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Abstract
Colored dissolved organic matter (DOM) is a significant indicator of refractory DOM in wastewaters, and fluorescent DOM is an
essential part indicating colorants. However, little is known about the composition and contribution of colored DOM to waste-
water. This study provided some insights on the persistent yellowish color in biological effluent through use of a multi-
characterization approach, and evaluated the effect of two advanced treatments (O3 and granular active carbon (GAC)) in a
full-scale wastewater treatment plant. The multi-characterization technique incorporated resin fractionation, excitation-emission
matrix spectroscopy (EEM) combined with fluorescence regional integration (FRI), size-exclusion chromatography (SEC), and
X-ray photoelectron spectroscopy (XPS) analysis. The fractionation results showed that hydrophobic acid (HPOA) and hydro-
philic (HPI) substances are abundant in colorants, and HPI-type colorants are comparatively resistant or unable to be removed
through GAC and O3 individually. FRI-based EEMs showed that F3 (fulvic acid–like organics) and F5 (humic acid–like
organics) mainly account for the yellowish color, and their combined fractions of total colorants are 50%, 31%, and 48% in
biological, biological + O3, and biological + GAC effluents, respectively. SEC for measurement of the apparent molecular weight
revealed that these colorants may have molecular weights in the range 2–5 kDa. The XPS analysis indicated that these colorants
possess ether or hydroxyl and nitro (C-O/C-N) chromophoric groups with conjugated aromatic structures. For C-O/C-N, O3

showed good removal efficiency overall. GAC showed exceptionally high efficiency for HPOA but very low efficacy toward
HPI-type colorants in terms of C-O/C-N chromophoric functional group removal.
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Highlights
•A multiple characterization approach to get insights on colored DOM/
fluorescence DOM (yellowish color).
•HPOA and HPI contain the major part of colorants, and HPI-type color-
ants are more persistent in removing.
•C-N/C-O (ether/phenol/nitro group) are the chromophores attached to a
long aliphatic-aromatic conjugated system with possible MW 2–5 kDa.
•GAC showed selective removal of C-N/C-O (ether/phenol/nitro group)
chromophores from HPOA but poor efficiency in HPI type.
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Introduction

Industrial parks are becoming of increasing importance for
industrial development (Peddle 1993; Ghasemian et al.
2012) in both the developed (Fujita and Thisse 1996) and
emerging countries (Fan and Scott 2009). The impacts of
industrial park wastewater treatment plant (IPWWTP) efflu-
ents to river ecosystems and possible reclamation for miscel-
laneous water supply have attracted wide attentions.
IPWWTPs accepting wastewater from the textile, paper mill,
and tannery industries are known to suffer from color prob-
lems (Islam and Guha 2013; Jin et al. 2013; Dey and Islam
2015), which persists even after biological treatment (Shi
et al. 2010; Lyu et al. 2020). Color in treated wastewater
impairs the esthetic properties of water and acts as a signif-
icant indicator raising concerns over water reuse safety.
Thus, color is one of the most vital water quality parameters
affecting urban miscellaneous water reuse or discharge of
treated wastewater (Jin et al. 2013; Wang et al. 2017;
Komatsu et al. 2020).

Colored dissolved organic matter (DOM) is the colored
and optically measurable component of dissolved organic
matter in water that absorbs light between 280 and 700 nm
(Hoge et al. 1995), which represents a significant portion of
total DOM. The term “colored” refers to optical properties
showing a yellowish color (absorption of blue light) and blue
fluorescence (Coble 2007). In colored DOM, components
with fluorescence properties are termed fluorescent DOM
(Coble 1996, 2007; Zhang et al. 2010), of which those hav-
ing longer wavelength fluorescence or blue fluorescence (>
350 nm) correspond to the yellowish color (Gonçalves-
Araujo et al. 2016; Marshall and Johnsen 2017; Carstea
et al. 2020). Colored wastewater can have negative environ-
mental impacts if discharged into surface water. It might
reduce solar energy penetration into shallow waters, cause
death and decay of aquatic plants, and contribute to eutro-
phication (Shan et al. 2016). The colored compounds in dis-
solved organic matter may be a heterogeneous mixture of
aromatic and aliphatic organic compounds containing differ-
ent chromophoric groups (Wilkie et al. 2000; Chen et al.
2003). Moreover, conventional treatments have difficulty
degrading these compounds, and the color can even be in-
tensified during anaerobic treatments due to the re-
polymerization of colored organic compounds (Pant and
Adholeya 2007). Besides, the remaining yellowish color in
IPWWTP effluents is an indicator of complex aromatic com-
pounds and is problematic for water reuse. However, the
characteristics of the color-causing compounds are still not
fully clear. So, the ability to quantify and differentiate

