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Abstract Nanming River, the largest urban river in
Guizhou Province, southwestern China plateau, has been
severely polluted for decades. This study characterizes the
organic materials and their sources in the upstream and
downstream waters by dissolved organic carbon (DOC),
excitation emission matrix (EEM) spectroscopy, parallel
factor (PARAFAC) analysis and photo-microbial experi-
ments. DOC concentrations were low (47-120 uM C)
upstream and relatively high (146-462 uM C) down-
stream. The PARAFAC studies on the sample EEM spectra
demonstrated that the upstream dissolved organic matter
(DOM) was mostly composed of one component that had a
fulvic acid-like substance; downstream DOM was composed
of two components with mixtures of tryptophan-like and
fulvic acid-like substances. From the results of the sewerage
drainage samples collected along the bank of the river, it is
evident that both household detergent-like and protein-like
or tryptophan-like substances are predominantly present,
indicating that untreated sewerage effluents are the major
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sources of organic matter pollution in Nanming River. The
degradation experiments conducted on river, sewerage
drainage and commercial detergent samples demonstrated
that the detergent-like and tryptophan-like substances are
both photochemically and microbiologically more decom-
posable than fulvic acid-like materials under sunlight and
dark incubations. These results suggest that the input of the
untreated sewerage effluents along the streams is the major
pollution source in Nanming River, and the fluorescent DOM
was efficiently affected by both photochemical and micro-
bial processes.

Keywords Fulvic acid-like fluorescence -
Tryptophan-like fluorescence - Household detergent -
Photodegradation - Microbial degradation

Introduction

Dissolved organic matter (DOM) in freshwater aquatic
environments is a heterogeneous mixture of aromatic and
aliphatic organic compounds originating from natural and
anthropogenic sources. Naturally occurring DOM com-
prises a huge variety of organic substances including
humic substances (Malcolm 1985; Wu et al. 2005) and
other biomolecules, such as carbohydrates, amino acids
and fatty acids, in natural waters (Volk et al. 1997; Ro-
senstock and Simon 2001; Tanoue 2000). Humic sub-
stances composed of fulvic and humic acids account for
40-80% in rivers (Mostofa et al. 2009). Fulvic acid is
predominantly present in all natural waters due to its
universal solubility (soluble at all pHs) (Malcolm 1985).
But DOM components in urban rivers include anthropo-
genic sources, which typically come from agriculture,
industries and sewerage effluents in the catchment area
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(Baker 2001, 2002a, b; Mostofa et al. 2005a; Hudson
et al. 2007). The components of anthropogenic DOM are
mostly fluorescent whitening agents (FWAs) or compo-
nents of detergents (diaminostilbene, DAS1 and distyryl
biphenyl, DSBP) (Kramer et al. 1996; Managaki and
Takada 2005), persistent organic pollutants including
biphenyl, pesticides, polycyclic aromatic hydrocarbons
(PAHs), organo-chlorinated compounds and polychlori-
nated biphenyls (Chau 2006; Luo et al. 2008), and tryp-
tophan (Baker 2001; Mostofa et al. 2007a). DOM
components are easily characterized by fluorescence
(excitation-emission matrix, EEM) spectroscopy (EEMS)
(Stedmon et al. 2003; Coble 1996, 2007; Hudson et al.
2007; Mostofa et al. 2009). Variation of fluorescent
components based on several sources can be useful in the
understanding of the fluorescent dissolved organic matter
(FDOM) in the freshwater and marine environments.
Currently, parallel factor (PARAFAC) analysis, a statis-
tical modeling approach, was introduced to the aquatic
sciences (Stedmon et al. 2003). The combination of
EEMS and PARAFAC has been applied to identify vari-
ous kinds of FDOM in natural waters (Hall et al. 2005;
Cory and McKnight 2005; Borisover et al. 2009) and
interactions between trace metals and DOM (Yamashita
and Jaffé 2008), as well as during the laboratory-meso-
cosm experiments (Stedmon and Markager 2005; Stedmon
et al. 2007). Therefore, EEMS and PARAFAC can be
applied to distinguish the new fluorophore components
in FDOM, particularly in the waters of highly polluted
rivers.

In Nanming River, the input of organic pollutants fre-
quently occurs in the downstream locations along the river.
To deal with the organic matter pollution in the aquatic
environment, it is vital to examine the composition of
DOM, mainly the DOM sources, and then to identify the
components of DOM, which may facilitate developing a
removal process. Fluorescence studies of DOM and its role
together with Hg(Il) in Nanming River have been reported
in previous studies (Fu et al. 2007), which did not provide
any information about anthropogenic DOM components
and their sources, or removal processes for the river waters.

