 1987; Wag-
oner et al., 1997; Jerry and Jean-Philippe, 2003). When
associated with other colloidal material, OM can be in the
size range of tens to hundreds of nm (Lead and Wilkinson,
2006). It is known that this organic matter plays a critical
role in controlling the biogeochemical cycling of trace ele-
0045-6535/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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ments and water quality (Buffle, 1990; Guo et al., 2001;
Wetzel, 2001). Historically, organic matter has been divided
into dissolved (DOM) and particulate organic matter
(POM) (Amy et al., 1987; Raymond and Bauer, 2001). In
many instances, DOM is the larger pool of organic matter
and can contain more than 90% of total organic matter
(TOM) (Thurman, 1986; Kececioglu et al., 1997). Neverthe-
less, the historical definition and determination of
particulate and dissolved fractions are not sufficient to
understand element biogeochemical cycling and the mobil-
ity and bioavailability of trace pollutants in the aquatic
environment. Therefore, fractionation and analysis of the
colloidal phase from the bulk water is crucial. In recent
years, numerous studies have indicated the importance of
the colloidal fraction in aquatic systems. As an intermedi-
ary, the colloidal organic matter (COM) governs the
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speciation, bioavailability, transport and ultimate fate of
trace pollutants (Hodge et al., 1993; Lead et al., 1999; Wang
and Guo, 2000; Gustafsson et al., 2001; Guéguen et al.,
2002; Guo et al., 2003), makes up a substantial fraction of
freshwater OM, has a potentially large surface area and a
large number of binding sites which are capable of interact-
ing with trace pollutants. Understanding the structure and
speciation of dissolved and colloidal organic carbon is thus
a research problem of major importance in aquatic chemis-
try and techniques for this purpose have been developed
and used in the last decade or so. Cross flow ultrafiltration
(CFUF) is currently an effective technique for the separa-
tion and concentration of colloids from large amounts of
bulk natural waters and a significant improvement on tradi-
tional filtration, with reduced concentration polarisation
and clogging (Dai et al., 1998; Larsson et al., 2002; Wilding
et al., 2004; Liu et al., 2005; Liu and Lead, 2006) although
alteration of colloidal conformation is possible.

OM has distinctive spectrophotometric properties in
both absorption and fluorescence and can be characterized
by appropriate methods and is usually described in terms
of ‘tryptophan-like’, ‘fulvic-like’ and ‘humic-like’ fluores-
cence, although other terminology has been used in the lit-
erature (Coble, 1996; Baker, 2001). The relationship of
these components to the chemical form of the OM under
investigation, including whether the tryptophan-like fluo-
rescence is free or bound and the relationship of fulvic-like
and humic-like fluorescence to extracted humic substances
(HS), is not known. With recent improvements of the tech-
nique, fluorescence spectroscopy has been used extensively
in aquatic systems. In particular, since the mid 1990s, the
3-D fluorescence excitation-emission matrix (EEM) spec-
trophotometric technique has been developed for the inves-
tigation of DOM from freshwater, coastal waters and
wastewaters (Coble, 1996; Baker, 2001; Baker et al.,
2004; Baker and Inverarity, 2004). In this technique, fluo-
rescence spectra are obtained by acquiring emission spectra
at a series of successively longer excitation wavelengths,
and the fluorescence intensity is presented as the function
of excitation and emission wavelengths. By comparison
with the traditional single-scan technique, EEM spectra
provide a visualization of a range of fluorophores and
has a greater information content (Coble, 1996; Baker,
2001). Fluorescent ‘DOM’ (based on single filtration
through a membrane of between 0.2 and 1.0 lm) character-
istics have been determined by the EEM technique in a
range of aquatic systems (Clark et al., 2002; Baker and
Spencer, 2004; Boehme et al., 2004) and the fluorescent
properties of colloidal and dissolved OM within CFUF
processes has also been investigated by single-scan tech-
nique (Mopper et al., 1996; Guéguen et al., 2002; Wilding
et al., 2005; Belzile and Guo, 2006), but combination of
CFUF with 3D EEM fluorescence has not been performed
to investigate colloidal and dissolved fluorescent material.
For instance, it is not known if the tryptophan-like fluores-
cence is free or bound to other solid-phase material. In this
study, we combined CFUF with 3D EEM fluorescence
techniques in different types of freshwater samples in order
to answer these questions. Specifically we determined the
physical speciation of fluorescent organic matter (humic-,
fulvic- and tryptohan-like).