sources of colored DOM in aquatic environments is vital
for understanding ecosystem integrity and water quality
management.

Most of the studies on colored DOM are conducted with
river and ocean water. Still, a large portion of the colored
DOM goes into the aquatic surface system from wastewater.
The composition and dynamics of refractory colored DOM in
natural waters have been the subject of study for decades
(Wen et al. 2018; Griffin et al. 2018; Song et al. 2019).
However, renewed interest in colored DOM properties in the
effluent of IPWWTPs has been sparked by an increased need
to understand its distribution and technological developments
resulting in improvedmeasurements (Yang et al. 2017; Ji et al.
2019). So, it is equally important to be aware of the quality of
discharged water in terms of colored DOM.

The conventional optical identification techniques (i.e.,
spectral coefficient and slope “S”) can provide measures
for comparative analysis, but have difficulty obtaining the
in-depth analytical properties of colored DOM in wastewater
(Coble 2007; Song et al. 2019). However, for reuse purposes
or discharge to the water environment, it is crucial to conduct
in-depth physicochemical analysis of colored DOM and
monitor these substances. Resin fractionation is a practical
approach to isolate multiple colorants into different groups
including hydrophobic acid (HPOA), hydrophobic base
(HPOB), and hydrophilic (HPI) substances (Jin et al.
2016). Instrumentation and methodologies for assessing
both the concentration and chemical properties of colored
DOM have advanced rapidly (Coble 2007; Yang et al.
2017; Song et al. 2019). Spectrophotometric (absorption co-
efficient and spectral slope) analysis provides useful infor-
mation comparing colored DOM compositions, sources, and
molecular sizes from different sources (Liu et al. 2007; Wen
et al. 2018), but due to its comparatively low sensitivity, it is
not as beneficial as the excitation-emission matrix (EEM)
technique. EEM, coupled with fluorescence regional integra-
tion (FRI), is a useful quantitative approach to analyze the
total wavelength-independent fluorescence intensity data
based on EEM spectra (Chen et al. 2003; Shan et al. 2016).
Size-exclusion chromatography to determine apparent mo-
lecular weight (AMW) and X-ray photoelectron spectrosco-
py (XPS) for functional group analysis have been used to
characterize organics from different biological effluents
(Jin et al. 2016). Their proper interpretation and correlation
with spectral analysis could lead us to valuable chemical
structural information on colorants.

This manuscript introduces a multi-characterization tech-
nique to review the insights on colored refractory DOM in
IPWWTP. We incorporated resin fractionation of biological-,
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O3-, and GAC-treated effluents to characterize the isolated
(i.e., HPOA, HPI, and HPOB) colorants through multiple
characterization techniques. This provides a path for evaluat-
ing physicochemical properties, removal efficiency, and spe-
cific chemical changes (i.e., transformation or removal) of
colorants in total and isolated fractions. FRI-based EEMs,
HPLC-SEC systems assisted with Gaussian nonlinear multi-
ple peak fitting, and XPS analysis of different functional
groups provided significant insights on colorants. Besides,
determination of the treatment effect/efficiency of O3 and
GAC on colorants in a full-scale IPWWTP can provide an
assessment of these advanced treatments’ suitability.

Materials and methods

Wastewater sampling and primary water quality
characterization

The wastewater samples were collected from an IPWWTP
through parallel sampling (morning, noon, and evening) at
Yixing, China. The influent of this industrial park wastewater
treatment plant is composed of 40% industrial wastewater and
60% municipal wastewater. The plant has a biological treat-
ment system with a sequence of pre-hypoxia, anaerobic, an-
oxic, aerobic post-hypoxia, and post-aerobic treatment. The
advanced treatment for biological effluent (Bio-Eff.) includes
ozone (O3, ozone dose and gas flow: 40 mg/L and 160 L/h)
and granular activated carbon (GAC), with the conditions
shown in Table S1. Effluents from the three sampling points
(Fig. S1) were biological, biological + O3, and biological +
GAC.

