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Abstract This study focused on the characterization of
fluorescent-dissolved organic matter and identification of spe-
cific fluorophores in textile effluents. Samples from different
textile wastewater treatment plants were characterized by
high-performance liquid chromatography and size exclusion
chromatography as well as fluorescence excitation-emission
matrix spectra. Despite the highly heterogeneous textile efflu-
ents, the fluorescent components and their physicochemical
properties were found relatively invariable, which is beneficial
for the combination of biological and physicochemical treat-
ment processes. The humic-like substance with triple-
excitation peaks (excitation (Ex) 250, 310, 365/emission
(Em) 460 nm) presented as the specific fluorescence indicator
in textile effluents. It was also the major contributor to UV
absorbance at 254 nm and resulted in the brown color of
biologically treated textile effluents. By spectral comparison,
the specific fluorophore in textile effluents could be attributed
to the intermediate structure of azo dyes 1-amino-2-naphthol,
which was transferred into the special humic-like substances
during biological treatment.
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Introduction

The textile industry consumes substantial water and generates
huge quantities of hazardous wastewater with high color and
complex chemical substances (Robinson et al. 2001; Verma
et al. 2012). Improper discharge of dye wastewater into water
bodies is aesthetically unpleasant and could destroy the aque-
ous ecosystems by light attenuation and toxic effects (Sarayu
and Sandhya 2012). Thus various methods have been devel-
oped to remove synthetic dyes from textile wastewater before
their discharge to the environment. However, biological treat-
ment is still the most attractive method, because it is eco-
friendly and cost-competitive (Saratale et al. 2011; van der
Zee and Villaverde 2005).

In the last decades, numerous studies covering biodegra-
dation or biotreatment of various dye compounds have been
performed (Saratale et al. 2011; Sarayu and Sandhya 2012).
Many of these studies were conducted with selected dyes in
lab and focused on their decoloration and detoxification.
However, in biologically treated textile effluents, soluble mi-
crobial products (SMPs) can be a predominant component of
dissolved organic matter (DOM) besides the residual dyes and
other synthetic chemicals. SMPs are defined as the pool of
organic compounds mainly including polysaccharides, pro-
teins, and humic-like substances, which are released from
substrate metabolism and biomass decay (Barker and
Stuckey 1999). It has been shown that the formation of SMPs
increased under stressful conditions, e.g., extreme temperature
change, high salinity, and presence of toxic compounds
(Aquino and Stuckey 2004; Wang and Zhang 2010). With
the tightening governmental legislation, the combination of
biological and physicochemical treatment processes seems to
be the most feasible solution (Bafana et al. 2011). Therefore,
investigation of the components and properties of DOM in
biologically treated textile effluents is quite necessary for the
development of advanced treatment processes.
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Fluorescence excitation-emission matrix (EEM) spectros-
copy has been extensively used for characterization of DOM
in natural and engineered systems (Ishii and Boyer 2012).
Due to its rapid, selective, and sensitive performance, EEM
can provide a useful tool to estimate contamination of river,
ground water, and drinking water systems (Baker 2001;
Dahm et al. 2013; Goldman et al. 2012; Hambly et al.
2010; Phong et al. 2014). In the past decades, a series of
methods have been developed for the interpretation of EEM,
such as fluorescence regional integration (Chen et al. 2003)
and parallel factor analysis (PARAFAC) (Stedmon and Bro
2008). However, most of these interpretation methods are
statistically based on the EEM data set itself, which could
not reflect the variety of fluorescent species with similar
fluorescence (Li et al. 2013, 2014). Fluorescence EEM and
liquid chromatography have also been used together for the
characterization of DOM or SMPs in biological treatment
(Filloux et al. 2012; Wang and Zhang 2010). Recently, we
demonstrated that high-performance liquid chromatography
or size-exclusion chromatography (HPLC/HPSEC) with
multiexcitation/emission scan could directly relate the phys-
icochemical properties (i.e., polarity or molecular weight) of
fluorescent DOM species to their fingerprints in EEM (Li
et al. 2013). EEM spectra of the effluent from a wastewater
treatment plant treating a mixture of dye and municipal
wastewater were previously demonstrated with the triple
excitation peaks at emission (Em) 460 nm (Li et al. 2013).
However, the reoccurring EEM spectra of humic-like sub-
stances are generally of dual-excitation peaks, referring to
the published literature (Baker 2002; Hambly et al. 2010; He
et al. 2011; Ishii and Boyer 2012; Murphy et al. 2011;
Westerhoff et al. 2001). Therefore, whether the special
humic-like substance with triple excitation peaks is prevalent
in effluents from textile industry remains very attractive to
be explored. If so, the special humic-like substance can act
as the specific indicator and then its critical fluorescent
structure should be further explored.