The aim of this study was to investigate the DOM
sources, originating from natural forest to urban sewerage
and from upstream to downstream locations in the waters
of Nanming River using EEMS and PARAFAC analysis.
Another key aim of this study was to examine removal
processes for various sources of DOM in the downstream
waters of Nanming River using photochemical and
microbial experiments. Experimental observations were
conducted on water samples collected from downstream
river water, sewerage and commercial detergents with the
aim of examining the solar and microbial effects on deg-
radation of various fluorescent components.
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Materials and methods
Sampling

Water samples were collected from upstream to down-
stream along the Nanming River (16 sites), situated in
Guizhou Province, southwestern China plateau, covering
an area from 26°11’ to 26°40’N and 106°27’ to 107°03’E,
Fig. 1). Nanming River originates from the Baini fields of
Linka villiage of PinBa county. It is approximately 118 km
long, and its major source is the Wujiang river catchment
area, one of the biggest tributaries of the Changjiang River.
It flows into Guiyang city from Zhongcao villiage of Huaxi
district, then crosses from the southwest to the northeast
section of the main zone (Nanming district and Yunyan
district) of the city. The river water ultimately flows into
Qinshui River by merging with the Dumu River. The
waters of Nanming River are largely affected by drainage
waters of the two reservoirs (Huaxi and Aha) before
entering the river mainstream in Guiyang city. Huaxi res-
ervoir, located in Huaxi town, has a water area of 1.4 km?
and a storage capacity of approximately 1 x 10° m®, and
Aha reservoir, located on the upper reaches of Xiaoche
river, the tributary of Nanming River, has a water area of
20 km? and a storage capacity of 54.5 x 10° m>. Huaxi
and Aha reservoirs are surrounded by small mountains,
which are mostly covered with growing grass or small
plants. Both banks of Nanming River inside Guiyang city
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Fig. 1 Nanming River and its watershed from which water samples

were collected
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are artificially managed using concrete walls to reduce
erosion. However, sewerage and other effluents from the
city areas are mixed in the channels. A large volume of
untreated municipal (~95%) and industrial effluents
(~83%) is commonly discharged into the rivers and lakes
in China (Wu et al. 1999). Guiyang is the capital city of
Guizhou province, an area of 8034 km? with a downtown
area of 2403 km” and an urban population of more than
1.34 million. The downtown area is mostly surrounded by
small- and medium-sized mountains (up to 1000 m eleva-
tion), which are often covered with verdant forests and a
few with coniferous forests. The soil is mainly acidic
yellow earth and red earth, covering approximately 39 and
11% of the total area of the province, respectively.

To understand DOM sources downstream, water sam-
ples were collected from sewer drainage (7 sites), which is
made up of wastewater coming directly from nearby
households and factories before flowing into the Nanming
River; water also comes from washing machines (1 sam-
ple) that use the household detergents examined in this
study. Water samples were collected in 1-1 polyethylene
bottles and returned to the laboratory within 8 h. The
samples were filtered with pre-combusted (450°C for 2 h)
0.7-um fiberglass filters (GF/F, Whatman) and stored at
4°C in the refrigerator until analysis.

Experimental design

The short-term irradiation experiment (180 min) on various
river samples was conducted on 24 July 2008 at the
Institute of Geochemistry, Guiyang, China. Because of the
regular flow of river waters, the effects of natural sunlight
on river DOM are typically considered short compared to
the surface waters of lakes and oceans. Duplicate pyrex
glass beakers were used for each river, drainage and
commercial detergent sample. The irradiation experiment
was conducted at noon (11:00 a.m. to 2:00 p.m.) for direct
irradiation of the samples kept in the pyrex beakers because
the penetration of UV light through the pyrex glass did not
occur sufficiently. Irradiated samples were collected after
30, 60, 120 and 180 min of irradiation. The other condi-
tions of the experiment were the same as depicted else-
where (Mostofa et al. 2007b). To examine the biological
decomposition, duplicate Pyrex beakers were used and kept
in the dark at room temperature. Incubated samples were
collected after 1, 3, 6 and 10 days of irradiation for
analysis.

Chemicals
To examine the various fluorophores in water samples

collected from Nanming River and sewer drainage, we
used commercially produced household detergents (two

types: Nafine Chemical Industry Group Co. Ltd., China,
and Nice Group Co. Ltd., China) in this study.