No rain event took place in the week previous to the cam-
paign or during sampling days. Flow-proportional (24 h) com-
posite samples were collected using automatic samplers
(SD900, HACH, Loveland, CO, USA). The collected samples
were stored in 1-L polypropylene containers with narrow
mouths and screw tops that had been successively washed
with ACN and ultrapure Milli-Q water and then samples from
the sampling points. The samples were kept in containers with
dry ice and in the dark during transport from the sampling sites
to the laboratory. Collected samples were carried to the labo-
ratory and filtered with 0.45-μm filter paper (GN-6 Metricel
membrane, Pall Corporation), and stored at 4 °C. Filtration of
wastewater samples through a 0.45-μm membrane does not
affect much the colored DOM (Cohen et al. 2014). Before
examining the refractory colored DOM, samples were kept
at room temperature (22 ± 1 °C) for a certain period of time
to adjust to room temperature. The primary water quality as-
sessment data are given in Table S2. Here, the differences in
color intensity between in situ and true color might possibly
be due to the use of different wavelengths to measure the color
intensity.

Fractionation of wastewater

Wastewater sample preparation

Wastewater samples with DOC less than 5 mg/L have been
found to cause significant mass-balance errors in DOC frac-
tionation (Marhaba et al. 2003). In this study, the DOC level
became lower than 5 mg/L (e.g., GAC-treated effluent DOC −
1.88 mg/L). So, in order to avoid mass-balance errors in the
resin (XAD-8) fractionation process, the samples were con-
centrated 20-fold (namely each 1-L water sample was concen-
trated to 50 mL). Concentration was done with a portable
reverse osmosis (RO) membrane system (Jin et al. 2016).
The DOC and color measures after concentration are given
in Table 1.

Resin preparation or activation

Comme r c i a l l y p u r c h a s e d S u p e l i t e™ DAX - 8
(polymethylmethacrylate resin) resin was cleaned by soaking
in NaOH (0.1 N) for 24 h. During soaking, the floating resin
beads (defective) were poured out from the slurry. To remove
any organic contaminants, the resin was placed in a Soxhlet
extractor and sequentially extracted for 24 h with methanol,
followed by storing in methanol (37% Con.) until use.

Fractionation

In the column preparation, the glass columns were packed
with H2O-resin slurry and rinsed with Milli-Q water to re-
move residual methanol. To activate the column-packed resin,
three continuous circulations were performed with 0.1 M
NaOH (80 mL)-H2O (80 mL)-0.1 M HCl (80 mL) for a
10-mL column bed volume with the flow rate of 180 mL/h.
Before starting the isolation process, the prepared columns
were rinsed with Milli-Q water until the DOC level of the
circulated Milli-Q water reached 0.4 mg/L or less (Leenheer
1981; Aiken et al. 1992; Gong et al. 2008).

As illustrated in Fig. 1, the concentrated samples were iso-
lated into three different parts consisting of hydrophobic acid
(HPOA), hydrophobic basic (HPOB), and hydrophilic (HPI)
substances with different physicochemical properties. The im-
plemented fractionation process was modified from those in
previous studies (Aiken et al. 1992; Yang et al. 2013; Jin et al.
2016). A 150 mL aliquot (pH ~ 7.6) of the concentrated sam-
ples (biological, O3, and GAC) was passed through the pre-
prepared column with a flow rate of 150 mL/h, followed by
passing 25 mL of Milli-Q water to collect the residual sub-
stances in the column. On the first cycle, HPOB substances
were adsorbed by XAD-8, and the effluent was collected.
Adsorbed HPOB was eluted by a sequential flow of 10 mL
HCl (0.1 M), followed by 15 mL HCl (0.01 M) with a 90-mL/
h flow rate. The effluent collected in the first cycle was
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acidified to pH 2 and passed through the XAD-8 column at
150 mL/h, followed by passing 10 mL of 0.01M HCl to elute
the remaining nonadsorbed portion of the sample. On the sec-
ond circulation, the adsorbed part is HPOA, and the effluent is
HPI. HPOA was eluted by passing 10 mL of 0.1M NaOH,
followed by passing 15 mL of Milli-Q water with a flow rate
of 90 mL/h. All elutions were performed by the gravity flow
method. To regain the original volume (150 mL), the required
amount of Milli-Q water added to the eluted samples (i.e.,
HPOB, HPOA). Finally, the pH was adjusted to ~ 7.6, and
analytical tests were performed on the isolated substances.