Because of the variety of dyestuffs depending upon the
production schedule, concentration, and composition of tex-
tile effluents vary from mill to mill. This study did not con-
sider assessing the treatability of various synthetic dyes. It
rather focused on the identification and characterization of
fluorescent DOM and specific fluorophores in the biologically
treated textile effluents. To this end, (1) effluents from differ-
ent wastewater treatment plants were characterized by
HPLC/HPSEC analysis as well as EEM spectra; (2) the fluo-
rescent humic-like substance which might act as the specific
indicator was isolated and its critical fluorescent structure was
also explored. The results may provide a novel insight on the
characteristics of fluorescent DOM in biologically treated
textile effluents, which is meaningful for the frequent moni-
toring of textile effluents and the development of advanced
treatment processes.
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Material and methods
Samples and chemicals

Rather than synthetic dye wastewater in lab, it is more
relevant to research on real-field textile effluents. Samples
of the biologically treated textile effluents were collected
from eight wastewater treatment plants (defined as the
acronym of their names) situated in four cities of China.
Sampling campaigns ranged from summer 2010 to spring
2014, from Eastern China to Central China. The detailed
information is given in Table 1. The wastewater samples
were transported back to lab in clean polyethylene bottles
and filtered through 0.45 um acetate fiber membrane. The
pretreated samples were stored at 4 °C and analyzed
within 3 days in each sampling campaign.

A series of dyestuffs and dye intermediates were used
in this study to explore the possible origin of fluorescent
structure. Such analytical reagents are as follows: Acid
Green 9 (CAS 4857-81-2), Acid Yellow 23 (CAS 1934-
21-0), Methylene Blue (CAS 61-73-4), Crystal Violet
(CAS 548-62-9), Reactive Blue 4 (CAS 13324-20-4),
CongoRed (CAS 573-58-0), Orange G (CAS 1936-15-
8), l-amino-2-naphthol-4-sulfonic acid (CAS 116-63-2),
and 8-amino-1-naphthol-3, 6-disulfonic acid monosodium
salt (CAS 5460-09-3).

EEM fluorescence scan

EEM fluorescence spectra were obtained with operation pa-
rameters as previously described (Li et al. 2013). The scan-
ning field was set at excitation from 200 to 400 nm and
emission from 280 to 550 nm with 5 and 1 nm sampling
interval on excitation (Ex) and emission (Em) modes, respec-
tively. Samples or chemical solutions were scanned with
corrected spectra and shuttle control on, and fluorescence
intensities were presented in color variations without normal-
ization, since EEM was not used for quantitative analysis in
this study.

HPLC/HPSEC-DAD-FLD analysis

HPLC equipped with Eclipse XDB-C18 column (150 x
4.6 mm, 5 um) was applied. The mobile phase was modified
as the mixture of ammonium acetate solution (10 mmol/L)
and acetonitrile at a flow rate of 1 mL/min, and the gradient
elution progress started at 10 % acetonitrile linearly to 90 %
acetonitrile in 10 min. The HPSEC (Agilent 1200 series)
application as well as molecular weight calibration was ac-
cording to our previously established methods and the mobile
phase was ammonium acetate solution (10 mmol/L) at a flow
rate of 1 mL/min (Li et al. 2013).
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Table 1 Information of the investigated textile wastewater treatment plants

Name Influent Sources Treatment Capacity Treatment Process Location
TQ Wastewater of TQ Dyeing & Weaving Co., Ltd ~4,000 m*/day Anaerobic-Aerobic-Coagulation Changzhou, China
LS Wastewater of LS Dyeing & Weaving Co., Ltd ~10,000 m*/day Anaerobic-Aerobic-Coagulation Changzhou, China
QY Mixture of industrial and municipal wastewater ~10,000 m*/day Anaerobic-Aerobic-Coagulation Changzhou, China
in the industrial park including five Dyeing &
Weaving Co., Ltd.
FZY Mainly wastewater from the industrial park ~20,000 m*/day Coagulation-Anaerobic-Aerobic- Zhengzhou, China
of dyeing and weaving Coagulation
XB Mixture of industrial and municipal wastewater ~20,000 m*/day Anaerobic-Aerobic-Coagulation Wauxi, China
in an industrial park with certain dyeing
corporations included.
JB Mixture of industrial and municipal wastewater ~100,000 m*/day Anaerobic-Aerobic-Coagulation Changzhou, China
in an industrial park with dyeing corporations
included.
LF Wastewater of dyeing & weaving Co., Ltd ~20,000 m*/day Anaerobic-Aerobic-Coagulation Nantong, China
RG Mixture of industrial and municipal wastewater ~20,000 m*/day Anaerobic-Aerobic-Coagulation Nantong, China

in a textile industry park with certain dyeing
corporations included.

