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Abstract

Wastewater dissolved organic matter (DOM) from different processing stages of a sewage treatment plant in Xiamen was
characterized using fluorescence and absorption spectroscopy. Parallel factor analysis modeling of excitation-emission matrix spectra
revealed five fluorescent components occurring in sewage DOM: one protein-like (C1), three humic-like (C2, C4 and C5) and one
xenobiotic-like (C3) components. During the aerated grit chamber and primary sedimentation tank stage, there was only a slight
decrease in fluorescence intensity and the absorption coefficient at 350 nm (a350). During the second aeration stage, high concentration
of protein-like and short-wavelength-excited humic-like components were significantly degraded accompanied by significant loss of
DOC (80%) and a350 (30%), indicating that C1 and C2 were the dominant constituents of sewage DOM. As a result, long-wavelength-
excited C4 and C5 became the dominant humic-like components and the DOM molecular size inferred from the variation of spectral
slope S (300–650 nm) and specific absorption (a280/DOC) increased. Combination use of Fmax of C1 and the ratio of C1/C5, or a350

may provide a quantitative indication for the relative amount of raw or treated sewage in aquatic environment.
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Introduction

Organic pollution originating from industrial, agricul-
tural and municipal wastewater discharge has become a
common environmental problem in many lakes, rivers,
estuaries and coastal waters (Yan et al., 2000; Baker, 2002;
Saadi et al., 2006; Wang et al., 2007). Traditional methods
to monitor the degree of organic pollution are usually
time-consuming wet chemical analysis such as chemical
oxygen demand (COD), biological oxygen demand (BOD)
and total organic carbon (TOC) (Reynolds and Ahmad,
1997). COD and BOD are indirect indexes which are
unable to indicate the true concentration of organic matter
in aquatic environment, while, TOC can not provide any
compositional and source information for organic sub-
stances with complex and heterogenic nature (Teymouri,
2007). On the other hand, the commonly-used methods to
study the composition of dissolved organic matter (DOM)
(nuclear magnetic resonance, gas chromatography-mass
spectrometry, liquid chromatography-mass spectrometry,
size exclusion chromatography, etc.) need complicated
sample pretreatment procedures and are not suitable for
on-line or real-time determination.

Excitation-emission matrix (EEM) fluorescence spec-
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troscopy has been suggested as a powerful tool to
characterize aquatic DOM which could detect the specif-
ic fluorescent fractions in organic matter from different
sources with much higher sensitivity (Coble et al., 1996).
Traditional “peak-picking” method for EEM has identified
humic-like (A, C, M) and protein-like fluorescence peaks
(B, T) using simple excitation-emission wavelength pairs
of the fluorescence peak locations (Coble et al., 1996).
However, the method has some disadvantage and may
be unreliable (Stedmon et al., 2003; Teymouri, 2007),
as different fluorescence peaks overlap. Recently, it has
been suggested that parallel factor analysis (PARAFAC)
can decompose EEM of complex mixtures of DOM pool
into their independent fluorescent components which may
effectively trace the photochemical and microbial reactions
of DOM (Stedmon et al., 2003, 2007; Stedmon and Mark-
ager, 2005; Stedmon and Bro, 2008). EEM-PARAFAC has
also been applied to evaluate the verification of ballast
water exchange (Murphy et al., 2006) and the DOM
sources in open oceans (Murphy et al., 2008); the algal
source of CDOM (Zhang et al., 2009), correlation between
water quality parameters (Holbrook et al., 2006; Wang
et al., 2007) and the characterization of wastewater and
landfill leachate (Teymouri, 2007; Lu et al., 2009).

UV-Visible absorption spectroscopy is another
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spectroscopic approach which can also provide
quantitative and qualitative information of DOM (Chin
et al., 1994; Stedmon et al., 2000; Guo et al., 2007).
Absorption coefficient at a certain wavelength (e.g., 254
nm) can be used as an indicator of DOM concentration
(e.g., Weishaar et al., 2003), while absorption ratio at 250
to 365 nm (called E2:E3) or molar absorptivity at 280 nm
has been used to trace the changes in the relative size and
aromaticity of DOM molecule (De Haan and De Boer,
1987; Chin et al., 1994). Helms et al. (2008) suggested
that the spectral slope ratio of 275–295 nm and 350–400
nm (called S R) appears to be a good proxy for DOM
molecular weight.