2. Experimental

2.1. Study sites and sampling

Two sample sites, an urban lake water and a rural river
water, were chosen for this study to provide different types
of waters. The urban lake water was collected from the
Vale Lake near University of Birmingham, Birmingham,
England. The Vale Lake is an artificial lake along the Chad
Brook, part of the Bourn Brook tributary of the River
Tame. The Bourn Brook is regularly monitored for water
quality by the UK Environment Agency and is graded
‘fairly good’ in chemical water quality, suffering from high
Biochemical Oxygen Demand, ‘fair’ biological quality, and
‘high’ phosphorous concentrations. The rural catchment
sample was taken from River Tern, located in Norton in
Hales, Shropshire, England. This site, free of large urban
area, is on a groundwater fed river with extensive riparian
wetlands. The River Tern is also graded ‘fairly good’ for
chemical water quality, suffering from high Biochemical
Oxygen demand, ‘good’ biological quality and a ‘very high’
phosphorous concentration (Environment Agency, 1998).

The waters were measured for pH, conductivity, temper-
ature and dissolved oxygen in the field, and the results are
presented in Table 1. All the water samples were collected
in 25-l plastic bottles that had been soaked with 5% lipsol
detergent overnight and thoroughly rinsed, first with deion-
ised, then pure water (R = 18.2 X cm). Samples were trans-
ported to the laboratory and filtered immediately through
an ashed (500 �C for 5 h) Whatman GF/F (0.7 lm) mem-
brane to remove larger particles.

2.2. Isolation of colloidal fraction

A CFUF system, containing standard Millipore Pellicon
2 acrylic filter holder and regenerated cellulose membrane
with 0.5 m2 surface area and 1-kDa (�1 nm) nominal pore
size, was used for the colloid separation and concentration
from bulk waters. An easy-load peristaltic tubing pump
was connected to the system by silicone tubing with
12.7 mm internal diameter. Sampling mode was used to
process the waters under the following conditions: feed
inlet pressure 15–20 psi, retentate outlet pressure 10 psi,
the retentate flow rate 1–1.5 l min�1, and permeate flow
rate 30–40 ml min�1. The ultrafiltration system was cleaned
before each experiment firstly with 2% lipsol detergent,
then recirculated with 0.01 M of NaOH and HCl solution
respectively for 1–2 h. Between each washing cycle, the sys-
tem was thoroughly rinsed with 20 l nanopure water.

In CFUF operation, a constant volume in the retentate
flask of 4 l was maintained by re-supply from a larger feed
container of an identical initial concentration (Buesseler
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et al., 1996; Dai et al., 1998). The permeate flow was direc-
ted to a container to be collected, allowing the total perme-
ate to be collected and thus mass balance calculations to be
carried out. Over time, colloidal materials became concen-
trated in the retentate flask. In this case, concentration fac-
tor (cf), one of the key parameters for ultrafiltration
evaluation, was calculated as follows:

cf ¼ V p þ V r

V r

where Vp and Vr are the permeate and retentate volumes
respectively.

Prior to use in natural water, thorough validation and
calibration of the CFUF membrane was performed by
quantifying the retention and permeation of various sized
molecular probes, such as 0.5-kDa rhodamine, 1.3-kDa
vitamin B12 and 3-kDa dextran. In addition, quantification
of the size fractionation was performed by atomic force
microscopy (AFM) and the results reported by Liu and
Lead (2006). Based on the definition of the filter cut-off
as the molar mass (MM) corresponding to a retention coef-
ficient of 90%, the predicted cut-off value in our CFUF
system was �2.0 kDa. Operationally we thus define our
colloidal component as material between 2 kDa and
0.7 lm.

In the ultrafiltration process of natural water, 30 ml ali-
quots were collected in 40-ml amber glass bottles at differ-
ent cf values from both permeates and retentates for the
analysis of fluorescence and total organic carbon (TOC).
Prior to sampling, the bottles were soaked in 5% detergent
overnight and thoroughly cleaned with 10% HCl and nano-
pure water to ensure the removal of any residues. Appro-
priate blanks were used under the same experimental
conditions.