Both HPLC and HPSEC systems were equipped with
diode array detector (DAD) and fluorescence detector
(FLD) in this study. DAD with multiabsorption scan was
conducted from 200 to 300 nm. In tandem with DAD, FLD
was conducted with multiexcitation scan or multiemission
scan for the same sample. According to results of EEM,
HPLC with multiexcitation scan was set up at Em=340/Ex=
220~300 nm for protein-like components and Em=460/Ex=
230~400 nm for humic-like components. Additionally, hu-
mic fractions collected from HPLC were lyophilized, re-
dissolved and then analyzed by EEM. HPLC/HPSEC
multiemission scan was set up as Ex=240/Em=
300~500 nm. Because the HPLC/HPSEC multiexcitation/
emission scan was established during the sampling cam-
paigns, only the samples on the date July 6, 2012 have been
analyzed by HPLC/HPSEC.

Results and discussion
EEM fluorescence spectra

As well known, EEM spectra of DOM are overlapped
spectra of heterogeneous species with different fluores-
cence efficiency. And the fluorescence intensity could
also be influenced by the inner-filtration effect. Therefore,
the analysis of EEM spectra in this study focused on the
qualitative analysis (i.e., peaks’ locations) rather than the
quantitative analysis (i.e., peaks’ intensities). The typical
EEM spectra are shown in Fig. 1, and EEM spectra of
other samples could be found in Supplementary Material
Fig. A.1. Generally, fluorescence peaks with Em <380 nm

represent protein-like fluorescence, and fluorescence
peaks with Em >380 nm represent humic-like fluores-
cence (Chen et al. 2003). It is highly attractive that all
the available EEM spectra exhibited five fluorescence
peaks with similar locations, in which two protein-like
peaks are roughly at Ex230/Em340 and Ex280/
Em325 nm, and the other three humic-like peaks are
roughly at Ex250/Em460, Ex310/Em460, and Ex365/
Em460 nm. The different peaks at the similar emission
wavelength have been previously verified as the results of
fluorophores’ multiexcitation (Li et al. 2013). The HPLC
Excitation-Time-Maps further verified this conclusion
(Supplementary Material Figs. A.2 and A.3). The phe-
nomena of multiexcitation peaks can be elucidated by
the fluorescence process that electrons can be excited to
different electronic and vibrational levels while emission
occurs predominantly from the lowest singlet state be-
cause of rapid relaxation (Lakowicz 20006).

It is noteworthy that the triple-excitation peaks at Em
460 nm are very special, because most of humic substances
reoccur with dual-excitation peaks at Em 400~500 nm (http://
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Fig. 1 Typical EEM spectra of effluents from textile wastewater treat-
ment plants
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www.humicsubstances.org/spectra.html). As shown in
Table 1, the investigated wastewater treatment plants were
highly diverse in treatment capacity, but the common
characteristic was that all the influents consisted of dye
wastewater from textile industry. The sampling campaigns
were conducted on a large scale of time and space. Since the
triple-excitation peaks at Em 460 nm were extensively ob-
served in textile effluents, such fluorescence fingerprint can be
proposed as a potential source-specific indicator for textile
industry. Compared with previous EEM applications (Baker
2001; Dahm et al. 2013), no further quantitative analysis is
needed because of its significant fluorescence characteristics,
but it is necessary to identify the special fluorophores in textile
effluents.

HPLC/HPSEC fingerprints
Identification of fluorescent DOM

Because of the multiexcitation phenomena of fluorophores,
the Emission-Time-Maps scanned at the fixed excitation
wavelength (Ex 240 nm) can provide abundant information
to reflect the diversity and specificity of fluorescent DOM (Li
et al. 2013). The HPLC and HPSEC Emission-Time-Maps of
TQ and QY effluents are shown in Figs. 2 and 3, in which the
Em-axis denotes the emission wavelength, the time-axis rep-
resents the elution time and fluorescence intensities are pre-
sented in color variations. Similarly, the fluorescence peaks
with higher emission wavelength (e.g., Em >380 nm) repre-
sent the humic-like substances while the fluorescence peaks
with lower emission wavelength (e.g., Em <380 nm) represent
the protein-like substances.