Analytical methods

DOC concentration was measured using a high-temperature
catalytic oxidation method. Potassium hydrogen phthalate
was used as a standard. After removing DIC by bubbling
with pure air, 200 pl of each sample was injected into a
TOC-5000A analyzer (Shimadzu, Kyoto, Japan). System
blanks were determined according to the software installed
in the TOC-5000A. The fluorescence properties were
measured using a fluorescence spectrophotometer (F-4500,
Hitachi Ltd., Japan), creating high-resolution fluorescence
running with bandpass width slits of 5 nm for both excita-
tion and emission. The scanning ranges were 220—400 nm
for excitation and 250-500 nm for emission. Fluorescence
readings were collected at intervals of 5-nm excitation with
I-nm emission wavelengths using a scanning speed of
1200 nm min~'. For normalization of fluorescence, we
used a quinine sulphate (QS) solution of 4 pug 17" in 0.01 N
H,SO,4. The fluorescence intensities of all samples were
calibrated using intensity (1 pg 1" = 1 QS unit, QSU) at
the peak (Ex/Em = 350/450 nm) for QS standard.

PARAFAC modeling

The PARAFAC analysis was performed in MATLAB using
the N-way Toolbox for MATLAB version 3.1 with methods
described in previous studies (Bro 1997; Stedmon et al.
2003). The data EEMs of the samples were modeled with an
excitation wavelength ranging from 220 to 380 nm every
5 nm and emission wavelength from 280 to 480 nm every
1 nm. To avoid the mix up of components with a variety of
samples, the PARAFAC model was used on sample’s EEMs
separately, such as upstream (n = 7), downstream (n = 9),
sewerage drainage (n = 7), washing water (n = 2) and
household detergent (n = 2) as well as irradiated river water
(n = 2), sewerage drainage (n = 2) and household deter-
gent samples (n = 2) after 3 h of sunlight irradiation for
these samples, and dark incubated river water (n = 2, after
10 days), sewerage drainage (n = 2) and household deter-
gent (n = 2) samples after 10 days of dark incubation at
room temperature. Three steps were followed before run-
ning data in the PARAFAC model (Bro 1997; Stedmon et al.
2003). First, the Milli-Q water blank was subtracted from
every sample. Second, all values of the Raleigh light scat-
tering were properly eliminated from the data of sample’s
EEMs to avoid any effect on the component numbers. Third,
non-negative constraints were applied in the PARAFAC
modeling to avoid the negative values of three decomposing
components, such as excitation, emission and concentration
(fluorescence intensity) of the respective samples.
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We applied bilinear models in this study where it was
possible to judge the residuals on the fit (Bro 1999 and
references therein). In this model, if systematic variation is
left in, the residuals that indicate more components can be
extracted. If a plot of the residual sum of squares versus the
number of components sharply flattens out for a certain
number of components, this indicates the true number of
components. To calculate variance-like estimators, give the
degrees of freedom

dof(F) =IJK — F(I+J + K —2)

for a trilinear PARAFAC model where I, J and K are the
dimensions of the first, second and third mode, respec-
tively, and F is the number of components in the model
(Bro 1997 and references therein). Finally, comparison of
the external knowledge of the data modeled was also done
in this study; it is important to select the true number of
components (Bro 1997).

In the PARAFAC model, the number was followed
from 1 until the proper components were identified with
‘pftest’ command for the respective samples, and con-
currently, the true number of components were selected
on the basis of the residuals, the core consistency (that
must be 100%), the number of iterations (which should be
near zero) and the findings of the EEM spectra for the
respective samples as well as the various standard sub-
stances. Finally, the PARAFAC command was used on
the selected components to reach the final result, whereas
the loadings of the emission and excitation wavelengths
were often followed on the positive values as well as used
to check the variability of the selected components
(Stedmon et al. 2003). The variability explained by the
PARAFAC analysis was 84.9% for upstream, 92.7% for
downstream and 90.6% for sewerage drainage samples,
and ranged from 77.3 to 88.0% for irradiated samples,
from 88.2 to 93.8% for microbial dark incubated samples
and from 90.8 to 99.6% for the standard substances
studied.