A multi-characterization technique for refractory col-
ored dissolved organic matter

Primary water quality parameters

COD was measured with a spectrophotometer (Merck,
Germany) following digestion and DOC measurement with
a TOC analyzer (TOC-VCPH, Shimadzu, Japan). The DOC
analyzer was calibrated with potassium hydrogen phthalate
standard solutions before each run. The pH was determined
using a pH meter (pH-3C, Leici, China). Other primary water
quality parameters (Table S2), including total nitrogen, in situ
COD, and color, were provided by the IPWWTP and

determined according to the National Standard Methods in
China (2002).

Spectrophotometric analysis

UV absorbance was recorded on a UV-Vis spectrophotometer
(UV-6100, MAPADA, China) using 1-cm path length quartz
cells.

The actual color intensity was measured with a standard
method of NCASI (National Council for Air and Stream
Improvement), color method 71.01 (PCU455nm), also known
as the platinum-cobalt standard method (Pt-Co method) (EPA
1974; Method 1996; NCASI West Coast Regional Center
Organic Analytical Program 1999). In this study, a direct color
intensity (PCU455) was used by following the Pt-Co standard
(EPA 1974; Bennett and Drikas 1993; Method 1996; NCASI
West Coast Regional Center Organic Analytical Program
1999; Ibn Abdul Hamid et al. 2019) because this standard is
specifically designed to measure the yellowish color of
wastewater.

Excitation-emission matrix and fluorescence regional
integration technique

Fluorescence spectrophotometry (F7000, Hitachi, Japan) with
a 150-W xenon lamp was employed for excitation-emission

Table 1 Original and concentrated (pre-treatment for resin fractionation) wastewater quality

Particulates Effluent of secondary sedimentation tank
(biological treatment)

Effluent of ozone (O3) treatment Effluent of granular activated carbon
(GAC) treatment

DOC (mg/L) (± SD) PCU455nm DOC (mg/L) (± SD) PCU455nm DOC (mg/L) (± SD) PCU455nm

Without concentration 9.32 (± 0.13) 60.18 6.97 (± 0.89) 6.48 1.88 (± 0.02) 6.48

20 times concentrated 45.8 (± 0.87) 314.36 35.17 (± 0.10) 42.28 10.67 (± 0.16) 31.54

Fig. 1 Resin fractionation
procedure
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matrix (EEM) measurement via a 1-cm quartz cell with four
optical windows. A 3D scan was selected as the operating
model. The slit widths for excitation (Ex) and emission (Em)
were 5 nm, with a scanning speed of 12,000 nm/min. The Ex
wavelength was recorded from 200 to 400 nm, and the Em
wavelength was recorded from 220 to 550 nm. The analyses
were performed at ambient temperature (20 ± 2 °C). All sam-
ples were diluted (50 times). To remove Raman scattering,
ultrapure water was used for background calibration. Here,
EEMs of Milli-Q water (ultrapure water) was obtained before
each measurement to eliminate the Raman scatter peaks. To
minimize the inner filter effect (IFE) on the fluorescence mea-
sured, the samples were diluted, when necessary, with ultra-
pure water to guarantee that the absorbance of each water
sample would not exceed 0.05 at 254 nm (Liu et al. 2019).
The salt concentrations brought by pH adjustment were too
low to cause the fluorescence quenching effect (Xiaoli et al.
2012; Singh et al. 2020). Furthermore, a similar resin fraction-
ation method combined with EEM studies also had been con-
ducted in previous studies (Zhang et al. 2009; Jin et al. 2016).
Here, we have chosen FRI as a sophisticated tool to analyze
colored DOM, due to the limitation of the sampling size. It
was found that monitoring raw fluorescence at a small number
of appropriate wavelengths could capture the same essential
information as the PARAFAC analysis would do (Murphy
et al. 2011). Of course, we will perform the PARAFAC anal-
ysis in our future studies. In order to calculate the FRI, the
EEM maps were divided into five regions (Table 2).