For humic-like substances, there were two fluorescence
components with different emission spectra. Herein, it can
be scrutinized in HPLC Emission-Time Maps (Fig. 2a, b)
together with related Excitation-Time Maps (Supplementary
Material Fig. A.3), peak A was the humic-like component
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Fig. 2 HPLC fluorescence Emission-Time-Maps at Ex 240 nm: a TQ
and b QY
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Fig. 3 HPSEC fluorescence Emission-Time-Maps at Ex 240 nm: a TQ
and b QY

with triple-excitation peaks at Em 460 nm (HS-Em460-
Ex3), while peaks B1, B2 and B3 were another humic-like
component with dual-excitation peaks at Em ~430 nm (HS-
Em430-Ex2). Inferred from the emission wavelength, peak A
and peak B in HPSEC Emission-Time Maps (Fig. 3a, b)
corresponded to humic-like components HS-Em460-Ex3
and HS-Em430-Ex2, respectively. That is to say that the
humic-like component HS-Em430-Ex2 consisted of different
species with similar molecular size but different polarity. It is
conceivable that the fluorescence of HS-Em430-Ex2 was
overwhelmed by that of HS-Em460-Ex3 in EEM spectra.
For protein-like substances, there were much more species
with varying emission wavelengths. It should be noted that the
fluorescence of proteins is mainly based on tyrosine or tryp-
tophan, whereas the critical fluorescent structure of tryptophan
is actually the aromatic amine structure (Li et al. 2013). In the
biologically treated textile effluents, aromatic amines might
exist due to the degradation of azo dyes (Saratale et al. 2011;
van der Zee and Villaverde 2005), which will exhibit similar
fluorescence spectra to that of proteins. Hereinafter, the
protein-like fluorescence might be attributed to residual aro-
matic amines as well as fluorescent proteins and peptides.

Polarity and molecular weight

With the reverse phase column, the relatively hydrophilic
components will be eluted with shorter retention time (Wu
et al. 2003). As shown in the HPLC Emission-Time-Maps
(Fig. 2a, b), the protein-like substances were separated into
two clusters according to their difference in polarity: relatively
hydrophilic with elution time from 1 to 2 min and relatively
hydrophobic with elution time from 5 to 7 min; while all the
humic substances were quickly eluted, indicating they are
relatively hydrophilic at the mobile phase condition (pH=7).
Furthermore, the HS-Em460-Ex3 component (peak A) was a
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Fig.4 HPLC DAD spectra (UV 200 to 300 nm) of effluents: a TQ and b
QY

little more hydrophilic than HS-Em430-Ex2 component
(peaks B1, B2, and B3).

With the size exclusion column, DOM species with shorter
retention times are of higher apparent molecular weight (MW)
(Wu et al. 2003). As shown in Fig. 3a, b, the apparent MW of
the HS-Em460-Ex3 component (peak A, MW approximately
between 21.3 and 12.3 kDa) was larger than that of HS-
Em430-Ex2 component (peak B, MW approximately between
12.3 and 7.8 kDa). In both HPLC and HPSEC, humic-like
substances were generally eluted with protein-like species
simultaneously. Despite the heterogeneity of their apparent
MW, the protein-like substances were generally eluted into
four major clusters. The apparent MWs of protein-like species
eluted later than 11 min were lower than 1.5 kDa, which might
be peptides, tryptophan, tyrosine, and also aromatic amines
derived from dye biodegradation.
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Knowledge of physicochemical properties of such fluores-
cent DOM in textile effluents is meaningful to understand
their behavior in advanced treatment processes, such as coag-
ulation, anion exchange, and also membrane filtration. It has
to be emphasized that although the textile effluents were
highly heterogeneous, the HPLC/HPSEC fingerprints of the
investigated TQ and QY effluents were relatively similar,
indicating the similar components and properties of fluores-
cent DOM. The other available chromatography fingerprints
of other textile effluents provided more evidences (Supple-
mentary Material Figs. A.4 and A.5).