Results

DOM and its EEM properties in combination with
PARAFAC analysis

DOC concentrations were low upstream (54-120 uM C,
sites 1-7) and higher (149-462 uM C, sites 8—16) down-
stream in Nanming River (Table 1). The rapid increase of
DOC concentration downstream is probably caused by the
input of untreated sewerage as well as the industrial
effluents in the main channel. The pH did not vary much
between upstream (7.50-7.90) and downstream (7.67-8.03)
in Nanming River (Table 1).
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Table 1 The pH and dissolved organic carbon (DOC) concentrations
in the waters of Nanming River

pH DOC (uM C)
Upstream sites
Sample 1 7.80 54
Sample 2 7.82 54
Sample 3 7.50 100
Sample 4 7.90 81
Sample 5 7.85 102
Sample 6 7.77 47
Sample 7 7.85 120
Downstream sites
Sample 8 7.67 149
Sample 9 7.96 146
Sample 10 7.79 155
Sample 11 8.02 147
Sample 12 8.03 188
Sample 13 8.01 154
Sample 14 7.90 147
Sample 15 7.81 217
Sample 16 7.90 462

The various fluorescence peaks detected in EEMs of
river and standard samples are presented in Fig. 2.
PARAFAC analysis of riverine samples demonstrated that
the upstream DOM was composed of one component
(Fig. 3a), indicating the occurrence of a fulvic acid-like
substance having two fluorophores at Ex/Em = 300-310/
423-448 nm (peak M) and 235-240/427-444 nm (peak A)
in the original EEM (Table 2). Downstream DOM was
characteristically identified with two components (Fig. 3b,
¢). One component (Fig. 3b) corresponded to the occurrence
of a protein-like or tryptophan-like substance with two fluo-
rescence peaks (peak T at Ex/Em = 275-280/337-351 nm
and peak Tyy at 225-230/340-347 nm, respectively,
Table 2). The other component (Fig. 3c) corresponded to
a fulvic acid-like substance with two fluorescence peaks
(peak M,, at EX/Em = 300-310/428-447 nm and peak A at
235-255/425-447 nm, respectively, Table 2). PARAFAC
analysis of sewerage drainage samples was typically iden-
tified with two components, suggesting the protein-like or
tryptophan-like component with two fluorescence peaks
(peak T at EX/Em = 280/339-346 nm and peak Tyy at 230/
338-351 nm, Fig. 3d) and a household detergent-like
component with two fluorescence peaks (peak W at Ex/
Em = 335-345/432-437 nm and peak A gecergent at 240-250/
425-443 nm, Fig. 3e) (Table 2). PARAFAC analysis of the
washing sample, collected after washing clothes using
commercial detergents, showed the two components, sug-
gesting the occurrence of a major detergent-like component
including peaks at Ex/Em = 345/437 nm (peak W) and
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Fig. 2 Examples of the
excitation (Ex)-emission (Em)
matrix fluorescence of water
samples collected in Nanming
River watershed and
commercial detergents.

a Upstream water (site 3),

b downstream water (site 16),
¢ sewerage drainage water
(sample 3), d washing sample

(collected after washing of
clothes using detergents) and

e commercial detergent. The
Ex/Em wavelengths of various
fluorescence peaks in the
original EEM spectra are
exemplified for depiction of
various fluorescent organic
substances in this study as well
as for standard substances
mentioned in Table 2

g 8 5 8 8

Emission wavelength (nm)

250/441 nm (peak Ageergent)> and a minor protein-like or
tryptophan-like component having peaks at Ex/Em = 280/
344 and 235/348 nm.

The fluorescence intensities in downstream DOM are
much higher than in upstream DOM (Fig. 4a). The fluo-
rescence intensity of peak Tyy was highest in the down-
stream samples studied. Two key components such as the
protein-like (peak T) and detergent-like (peak W) com-
ponents in sewerage drainage samples were detected using
PARAFAC analysis (Fig. 3), but the detergent-like com-
ponent was not found in downstream DOM. This is likely
caused by the dilution effect of sewerage effluents in the
mainstream river waters, thereby causing the detergent-
like substance to be a minor component that cannot be
identified using PARAFAC modeling in the downstream
waters of Naming River (Stedmon et al. 2003). Con-
versely, the fluorescence intensities of peak A and peak
Tyv in sewerage drainage samples were detected within
the same ranges of downstream waters (Fig. 4b). The
occurrence of protein-like (peak T) at peak T regions in
the samples of sewerage drainages is responsible for the

350
Excitation wavelength (nm)

discharge of effluents by human activities in the urban
areas.

EEM spectra of commercial detergents showed three
fluorophores such as peak Wr,,, peak W and Ageiergent
(Fig. 3e; Table 2); in terms of intensity, the orders of the
fluorescence are peak Wryy at EX/Em = 225/287-289 nm
(334 QSU) > peak W at 345/430-435 nm (157 QSU) >
peak Agetergent at 240/429-433 (45 QSU), respectively
(Fig. 2d). PARAFAC analysis of commercial detergents
demonstrated two components, indicating the occurrences
of a major component having two fluorophores of peak W
at peak C region and peak Ageiergent at peak A region
(Fig. 3h), and a minor component with a fluorophore of
peak Wyy at peak Tyy region (Fig. 3i).