2.3. TOC measurement

TOC concentration was measured by a high tempera-
ture combustion analyzer (Shimadzu TOC-V). Under high
temperatures, total carbon (TC) was oxidised into carbon
dioxide and analysed using an infrared gas detector. TIC
was determined by acidifying the sample with phosphoric
acid to produce carbon dioxide and followed by analysis.
TOC was obtained by subtracting TIC from TC. Each
sample was injected 2–3 times, and the coefficient of varia-
tion (CV) of replicated injections was lower than 2%. Fresh
nanopure water blanks showed acceptable levels of TOC
(less than 0.3 mg l�1).

2.4. Fluorescence analysis

Fluorescence spectra of waters were recorded on a Var-
ian Cary Eclipse spectrofluorometer using a 4 ml, 1 cm
path length cuvette equipped with a water-cooled Peltier
temperature controller. Following published methods
(Baker, 2001), fluorescence EEMs were generated by scan-
ning and recording emission spectra from 300 to 500 nm at
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0.5-nm steps with 5 nm increments of excitation wave-
length between 250 and 400. The slits for excitation and
emission were 5-nm; the temperature of analysis and
PMT voltage were set at 20 ± 0.1 �C and 770 V. The spec-
trophotometer was calibrated by detecting the Raman
intensity at 395 nm emission using a sealed water cell and
emission intensity averaged 21.0 ± 0.7 units with no drift
during the analytical period. Highly fluorescent concentra-
tion samples were diluted prior to analysis to limit any
reabsorption effects.

3. Results and discussion

3.1. 3-D fluorescence spectra

For a typical river water, the major fluorescence peaks,
described as tryptophan-like, fulvic-like and humic-like
fluorophores have been previously identified (Baker and
Genty, 1999), with maximum emission peaks at 350, 410–
430 and 460–480 nm excited by wavelengths of 275, 320–
340 and 370–390 nm respectively. Fig. 1 shows fluorescence
EEM data for raw River Tern water, filtered (0.7 lm) River
Tern water and Vale Lake water. Both raw and filtered
River Tern water exhibit similar fluorescent properties
and no difference is observed between Fig. 1a and b, indi-
cating that the fluorescence signature of OM is mainly
formed by colloidal and dissolved material, and that partic-
ulate matter has no significant effect on the fluorescence
properties of water. Obviously, there are three peaks on
Fig. 1. Fluorescence EEMs for the raw River Tern water (a), filtered River T
the EEM of two site waters, attributed to humic/fulvic-like
materials and the substance located at 220–250 nm excita-
tion and 400–460 nm emission although each of the two
site waters has distinctive and different fluorescence proper-
ties. Due to the interference of the second order Rayleigh
Tyndall scatter line, we do not look at the peak at 220–
250 nm excitation and 400–460 nm emission here. In the
case of tryptophan-like fluorophores however, the trypto-
phan-like fluorophore centre is partially obscured in both
water samples by the humic/fulvic-like fluorescence when
compared to the tryptophan standard (Fig. 1d). As shown
in Fig. 1b and c, Vale Lake water has humic/fulvic-like
fluorescence intensities which are approximately 50–60%
those in the River Tern. For tryptophan-like fluorophores,
the intensity of Vale Lake water is twice as high as the
River Tern water. This result suggests that the fluorescence
EEMs of both water samples are mainly controlled by
humic and fulvic substances, with high tryptophan-like
fluorescence intensity in the Vale Lake water as may be
expected as it is associated with the pollution from human
and animal wastes (Baker et al., 2004).

Prior to quantitative discussion of the results, it is essen-
tial to ensure excellent data quality. The CFUF system
used has been fully validated elsewhere (Liu and Lead,
2006). However, mass balance data of fluorescence was
also collected here. Mass balances, presented in Table 1,
are 81–88% for humic-like materials from both waters
and 77–81% for fulvic-like compounds, which are similar
to other reported values in the literature for organic carbon
ern water (b), filtered Vale Lake water (c) and tryptophan standard (d).
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(Mopper et al., 1996; Wilding et al., 2005; Belzile and Guo,
2006). For tryptophan-like fluorescence, lower mass bal-
ances (74–77%) were observed. These are the first reports
to our knowledge of CFUF mass balances for these fluoro-
phores and the results are promising. The small losses are
most likely due to membrane sorption and dead volumes
within the system. Measurement error of tryptophan at
low fluorescence intensities and overlap with the humic-like
peaks are also potential problems. In addition, the blank
experiment pure water shows that, at all cf values, fluores-
cence intensities were less than 5% of the sample intensities,
indicating a lack of contamination from the membranes.