Relationships between UV absorbance and fluorescence
spectra

The UV absorbance at 254 nm (UV,s4) is a widely used proxy
to reflect the aromaticity of DOM (Dilling and Kaiser 2002),
and the liquid chromatography UV absorbance spectra have
also been applied to display the variation of DOM composi-
tion (Liu et al. 2010). To explore the inherent relationships
between UV absorbance species and fluorescent species, the
HPLC UV absorbance spectra (200~300 nm) were obtained in
tandem with fluorescence scan for TQ and QY samples,
shown in Fig. 4. Compared with related HPLC multiemission
fluorescence spectra (Fig. 2a vs 4a; Fig. 2b vs 4b), the major
contributors for UV,s4 absorbance were recognized as HS-
Em460-Ex3>HS-Em430-Ex2>protein-like components. No-
tice that the investigated textile effluents were generally in
yellowish-brown color, which should be concerned during the
advanced treatment process (Supplementary Material
Fig. A.6). Verified by the HPLC fractions, the specific HS-
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Fig. 5 EEM spectra of aminonaphthol moieties and humic substances collected from HPLC: a 1-amino-2-naphthol-4-sulfonic acid, b peak A from TQ
effluent, ¢ peak A from QY effluents, d 8-amino-1-naphthol-3,6-disulfonic acid, e peak B2 from TQ effluent, and f peak B2 from QY effluents
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Em460-Ex3 component also mainly contributed to the brown
color (Supplementary Material Fig. A.6).

Identification of critical fluorescence structure

Identification of the critical fluorescent structure is mean-
ingful for frequent monitoring of textile effluents with
EEM. Based on the similarities of excitation/emission
properties, quinone-like moieties were proposed as the
possible fluorescent structure of natural humic substances
(Cory and McKnight 2005). In this study, it is also feasi-
ble to explore the critical structure by spectral comparison
with possible dyestuffs.

After a series of fluorescence tests (Supplementary
Material Fig. A.7), only Orange-G was found with similar
EEM spectra to that of HS-Em460-Ex3. However, it can-
not well elucidate the prevalence of HS-Em460-Ex3 when
there was actually little Orange-G in influent according to
the production schedule of TQ plant. Notice that Orange-
G is a kind of azo dyes, and azo dyes are the most widely
used dyestuffs, making them the most common synthetic
dyes released into the wastewater (Saratale et al. 2011).
Removal of azo dyes is based on anaerobic treatment for
the reductive cleavage of the azo linkages in combination
with aerobic treatment for further degradation of the prod-
ucts from azo dye cleavage, which are aromatic amines
(Bafana et al. 2011; Sarayu and Sandhya 2012). Inferred
from the possible bond cleavage and fluorescence princi-
ple, the chemical compound 1-amino-2-naphthol-4-sulfon-
ic acid, a common intermediate for synthesis of Orange-G
and other azo dyes, was selected for fluorescence deter-
mination. As shown in Fig. 5a, its EEM spectra exhibited
triple-excitation peaks Ex240/Em460, Ex310/Em460, and
Ex355/Em460, coinciding well with the HS-Em460-Ex3
fractions from textile effluents (Fig. 5b, c). Both hydroxyl
and amino-group are electron-donating groups, and the
arrangement of such groups on the aromatic naphthalene
ring might affect the fluorescence spectra. Herein, another
intermediate H acid (8-amino-1-naphthol-3, 6-disulfonic
acid monosodium salt) was also conducted with fluores-
cence determination. However, dual peaks occurred at Ex
240, 350/Em430 (Fig. 5d), which are similar to those of
the HS-Em430-Ex2 fractions (Fig. 5e, f) and other humic
substances in literature (Westerhoff et al. 2001). There-
fore, the fluorescent structure of the specific indicator in
textile effluents can be conservatively attributed to 1-
amino-2-naphthol structure.

The results further indicate that a large amount of 1-amino-
2-naphthol moieties could not be well biodegraded and would
be transferred into the humic-like substances. In terms of the
brown color and potential toxic effect, removal of the fluores-
cent DOM from textile effluents, especially the humic-like
substances containing 1-amino-2-naphthol moieties, should

@ Springer

be concerned in the development of advanced treatment
process.

Conclusions

The HPLC and HPSEC fingerprints showed that the fluores-
cent DOM species and their physiochemical properties were
relatively invariable across the investigated textile effluents,
which is favorable for the combination of biological and
physiochemical techniques. The humic-like fraction HS-
Em460-Ex3 with triple-excitation peaks at (Ex 250, 310,
365/Em 460 nm) was proposed as the specific fluorescence
indicator for textile effluents. By spectral comparison, its
critical fluorescence structure was found to be the 1-amino-
2-naphthol. The HS-Em460-Ex3 fraction also contributed to
the major UV,s, absorbance and resulted in the yellowish-
brown color in biologically treated textile effluents. Thus the
component HS-Em460-Ex3 should be of great concern in
advanced treatment process.
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