The integral volume (Fi) can be expressed in Eq. (1).

F i ¼ ∑Ex∑Em I λExλEmð Þ ΔλEx ΔλEm ð1Þ
where I (λExλEm) is the fluorescence intensity at each
excitation-emission wavelength pair. ΔλEx is the internal ex-
citation wavelength (taken as 5 nm), andΔλEm is the internal
emission wavelength (taken as 5 nm). The sum of the fluores-
cence intensities of FRI-divided fluorescent DOM compo-
nents was presented by FT (unit: nm). The percent fluores-
cence response in a specific region (Pi = 1, 2, 3, 4, 5) was
calculated through Eq. (2).

Pi ¼ F i=FT � 100% ð2Þ

Size-exclusion chromatography for apparent molecular
weight analysis

The molecular weight (MW) was monitored using high-
performance liquid size-exclusion chromatography (HPL-
SEC). A high-performance liquid chromatography system
(Breeze 1525, Waters, USA) equipped with a UV detector
(254 nm) and a Shodex KW 802.5 gel chromatography col-
umn was used for organic separation. The mobile phase was
5mMphosphate, with a pH of 7.0 ± 0.2. Samples with 200μL
volume were injected with a 20-min run time at a flow rate of
0.8 mL/min. Polystyrene sulfonate standards (Sigma-Aldrich,
USA) of MWs 1.8–32 kDa and an acetone standard (58 Da)
were used for apparent molecular weight (AMW) calibration
(Wang et al. 2010; Makehelwala et al. 2019). The MW frac-
tion distributions of total organics or DOC analyzed ranged
between 100 and 5 kDa. In this range, the raw MW data was
analyzed with nonlinear curve fitting calculations to identify
overlapped peaks using Origin 9.5 (Makehelwala et al. 2019).

XPS analysis for functional group analysis

XPS was used to determine the different types of carbon (C1s)
in each resin fraction. The liquid fractions were freeze-dried
for 72 h to obtain dried powders and stored in a desiccator
until used for XPS analyses. The XPS analyses were per-
formed with an X-ray photoelectron spectrometer (K-Alpha,
Thermo Fisher Scientific, UK), with an Al Ka X-ray source
for measurements. Each analysis commenced with a survey
scan in the binding energy range from 100 to 1000 eV. A
high-energy resolution scan was applied with a step size of
0.05 eV. All binding energies were referenced to the C 1s peak
at 284.6 eV, and the full width half maximum value (FWHM)
was 1.5 eV (Hueso et al., 2007). The functional groups were
identified through Gaussian fitting using XPS peak software
and the fitted peak binding energies of aromatic C-C/C-H,
aliphatic C-C/C-H, keto/carbonyl C=O, carboxylic -COO−,
and phenolic/alcohol/ether/nitro groups C-O/C-N were 284.5
± 0.2, 285.4 ± 0.2, 287.7 ± 0.2, 289.3 ± 0.2, and 286.1 ± 0.1
eV, respectively (Monteil-Rivera et al. 2000; Lin et al. 2014).

Statistical analysis

All experiments and analytical tests were carried out in tripli-
cate, and the results are presented as in mean ± standard error.
One-way analysis of variance (ANOVA)was conducted using
OriginPro 9.5 to verify the significance of differences between
experimental groups, and the significance standard was p <
0.05. Principal component analysis (PCA) was carried out
using MATLAB_R2018a and RStudio software.