In this study, wastewater samples were collected from
different processing stages of a sewage treatment plant in
Xiamen, China. Some seawater samples were also collect-
ed from neighboring Yundang Lagoon and Xiamen Bay
for comparison. The main objective was to characterize the
spectral characteristics of wastewater DOM and to trace its
variation during sewage treatment with EEM-PARAFAC
and absorption spectroscopy. Such research may provide
basic information for sewage plants to improve and opti-
mize their treatment technology. This study will also be
helpful to differentiate the organic matter from wastewater
source with other natural sources, for example, sea water
DOM in coastal waters.

1 Materials and methods

1.1 Sample collection and pretreatment

The sewage treatment process is shown in Fig. 1. The
first three stages (S1–S3) referred to primary treatment and
S4–S6 secondary treatment. The treated sewage effluents
were discharged into Yundang Lagoon, which has a water
exchange system with outer Xiamen Bay. Six samples
from each processing step (S1–S6), one sample near the
outlet in Yundang Lagoon (S7), one sample from the outlet
of the Lagoon (S8) and one sample from the outer Xiamen
Bay (S9) were collected at the same day. Immediately after
sampling, all samples were transported to the laboratory
and filtered through precombusted 0.7 μm Whatman GF/F
glass fiber filters at 500°C for 5 hr. Approximately 20 mL
of the filtrates were stored in amber color bottles and kept

Fig. 1 Treatment process of municipal sewage.

frozen for dissolved organic carbon (DOC) measurement.
The remaining filtrates were further filtered using 0.2 μm
Millipore polycarbonate filters for the EEM and absorption
measurements of DOM, which were made within four
hours after filtration.

1.2 EEM measurements

EEM fluorescence spectra were obtained using a Cary
Eclipse (Varian, USA) equipped with a 150 W Xe arc lamp
at PMT voltage of 730 V. EEM were constructed for each
sample over excitation wavelengths between 220–450 nm
in 5 nm intervals and emission wavelengths between 230–
600 nm in 2 nm intervals, with 10 nm and 5 nm bandwidths
on excitation and emission modes, respectively. The EEM
of Milli-Q water was used as the background level of the
instrument, then the fluorescence intensity of samples was
normalized to the Raman scattering intensity units (R.U.,
nm−1) of pure water setting excitation wavelength at 350
nm (Determann et al., 1994).

The basic assumption of fluorescence spectroscopy
analysis is that the sample is optically dilute. High absorp-
tion properties of sewage samples may cause inner filter
effects for fluorescence analysis (Tucker et al., 1992). A
dilution experiment was performed for S3 sample with the
highest a350 (10.06 m−1) to demonstrate such effects. When
multiplying with the dilution factor, the relative fluores-
cent intensities increased with the dilution for traditional
tryptophan peak (225 nm/341 nm) and tyrosine peak (225
nm/299 nm) (Fig. 2). However, no inner filter effects was
observed for humic-like peak (350 nm/430 nm), due to
the lower absorbance at this higher excitation wavelengths.
Thus, high absorbance samples were diluted with Milli-Q
water to absorbance a350 < 0.08 to avoid the interference
of inner filtering effects for EEM analysis.

1.3 Absorption spectroscopy analysis and DOC mea-
surements

Absorption spectra of original sewage DOM were de-
termined with a 2300 UV-Vis spectrometer (Techcomp,
China), with a 10-cm quartz cell. Milli-Q water was used

Fig. 2 Dilution experiment showing the inner filter effects for fluores-
cence analysis of sewage DOM.
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as the blank. The scanning wavelength range was 200–
800 nm, with a spectral resolution of 1 nm. Absorption
coefficient at wavelength of 350 nm (a350) was chosen
as an index of DOM concentration. The spectral slope
coefficient (S) over a wavelength range of 300–650 nm
were calculated using nonlinear regression method.