Photochemical and microbial changes of riverine DOM
Photodegradation experiments on the river and household
detergent samples demonstrated that the fluorescence

intensities of various fluorophores were significantly
decreased during the irradiation period (180 min) except
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Fig. 3 Various fluorescent
components of river samples
and aqueous solutions of
standard substances identified
with the PARAFAC model. The
Ex/Em wavelength maxima of
the peaks are depicted in

Table 2 300

a upstream component

¢ downstream
component 2

450}  d drainage component 1

Peak A

€ drainage component 2

Peak A

detergent-like
detergent-like

f washing component 1

Excitation wavelength (nm)

/—\ g washing
450 .
IS A _\\\\ component 2

L_‘i detergent component 2
3
i

h detergent component 1

400/ N/ '.\\\
/ W\
ST
30| peak T\TJ Peak T
250 300 350

for the peak Wyy where an increase in fluorescence was
observed in drainage and detergent samples (Table 3). The
decrease in fluorescence of detergent components (peak W)
was much higher (34 and 88% in drainage and detergent
samples, respectively) compared to those of fulvic acid-like
components (peak M; 20 and 27% in river and drainage
samples, respectively, and peak A, 21, 18 and 70%,
respectively), tryptophan-like components (peak T, 32 and
50%, respectively, and peak Tyy, 31 and 36%, respec-
tively; Table 3). An increase in fluorescence of peak Wyy
was typically detected in drainage (4%) and detergent
samples (9%), although their quantities were low. These
results suggest that fluorophores at the shorter wavelength
were not decomposed or less susceptible to photochemical
effects than those of the longer wavelength regions. The
PARAFAC analysis on irradiated samples identified one
fluorescent component in each sample after sunlight illu-
mination, indicating the occurrence of a photo-bleached
fulvic acid-like component (Fig. 5a) in river samples,
photo-bleached protein-like or tryptophan-like components
(Fig. 5b) in sewerage drainage samples, and unidentified
photo-bleached detergent components in detergent samples
(Fig. 5¢). These results indicate that the commercial
detergents are the most susceptible to photodegradation.
From the microbial degradation of the same samples, it was
shown that the fluorescence intensity of peaks T, Tyy and
Wyv were greatly decreased, while the fluorescence of peak C
or peak W increased during the 10 consecutive days of dark
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250 300 350
Emission wavelength (nm)

300 350

incubation at room temperature (Table 3). The decrease in
fluorescence of the peaks T, Tyy and Wyy were —24, —62 and
—84% in river plus detergent samples, and —67, —76 and
—90% in sewerage drainage samples, respectively. But
the decrease in fluorescence of peak Wyy was relatively low
(=15%) in commercial detergent samples. This is likely
caused as a consequence of the relatively fewer microbial
effects on detergent samples because commercial detergents
were dissolved in MQ waters. Moreover, the fluorescence
intensities of the peaks M, W and A often increased except for
the peak A in river plus detergent samples, whereas the fluo-
rescence decreased (—3%), although its quantity was insig-
nificant (Table 3). The PARAFAC model on dark incubated
samples (after 10 days) identified one component (fulvic acid-
like) in river samples, two components (detergent-like and
protein-like or tryptophan-like) in sewerage drainage samples
and one component (detergent-like) in detergent samples.
These results imply that microbial degradation may typically
affect the fluorophores of a component that belongs to a
shorter wavelength region.

Discussion

Fluorescent DOM in Nanming River and their sources

The fluorescence peaks M and A, two major fluorophores
of fulvic acid-like component identified in the upstream
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using PARAFAC analysis (Fig. 3a), are considered to be
released from the forest ecosystem in the upstream catch-
ments. The fluorescence peaks T and Tyy for the trypto-
phan-like component are weak upstream (Fig. 2a) where
the PARAFAC model did not identify the tryptophan
component, suggesting the fewer biological sources of
organic components upstream. The tryptophan-like com-
ponents are typically produced by biological processes in
lake and ocean environments (Coble 1996; Mostofa et al.
2005b; Hudson et al. 2007). Less biological production of
tryptophan was also reported in previous studies on
upstream rivers (Mostofa et al. 2005a, 2007a).