The investigation into the fluorescence characterization
of water samples processed through the CFUF system pro-
vides important information on the distribution of different
NOM types between colloidal and dissolved phases in the
freshwater environment. Through CFUF operation, high
MM (HMM) OM in the retentate becomes more concen-
trated as CFUF proceeds. Fig. S1 presents the fluorescence
features in the permeate and retentate at three cf values. It
is apparent that, for both sites, the intensities of the fulvic-
like and humic-like fluorophores that dominate the EEMs
dramatically increase with increasing cf. Due to this
increase in fluorescence intensity the fluorescence peaks
broaden substantially. In the case of the permeate, fulvic-
like and humic-like fluorescence also increases in intensity
at high cf values due to increased permeation of low MM
(LMM) fluorescent material. To quantify these results,
the fluorescence intensities of three fluorophores and the
ratios of fulvic-like and humic-like to tryptophan-like fluo-
rescence intensity are presented in Table 1. In the River
Tern water, fulvic-like and humic-like fluorescence intensi-
ties in the retentate rapidly increase at cf 20 due to the
retention of HMM materials by the ultrafiltration mem-
brane. For the permeate, the increases of fulvic-like and
humic-like fluorescence intensities are also observed
although the rate of increase is slower. Presumably the
slower increase in the permeate is due to the majority of
the humic- and fulvic-like fluorescence being present in
the >2 kDa fraction. A similar trend was found in the Vale
Lake water although at different overall intensity values.
For both sites, tryptophan-like fluorescence intensities are
all less than 100 units at all cf values, in both cases of per-
meate and retentate, even though slight increases of fluo-
rescence intensity are observed.

Ratios of fulvic/humic-like to tryptophan-like fluores-
cence are also quantified (Table 1). In the retentate of the
River Tern water, the ratios of fulvic-like and humic-like
to tryptophan-like fluorescence increase strongly from 6.0
to 21.5 and 3.6 to 16.9, whereas in the permeate, these
ratios exhibit little variability from 4.9 to 5.7 in the ratio
of fulvic-like to tryptophan-like fluorescence, and 2.2–3.0
in the ratio of humic-like to tryptophan-like fluorescence.
However, the intensity of each fluorescence centre increases
substantially with increasing cf as noted earlier. Similar
fluorescence behaviour is also found in the samples ana-
lysed from the Vale Lake. This result indicates that the per-
meation of tryptophan-like material is related to the
ultrafiltration behaviour of fulvic/humic-like matter, possi-
bly due to a physico-chemical association between the tryp-
tophan and the humic-like fluorescence.
3.2. Ultrafiltration of fluorescent tryptophan-like compound

To further investigate the filtration properties, the ultra-
filtration behaviour of fluorescent tryptophan-like material
from River Tern as a function of cf was observed and is
shown in Fig. 2. Similar results were obtained for Vale
Lake (see Fig. S2). It appears that ultrafiltration behaviour
of the tryptophan-like fluorophore follows two steps (see
Fig. 2a). Permeate fluorescence intensity increases with
increasing cf up to a value of cf 15, after which it remains
constant, indicating the retention of LMM compounds
containing tryptophan-like fluorescence, consistent with
CFUF results demonstrated in molecular probe experi-
ments (Guo et al., 2000; Wilding et al., 2004; Liu and Lead,
2006). In addition, the intensity of tryptophan-like fluores-
cence in the retentate exhibits an increase until cf 5–10,
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after which a slight decline or consistent intensity can be
found after a cf of about 15. The slight decline in fluores-
cence intensity is likely attributed to the sorption, concen-
tration polarization and membrane fouling (Van der
Bruggen et al., 1999; Schafer et al., 2000), although trypto-
phan-like fluorescence levels are low and some noise is
apparent. Intensity ratios are shown in Fig. 2b. The inten-
sity ratio for tryptophan standards (molar mass 204) as the
function of cf values are also plotted in Fig. 2b. The tryp-
tophan standard, as expected for dissolved material, is
unaffected by the membrane and the ratio is 1 at all cf val-
ues. For the river water signals, the values approach 1 at
high cfs, indicating that the tryptophan-like fluorescence
from these natural waters is essentially in the LMM frac-
tion. Previous studies (Guo et al., 2000; Wilding et al.,
2004; Liu and Lead, 2006) have indicated greater perme-
ation of low molar mass material occurred at higher cf val-
ues. At lower cf values the ratios decrease to values of ca
0.4, indicating that the material is not dissolved and ‘free’,
as with the standard, but is associated with other material,
perhaps the smallest fraction of the polydisperse humic
substances.