DOC concentrations were determined with Multi N/C
3100 TOC-TN analyzer (Analytik Jena, Germany). Sam-
ples were acidified to pH < 2 by HCl, then purged with
an oxygen stream for 8 min to remove the inorganic
carbon, before high temperature catalytic oxidation. The
measurements were performed in triplicates with a fixed
instrumental variance < 2%. Potassium hydrogen phtha-
late combined with Milli-Q water were used as external
standard and blank to calculate DOC concentrations. The
accuracy of measurements was daily verified with low
carbon water (LCW) and deep sea water (DSW) produced
by University of Miami, USA.

1.4 PARAFAC modeling

PARAFAC decomposes the fluorescence signals X into
F tri-linear components according to the number of fluo-
rophores present in the samples:

Xi jk =

F∑

f=1

ci f b j f ak f + σi jk (1)

where, F defines the number of components in the model,
Xi jk is the intensity of fluorescence for the sample i at
emission wavelength j and excitation wavelength k, c i f

is the score for the fth component and related to the
concentration of fluorophore f in sample i, b j f and ak f

are linearly related to the fluorescence quantum efficiency
(fraction of absorbed energy emitted as fluorescence) of the
jth and kth analyte at emission wavelength j respectively.
Finally, σi jk is the error term representing the variability
not accounted for by the model. The principle behind the
model is to minimize the sum of squared residual σ i jk.

Split-half analysis was further performed to validate the
reliability of the model results (Stedmon et al., 2003). The
fluorescence intensity of each component was represented
by Fmax (R.U., i.e. Raman units) (Stedmon and Markager,
2005)

In this study, PARAFAC modeling was accomplished
through the use of “N-way toolbox for MATLAB version
3.1” in MATLAB 7.5 technical computing program (Math-
works Inc., Cambridge, MA).

2 Results and discussion

2.1 Fluorescent components of sewage DOM

Five separate fluorescent components were identified
for sewage DOM by the PARAFAC model (Fig. 3). All
components had multiple peaks, except for component C3.
In general, these components have single emission maxima
with two excitation maxima, however, C1 had a shoulder
at 300 nm. These fluorescent components showed many
similarities with the previously identified peaks (Table 1).
Component C1 is composed of two excitation maxima (at
220 and 275 nm), with one emission peak centered at 339
nm and a shoulder at 300 nm (Fig. 3, Table 1), correspond-
ing well to the fluorescent peaks of pure tryptophan and
pure tyrosine (Mayer et al., 1999). Thus, the component is
a typical protein-like substance. The results also indicated
that both tryptophan-like and tyrosine-like components in
sewage DOM had the same origin.

Component C2 (240, 280/377 nm) is similar to humic-
like components corresponding to traditional peak M and
A (Murphy et al., 2008). An intense excitation peak for
component C3 occurred at 230 nm with the emission
maxima at 345 nm (Fig. 3, Table 1). It is not similar to
any of the traditionally identified peaks in river and marine
environments. However, it was dominant in the landfill
leachate and sewage samples (220–230/340–370 nm) and
was called as xenobiotic organic matter (e.g., naphthalene)
(Baker and Curry, 2004, Teymouri, 2007). Hence, C3 can
be taken as a typical indicator component of sewage DOM.
Furthermore, the overlap of C3 (230/345 nm) with short-
wavelength-excited peak (220/339 nm) of tryptophan-like
component C1 suggested that the fluorescent peak located
at 220–230/330–350 nm can not be taken for granted as
reliable indication of tryptophan component.

Component C4 (230, 340/422 nm) reflects UVA humic-
like substances whose main constituent is fulvic acid (FA),
while component C5 (260, 380/467 nm) is thought to
represent humic materials exported from terrestrial sources
and its constituent is primarily humic acid (HA) (Kowal-
czuk et al., 2003). The broader excitation and emission
band and the longest excitation and emission wavelength
of C5 suggested that it is associated with humic matter
composed of high molecular weight and high aromatic
organic compounds (Stedmon et al., 2003; Kowalczuk et
al., 2009). Both C4 and C5 are widespread fluorescent
components in river, estuary and coastal environments
(Coble, 1996; Stedmon et al., 2003; Murphy et al., 2008;