Table 2 The excitation and emission wavelength ranges of the five
integrated regions identified by fluorescence regional integration (FRI)

FRI region Excitation (nm) Emission (nm) Description and sources

F1 200–250 250–330 Tyrosine-like protein

F2 200–250 330–350 Tryptophan-like protein

F3 200–250 350–500 Fulvic acid–like

F4 250–280 250–380 Microbial-like

F5 280–400 380–500 Humic-like

Note: Five regions identified by FRI method according to Chen et al.
(2003) and Song et al. (2019)
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Results and discussion

Determination of color intensity through UV-Vis
spectra and Pt-Co method

To determine and evaluate the yellowish color (Fig. 2a) of
wastewater, UV-Vis absorption spectroscopy and the
Environmental Protection Agency (EPA) method for color
measurement were applied (Fig. 2b). The UV-Vis spectra
showed very low absorption intensity in the visible spectrum,
with minimal absorption taking place in the violet region.
According to the color wheel (Fig. S2), if the absorption oc-
curs in the violet or blue region, the water color will be the
complementary yellow color. For precise comparison among
different wastewater color intensities, the Pt-Co method is
much more accurate and can differentiate more easily among
samples. As illustrated in Fig. 2b, the color intensities for
biological + O3 and biological + GAC are not easily distin-
guishable through UV-Vis spectra, but a significant difference
(biological > biological + O3 > biological + GAC) was mea-
sured through the Pt-Co method (Fig. 2c).

Comparison in the distribution of DOC and colorants

The distribution of different fractions and the mass balance in
terms of DOC are illustrated in Fig. 3a. The loss in terms of
missing DOC is minimal (5–16%); hence, it is acceptable.
Though ozonation exhibited similar efficiency in color remov-
al with GAC, its performance in DOC removal was much
lower. HPOA, HPOB, and HPI make up 33% 4%, and 47%

of DOC in biological effluent, respectively (Fig. S3a). HPOA
and HPI were abundant fractions and showed similarities to
those in a previous study on a municipal wastewater treatment
plants (Jin et al. 2016). For biological + O3 effluent (Fig. S3b),
HPOA, HPOB, and HPI were 20%, 5%, and 62%, and 21%,
7%, and 66% for biological + GAC effluent (Fig. S3c). HPOA
and HPI were abundant in both treated effluents, but HPI
carried a large portion of organics (HPI > HPOA). The hydro-
phobic organic base (HPOB) fraction in our study (around 4%
of the DOC in biological effluent) was comparable with other
studies onmunicipal wastewater (around 9%) (Jin et al. 2016).

The distribution of colorants in terms of their color inten-
sity (PCU455) is illustrated in Fig. 3b. HPOA, HPOB, and
HPI, containing colorants representing 25%, 2%, and 20%,
respectively, were found in the biological effluent (Fig.
S3d). HPOA and HPI were abundant in colorants. HPOA
exhibited higher color intensity per DOC (4.44/mgDOC) than
that of HPI (2.44/mg DOC). For biological + O3 effluents,
HPOA, HPOB, and HPI represented 18%, 9%, and 46%
(Fig. S3e) and 18%, 15%, and 46% (Fig. S3f) in biological
+ GAC–treated effluent, respectively. In both advanced-
treatment effluents, HPI showed higher color intensity than
HPOA, implying that colored refractory DOM present in
HPI are resistive to decomposition by O3 and GAC treat-
ments, under the conditions used in the present study.

The loss in terms of missing DOC is minimal (5–16%) in
our study and can be attributed to the presence of other types
of organics (i.e., hydrophobic neutral (HPON), transphilic
neutral (TPIN)). Most likely, the loss of DOC was caused by
the irreversible bindings of organics with resin (Świetlik et al.

Fig. 2 aConcentrated wastewater
samples, b UV-Vis scanning
map, and c color intensity in
PCU455nm

42392 Environ Sci Pollut Res (2021) 28:42387–42400



2004). Ozonation leads to oxidative cleavage of large mole-
cules and increases polar and acidic functional groups (Chiang
et al. 2009), which interprets the increasing hydrophilic (HPI)
fractions during ozonation. Through ozonation, the hydropho-
bic fractions, especially the hydrophobic acid (HPOA) and
HPON ones, were found to undergo a process of transforma-
tion process into HPI, of which the HPOA fraction was firstly
transformed into HPON, and then, the majority of the HPON
one was further converted to HPI (Molnar et al. 2013). So, the
14% loss or mass-balance difference might have been partly
attributed to the HPON fraction. For the biological + GAC
effluent, this transformation did not occur, which might partly
explain the lower DOC loss (5%). On the other hand, the HPI
fraction is not easily ozonated, and the hydrophobic activated
carbon has the tendency to adsorb the hydrophobic fractions
more efficiently (Amy et al. 1992). That is why the HPI col-
orants were comparatively resistant to be removed through
GAC and O3 treatments individually.