On the other hand, downstream DOM was characteris-
tically different from upstream DOM, with both trypto-
phan-like or protein-like substances (Fig. 3b) and fulvic
acid-like substances (Fig. 3c) detected using the PARA-
FAC model. The sources of a fulvic acid-like substance
downstream were the upstream waters, generally released
from the forest ecosystem in the upstream catchment area.
The sources of tryptophan-like or protein-like substances
are typically input from the urban areas along the bank of
downstream locations. This can be judged by the detection
of the predominant presence of protein-like or tryptophan-
like substances (Fig. 3d) in the sewerage DOM. Another
component in sewerage samples was the detergent-like
substance (Fig. 3e), although it was not identified in
downstream DOM using PARAFAC analysis. The EEM
spectra showed the presence of minor fluorescence (peak
Wyv) in downstream (Fig. 2b) as well as sewerage drain-
age samples (Fig. 2c; Table 2), which was not detected
using PARAFAC analysis, but this fluorophore was con-
firmed in commercial detergent at Ex/Em = 225/287-
289 nm in this study (Fig. 3g). To authenticate whether the
peaks Wyy and W were characterized in river and sewer-
age drainage samples, the washing samples were collected
immediately after washing clothes using the same com-
mercial detergents (Fig. 2d); the results revealed that the
fluorescence intensities were greatly decreased for the
fluorophore of peaks Wyy, but unaltered for the fluoro-
phore regarding the peak W (Fig. 2d) due to washing
processes. This suggests that the washing processes may
significantly affect the chemical composition of the fluo-
rophore (peak Wyy) in commercial detergents that dem-
onstrated the fluorescence peak in shorter Ex/Em
wavelength regions. Such a change in the fluorescence of
peak Wyy might be responsible for its becoming a minor
component in downstream and sewerage samples, thereby
resulting in the invisibility of that component in PARA-
FAC analysis. Experimental results showed that the peak
Wyv was rapidly mineralized in river plus detergent
samples under dark incubation (Table 3). The Ex/Em
wavelengths of peak W identified in riverine samples
(Fig. 3e) were in agreement with the reported studies of a

@ Springer

UK river (344 + 5.8/433 4+ 2.9 nm) in which there was
water input from a tissue mill, where components of FWAs
were used during the pulp processes (Baker 2002b), and of
Japanese rivers (335-350/427-450 nm) where untreated
sewerage effluents are directly discharged into the rivers
(Mostofa et al. 2005a). The use of household detergents has
been largely examined using a chromatographic technique
in Swiss rivers and lakes (Kramer et al. 1996; Poiger et al.
1996, 1999; Stoll et al. 1998; Stoll and Giger 1998;) and
Japanese rivers and coastal waters (Takada et al. 1992;
Hayashi et al. 2002; Managaki and Takada 2005; Hayak-
awa et al. 2007; Takahashi and Kawamura 2007). There-
fore, household detergents or components of FWAs might
be important sources of fluorescent organic matter in
aquatic environments.

Peak A, a major peak of fulvic or humic acid, was
usually detected at Ex/Em = 240—270/430—462 nm in
freshwater rivers, at 230—250/410—446 nm in lakes and
at 250—260/380—480 nm in marine waters (Table 2).
But peak A regions are affected by several other organic
substances, such as household detergents (240—245/
429—433 nm) or components of FWAs-DAS1 and DSBP
(235—265/430—446 nm), and salicylic acid (235/410 nm)
(Table 2 and references therein). As PARAFAC did not
identify the minor components, the impacts of these com-
pounds on the peak A region in EEM were not revealed
using the combination of the EEM and PARAFAC
technique.

The fluorescence intensities of peak T are characteris-
tically lower compared to those of peak Tyy in downstream
waters (Fig. 4a), and both peaks are suggested to be caused
by the tryptophan-like component (3b). Standard trypto-
phan has two fluorescence peaks (T and Tyy), whereas
peak Tyy was approximately two- to three-fold higher than
peak T (Mostofa et al. 2009). Although the fluorescence
images or peaks (T and Tyy) among downstream (Fig. 3b),
sewerage drainage (Fig. 3d) and washing samples (Fig. 3g)
are similar, fluorescence intensities of peak T in sewerage
and washing samples are much higher than those of peak
Tyv- This is apparently caused by a protein-like component
(Coble 1996, 2007) that is likely released from manmade
activities into sewerage waters, particularly from urban
areas along the bank of Nanming River.