3.3. Ultrafiltration of humic-like and fulvic-like materials

Humic and fulvic-like fluorescence shows a different
trend compared to fluorescent tryptophan-like compound
as shown in Figs. 2 and 3. The results are consistent with
a picture in which humic and fulvic substances are the
cause of the humic-like fluorescence. Literature values
report HS as having a molar mass within the range of a
few hundred to a few thousand (Thurman, 1986; Ronald
et al., 1987; Lead et al., 2000), indicating that most material
is in the colloidal domain, while other HS molecules are in
the dissolved size range. Similarly, the ratios of fluores-
cence intensity in the permeate to that in the retentate
derived from Fig. 3, with cf, are shown in Fig. S3. The ini-
tial ratios of approximately 0.4 decline gradually until a cf
of about 10. Subsequently, the ratios of humic-like and ful-
vic-like fluorescence remain reasonably stable at values of
0.15–0.18 (humic-like) and 0.25–0.31 (fulvic-like) for River
Tern water, and 0.20–0.23 (humic-like) and 0.32–0.34 (ful-
vic-like) for Vale Lake water. The lower ratios of humic-
like substance than those of fulvic-like compound are likely
due to the lower molar mass of the fulvic-like fluorescence
compared with the humic-like fluorescence. This is the first
published CFUF data to indicate the size and structural
characteristics of the two different fluorophores.

Taken together, the results indicate that tryptophan-like
fluorescence is present as material which is somewhat poly-
disperse and is roughly 0.5–2 kDa (free tryptophan has a
molar mass of 0.2 kDa), while the humic-like and fulvic-
like fluorescence is larger and mainly within the colloidal
fraction. The results agree with a recent study on estuarine
systems using flow field fractionation (Boehme and Wells,
2006), where tryptophan-like fluorescence was found
mainly in the 1–5 kDa fraction and humic-like and fulvic-
like fluorescence was found in the 13–150 kDa fraction.
The very good agreement, despite the differences in tech-
nique and sample site, indicates that similar fluorescence
structures may be fairly consistent in different aquatic sys-
tems, although further work would be needed to validate
this.
3.4. Correlation between fluorescence intensity and OC

Fig. 4 plots the intensity of three fluorophores against
OC concentration in both permeate and retentate from
Rive Tern. There is a strong linear relationship between
the fluorescence intensity of humic/fulvic-like materials
and OC concentration in the retentate, with correlation
coefficients from 0.97 to 0.99, which indicates that fluores-
cent humic-type materials are a proxy of OC in the CFUF
system. No relationship is shown between OC and trypto-
phan-like fluorescence, most likely because the tryptophan-
like fluorophore is a highly efficient fluorophore but
represents only a minor fraction of the organic carbon con-
centration. In the permeate, although more scatter is
observed due to the lower fluorescence intensities, positive
sometimes non-linear associations are also observed for
all fluorophores. Most likely this relates to the greater
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concentrations of LMM material at higher OC concentra-
tions. Similar results are also found in Vale Lake water, as
shown in Fig. S4.
4. Conclusion

In summary, we have used CFUF to attempt to better
characterize the physical properties associated with the
organic material responsible for freshwater fluorescence.
Based on the operational CFUF process, the permeate,
i.e. the so-called dissolved phase, is mainly composed of
tryptophan-like fluorescence and a fraction of the smaller
fulvic-like fluorophores, while the fluorescence signature
of retentate is dominated by HMM humic/fulvic-like mate-
rials. We have produced the data on unperturbed natural
systems to conclusively indicate that tryptophan-like fluo-
rescence is not truly dissolved i.e. hydrated, but exists as
LMM material, perhaps bound to the smallest fractions
of humic substances. Humic and fulvic-type fluorescence
clearly are higher molar mass moieties and fulvic-like fluo-
rophores at 320–340 nm excitation and 410–430 nm emis-
sion are related to material that is smaller than associated
with humic-like fluorophores at 370–390 nm excitation
and 460–480 nm emission. The strong correlation between
these fluorescence centres and organic carbon concentra-
tion confirms that these moieties are indeed in some
respects similar to extracted humic and fulvic acids that
make up the bulk of freshwater organic carbon.
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