Table 1 Positions of the fluorescence maxima of the five components

Fluorescent Peak position Description Reference
components λEx/Em (nm)

C1 220, 275/339 Protein-like (tryptophan-like + tyrosine-like) 220–230, 270–280/340–350 nm (Mayer et al., 1999)
220, 275/300

C2 240, 280/377 Peak M and A < 260, 325/385 nm (Murphy et al., 2008)
C3 230/345 Xenobiotic-like substance 220–230/340–370 nm (Baker and Curry, 2004)
C4 230, 340/422 UV humic-like 230, 325/416 nm (Stedmon et al., 2003)

250, 320/420 nm (Lu et al., 2009)
C5 260, 380/467 Visible humic-like 250, 360/460 nm (Lu et al., 2009)

260, 370/490 nm (Murphy et al., 2008)
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Fig. 3 Fluorescent components of sewage DOM identified by the PARAFAC model.

Lu et al., 2009). It should be noted that, the traditional
short wavelength UV-excited peak A designated by Coble
(1996) was not a single component, but actually a com-
bination of C2, C4 and C5 fluorescent components for
sewage DOM. Furthermore, peaks in traditional “peak A”
area have close link with long wavelength excited peaks
like M and C.

2.2 Influence of treatment process on the fluorescent
properties of sewage DOM

Original sewage water (S1) has high concentration of
protein-like and xenobiotic components and relatively low
concentration of humic-like components (Fig. 4). During
the aerated grit chamber and primary sedimentation tank
stage, there were only small decreases in protein-like (C1),
xenobiotic (C3) and short wavelength excited humic-like

Fig. 4 Distribution and variation of five fluorescent components along the sampling gradient (S1–S9).
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(C2) components. The longer wavelength excited humic-
like (C4, C5) components showed no obvious variation.
However, during the second aeration process, a large
decrease was observed for protein-like component (81%),
followed by two humic-like component (48% for C2
and 24% for C4) (Fig. 4). Xenobiotic and humic-like
component C5 showed small decrease (< 6%). From this
tank to the outlet, only C2 and C3 components showed
relatively large decrease (13%–15%). Through the whole
treatment process, protein-like (C1), short wavelength ex-
cited humic-like (C2) and xenobiotic (C3) components
were highly degraded, while the longer wavelength excited
humic-like (C4, C5) components just showed low degree
of degradation. The ratio of C1/C4 and C1/C5 decreased
significantly from 4.2 to 0.9 and 7.5 to 1.5, respectively.
These results support the previous suggestions to use
protein-like fluorescence for the determination of wastew-
ater BOD (Reynolds and Ahmad, 1997) and detection of
contamination events in recycled water systems (Hender-
son et al., 2009).

2.3 Variations of DOC and adsorption parameters dur-
ing sewage process

The high DOC and a350 concentrations of the original
sewage showed small variation during the primary treat-
ment stage. This might be expected as the major role
of this primary stage sedimentation. However, during the
secondary treatment stage, DOC concentration showed an
obvious decrease (ca. 80%) while the decrease of absorp-
tion coefficient a350 was only about 30% (Fig. 5a, b). When
compared with the significant loss of protein-like (C1)
and short wavelength-excited humic-like (C2) fluorescent
component, it can be inferred that C1 and C2 fluorescent
components would be the dominant constituents of sewage

DOM which were labile and can be easily degraded during
aeration process. This can be further supported by the very
good relationship between C1 and DOC (r = 0.99, n = 9)
and C2 and DOC (r = 0.97, n = 9).

On the other hand, the relatively small decrease of both
a350 and two longer wavelength excited humic-like (C4,
C5) fluorescent components from the primary to the sec-
ondary treatment stage suggested that the two components
may show much close relationship with a350, which was
supported by good correlation between C4 and a 350 (r =
0.96, n = 9) and C5 and a350 (r = 0.83, n = 9). This is to be
expected when considering the excitation characteristics of
the fluorescent components (Fig. 2).