Photochemical effects on anthropogenic DOM
in riverine waters

Photodegradation results revealed that the fluorescence
regarding peak W of detergent components rapidly
decreased in drainage samples (34%) compared to peak M
(20 and 27%, respectively) and peak A (21 and 18%,
respectively) of fulvic acid-like substances (Table 3). The
fluorescence of peak T (32% in river and 50% in drainage
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samples) and peak Tyy (31 and 36%, respectively) of the
tryptophan-like component rapidly decreased compared to
household detergents or the fulvic acid-like component
(Table 3). Rapid degradation of tryptophan-like fluores-
cence in this study was inconsistent with previous studies
of tryptophan degradation in river waters (Mostofa et al.
2007b), which reported that the tryptophan-like component
(peak T) in downstream rivers was less susceptible
to photodegradation (59%) than the fulvic acid-like
component (80%) during 13 days of sunlight irradiation.
The extremely photochemical nature of tryptophan-like
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Fig. 4 Variations in the fluorescence intensities of various peaks
identified using the PARAFAC modeling on water samples collected
from upstream (n = 7) and downstream (n = 9) in Nanming River
(a) as well as sewerage drainage samples (n = 7) (b)

fluorescence (peak T and Tyy regions) in Nanming River
might suggest that fluorophores in the peaks (T and Tyy) in
the river samples are different from those in Japan’s rivers
and are more susceptible to photodegradation. This phe-
nomenon is in agreement with the observation of high
fluorescence at peak T compared to those of peak Tyy in
sewerage drainage samples. DOM components in Japanese
rivers mostly came from agricultural activities in down-
stream locations (Mostofa et al. 2005b, 2007b), which is
different from the situation for Nanming River, which is
affected by sewerage characterized by organic contami-
nants from the urban areas downstream.

Rapid mineralization of fluorescence regarding peak W
and no significant decomposition at peak Wyy in sew-
erage samples are shown by a quick decrease in fluores-
cence of household detergent samples (88% at peak W,
70% at peak A region and no decomposition at peak
Wyv) in photo experiments (Table 3). The rapid photo-
chemical changes in fluorescence of household detergents
or compositions of FWAs (peak W) are in line with
previous studies (Kramer et al. 1996; Mostofa et al.
2005a). A small increase in fluorescence at peak Wyy in
sewerage drainage (4%) and detergent samples (9%) may
be due to solar effects. From the comparison of initial and
final photo-bleached components of fulvic acid using
PARAFAC analysis, it is estimated that the decrease in
fluorescence was highest (28-30%) at longer wavelength
regions (Ex/Em = 335-350/430-450 nm) than at peak M
(17% at 310/450 nm) and peak A (20% at 250/440 nm) in
the downstream river.

This suggests that the fluorophore at the longer Ex/Em
wavelength in fulvic acid is primarily susceptible to rapid
photochemical degradation in aqueous media. Thus, pho-
todegradation would be useful in the removal of major

Table 3 Changes in the fluorescence intensities of fulvic acid-like (peaks M and A), tryptophan-like or protein-like (peaks T and Tyy) and
detergent component (peaks W and Wyy) in river, sewerage drainage and detergent samples due to photochemical and microbial degradation

Type of samples

Changes in the fluorescence intensities (%)

Peak C region

Peak A region

Peak T region Peak Tyy region

Peak M Peak W Peak A/peak Agjeiergent Peak T Peak Tyy Peak Wyy

Photochemical degradation (180 min)

River -20 np -21 —-32 =31 np

Sewerage drainage —-27 —34 —18 —50 -36 (+) 4

Commercial detergent np —88 =70 np np +9
Microbial degradation (after 10 consecutive days)

River + detergent (+) 12 (+) 21 -3 —24 —62 —84

Sewerage drainage (+) 1 (+) 8 (+) 12 —67 -76 —-90

Commercial detergent np (+) 14 0 np np —15

+ and —: an increase and a decrease in fluorescence intensities of various peaks, respectively

np means ‘no peak’ identified in the EEM of the respective sample
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Fig. 5 Photochemical effect changed the fulvic acid-like (a), protein-
like (b) and detergent-like (¢) components in irradiated river,
sewerage drainage and commercial detergent samples, respectively,

and these components were identified using PARAFAC modeling
individually in the respective samples after 3 h of sunlight irradiation

anthropogenic fluorescent organic contaminants, particu-
larly the fluorophores at the longer Ex/Em wavelengths in
rivers.