The large variation in DOC and a350 concentrations and
contents of fluorescence components during the treatment
process implied that the relative molecular size of DOM
may be also changed, which was convinced by indicators
as spectral slope S (300–650 nm) value, the slope ratio
S R, E2:E3 and specific absorption at 280 nm (calculated
by a280 divided by DOC). The reliability of these optical
parameters to reflect DOM molecular size was verified
by size exclusion chromatography (SEC) (De Haan and
De Boer, 1987; Chin et al., 1994; Helms et al., 2008).
The higher S value (Fig. 5c), low specific absorption
(Fig. 5d) and higher S R and E2:E3 ratios for S1–S3
samples suggested that the relative molecular size should
be lower for these DOM samples which had high propor-
tion of degradable protein-like components. The following
decrease of S and S R and increase of specific absorption
indicated the molecular size of DOM for S4–S6 samples
increased along the treatment process. This is consistent
with the recalcitrant nature of these DOM which were not
effectively degraded even during the aeration process.

Fig. 5 Distribution and variation of DOC concentration (a), absorption coefficient a350 (b), spectral slope S (300–650 nm) (c) and specific absorption
at 280 nm (d) along the sampling gradient (S1–S9).

http://www.jesc.ac.cn


jes
c.a

c.c
n

No. 11 Characterization of dissolved organic matter in urban sewage using excitation emission······ 1733

Fig. 6 Variation of the ratio of the protein (a), and xenobiotic (b) to humic fluorescence along the sampling gradient (S1–S9).

Fig. 7 Comparison of raw sewage (S1), treated sewage (S6) and background seawater (S9).

2.4 Spectroscopic indication of the sewage sources in
aquatic environment

The obvious differences in DOM optical properties be-
tween treated and untreated sewage with seawater provide
a useful spectroscopic indicator to trace the sewage sources
in aquatic environment. The untreated sewage has high
concentration of DOC, a350 and protein-like component
(C1) compared with those of seawater (Table 2). It also
has very high ratio of protein-like component to visible
humic-like component (C1/C5) (Fig. 6a). As a result, the
content of protein-like fluorescence (C1) and C1/C5 can
be used as an indicator for the input of sewage organic
pollution in various aquatic environments (Fig. 7). Since
CDOM contents in high salinity sea area of Xiamen Bay
showed no obvious seasonal variation (Guo et al., 2007),
if we take S9 as the background seawater sample, it is
easy to quantify the relative amount of raw sewage in a
marine sample using a simple calculation. This can be

Table 2 Ratio of optical parameters and DOC between raw or treated
sewage and seawater

Parameter Raw sewage (S1)/ Treated sewage (S6)/
Seawater (S9) Seawater (S9)

C1 12.1 2.0
C2 3.50 1.4
C3 2.84 1.9
C4 3.40 2.6
C5 2.10 1.7
a350 16.7 11.9
DOC 19.7 4.0

easily satisfied with monitoring the fluorescence intensity
at excitation/emission wavelength of both 275 nm/339 nm
and 380 nm/467 nm in normal or in-situ investigation.

This indicator system is not suitable for tracing the
treated sewage in aquatic environment as the difference of
its C1/C5 ratio with background seawater is very small.
However, the difference in absorption coefficient at 350 nm
(a350) between them is significant. Hence, the combination
use of the content of protein-like fluorescence (C1) and
a350 may provide a quantification indication for the percent
amount of treated sewage for a marine sample in sewage-
influenced environment (Fig. 7).

3 Conclusions

Excitation emission matrix fluorescence and parallel
factor analysis (EEM-PARAFAC) of wastewater DOM
from a sewage treatment plant revealed high concen-
tration of degradable protein-like (C1) fluorescence and
the occurrence of xenobiotic-like (C3) component. This
technique provides a fast and sensitive way to monitor the
qualitative and quantitative variation of DOM during the
whole sewage treatment process. The combination use of
the protein-like (C1), the ratio of protein-like to visible
humic-like component (C1/C5) and absorption coefficient
a350 may provide quantification tracer for the relative
amounts of raw or treated sewage for any marine sample.
This indicator system may further be used in the on-
line or in situ monitoring of organic pollution in aquatic
environment.
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