Microbial effects on removal of anthropogenic DOM
Microbial degradation of samples showed that the fluo-
rescence intensity of peak W in household detergents and

river plus detergent samples appeared as a dominant fluo-
rescence at peak C region because of microbial degradation

@ Springer

(Table 3). The fluorescence of fluorophores in the deter-
gent component (peak Agerergen) Was often increased in
incubated sewerage drainage samples (12%) due to
microbial degradation (Table 3). To clarify the microbial
degradation of household detergents, they were mixed with
unfiltered downstream waters of Nanming River to exam-
ine whether the microbes had an effect. The result showed
that the fluorophores regarding the peaks (W and A) are
microbiologically refractory or recalcitrant to microbial
degradation (Table 3). The refractory nature of fulvic and
humic acids has already been reported elsewhere (Moran
et al. 2000; Coble 2007). The refractory nature to microbial
degradation of fulvic acid, humic acid and components of
FWAs (DAS1 and DSBP) is hypothesized to be related to
the composition of their complex molecular structure
composed of a number of aromatic rings having several
functional groups in the molecular structure (Aiken et al.
1985; Malcolm 1985). Microbes are not primarily capable
of decomposing the fluorescence at the longer wavelength
regions, particularly at peak C region in humic substances
(fulvic and humic acids) or in detergent components. This
is presumably caused by the presence of specific repeating
functional groups or units in the carbon matrix in FDOM
that may be demonstrated at peak C region (Mostofa et al.,
2009).

The decrease in fluorescence of peak Wy of household
detergents was much higher in sewerage drainage samples
(—90%) and then in river plus detergent samples (—84%)
than in commercial detergent samples (—15%) where
detergents were dissolved in MQ waters (Table 3). These
results suggest that highly polluted waters may rapidly
degrade fluorescence of peak Wyy-like fluorophores at the
peak Tyy region. The fluorescence of the tryptophan-like
component (peaks T and Tyy) was greatly decreased in
river plus detergents samples (—24 and —67%, respec-
tively) and in sewerage drainage samples (—62 and —76%,
respectively) during the incubation period (Table 3).
Microbial degradation of tryptophan-like fluorophores was
also reported in previous studies (Baker and Inverarity
2004). Our observations revealed that the fluorescence of
peak Tyy decreased much more than those at peak T
region. On incubated samples, the PARAFAC model
identified only one microbiologically altered component of
detergent (peaks W and Ageiergend) in river plus detergent
samples (Fig. 6a), two components of detergent (Fig. 6b)
and protein-like substances (Fig. 6¢) in sewerage drainage
samples, and one component of detergent (peaks W and
Agetergend) 1n commercial detergent samples. However,
protein-like or tryptophan-like components (peaks T and
Tyv) and the detergent component regarding the fluoro-
phore of peak Wyy in all incubated samples were not
identified due to significant losses in their fluorescence
intensities as a result of microbial degradation (Table 3).
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This suggests that the microbial degradation has an influ-
ence on fluorophores at the shorter Ex/Em wavelengths and
is recalcitrant to fluorophores at the longer Ex/Em wave-
lengths in rivers. Finally, this study may assist in under-
standing the fluorescence studies of sewerage-impacted
organic matter pollution in rivers, which is a great concern
as it relates to consequences of anthropogenic fluorescent
organic substances in rivers.

Conclusion

This study can be summarized with the following
conclusions:

1. The difference in the DOC concentration between
upstream and downstream water may be a general
concern related to the organic matter pollution in
Nanming River. Sewage effluents from densely pop-
ulated Guiyang city along the river are a major source
of organic matter contamination in Nanming River.

2. PARAFAC analysis only identified the fulvic acid-like
component (peaks M and A) upstream, both fulvic acid-
like and protein-like or tryptophan-like components
(peaks T and Tyy) downstream, and both protein-like or
tryptophan-like and household detergent-like compo-
nents (peak W) in the sewerage drainage samples.
The predominant presence of the peaks T and W in the
sewerage drainage samples might be useful as an
indicator of anthropogenic activities in Nanming River.

3. Photochemical degradation can decompose the fluo-
rescence of fulvic acid-like (20-27% of peak M and
21-18% of peak A), protein-like or tryptophan-like
(32-50% of peak T and 31-36% of peak Tyy) and
detergent-like components (34-88% of peak W) in
rivers, sewerage drainage and household detergent
samples, indicating that the fluorophores in the
protein-like or tryptophan-like and detergent-like
components are susceptible to photochemical degra-
dation in rivers.

4. Microbial degradation can degrade the protein-like or
tryptophan-like components (24—67% of peak T and
62-76% of peak Tyy) and detergent components (84—
90% of peak Wyy) in river and sewerage drainage
samples, suggesting that the fluorophores at shorter
wavelength regions in protein-like or tryptophan-like
and detergent-like components are more sensitive to
microbial degradation in rivers.

5. Photochemical and microbial processes may decom-
pose most of the fluorophores in various fluorescent
components in riverine samples, indicating that these
two processes together can be efficiently applied for
the removal of sewerage-impacted organic contami-
nants in rivers.
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