Identification, characterization, and change in
chemical properties of persistent colorants during
different treatments using EEM

In the identification of the responsible fluorescent DOM of
colorants (Coble 2007; Gonçalves-Araujo et al. 2016;
Marshall and Johnsen 2017; Ghigo et al. 2020), three main
EEM peaks are identified (Fig. 4 and Table 3) as peak A
(microbial-like) at Ex (254–283)/Em (309–338), peak B
(tryptophan-like protein) at Ex (224–244)/Em (333–338),
and peak C (fulvic acid–like) at Ex (249–259)/Em (412–
456). The EEMs exhibited peak maxima around 325–350
nm, which was a little different from that obtained by
Bodhipaksha et al. (2015), but was quite similar with those
of some other studies on WWTP effluent DOM (Jin et al.
2016; Yang et al. 2017). Among these, fluorescent DOM peak
C is more likely to produce the yellow color, as its emission
wavelength ranges from 412 to 456 nm (blue fluorescence) by
definition (Coble 1996).

In biological effluent, peak C appeared in the HPOA and
HPI fractions. Besides, peak c in the higher emission range
Ex (249–259)/Em (412–456) (peak c) (fulvic acid–like),
which is more likely to produce the yellow color, was also
observed in a previous study (Coble 1996). Comparing bio-
logical + GAC– and biological + O3–treated effluents, peak
C was only present in GAC-treated effluents, implying that
O3 treatment was particularly efficient at removing peak C-
fulvic acid–like substances. Thus, colorants, particularly
those at higher fluorescence wavelengths (peak C), are more
easily degraded by O3 as compared to GAC adsorption.
Besides being effective in terms of peak C, O3 effluent
showed a higher PCU455 (Fig. 3b) value, which indicates that
peak C fluorescent compounds are not the only ones that
cause the yellow color.

Furthermore, under the conditions used in the present
study, O3 showed lower DOC removal efficiency than GAC
(especially regarding HPI) but was almost equal in terms of
colorant removal (previous section). GAC has a high removal
efficiency in removing the hydrophobic fractions and a little
lower efficiency in removing the HPI one (Amy et al. 1992;
Jamil et al. 2019). This implies that O3 is particularly efficient
at destroying the fluorescent or highly conjugated aromatic
structures in colored refractory DOM through oxidation.
However, since all the samples were diluted fifty times before
EEMmeasurements and all results are illustrated on a normal-
ized scale, it is possible that the contour plot of EEM only
represents the fluorescent DOM with dominant fluorescent
intensity.

Incorporation of FRI to characterize the colorants
in comparison among bio-treated and advanced-treated (O3

and GAC) effluents

Comparing the total fluorescence intensities (FT) (Fig. S4)
of the O3 and GAC effluents, the fluorescent (FT,
representing total fluorescent DOM) contribution order is
GAC > O3, but for color intensity (PCU455), the contribu-
tion order is the opposite, O3 > GAC (Fig. 3b). This is

Fig. 3 Distribution of a organics
and b color in different fractions
of biological-, biological + O3–,
and biological + GAC–treated
effluents
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because not all fluorescent components are colorants, just
the part usually having longer wavelength (> 350 nm)
fluorescence.

To find the specific fluorescent compounds that cause
color and their contribution to total fluorescent DOM, linear
correlations between FRI-based EEMs (F1, F2, F3, F4, and
F5, Fig. S5) and PCU455 were evaluated. F3 (peak c, fulvic
acid–like) and F5 (humic-like) were highly correlated
(Table S3) as well as having longer wavelength fluorescence
(> 350 nm), which makes them responsible for the visible

color present in IPWWTP effluent. Despite having the low
emission range of 330–350 nm (Table 2), F2 (tryptophan-
like proteins) showed significant correlation with color in-
tensity. So, F2 may also make a contribution to this yellow
color. Besides, principal component analysis (PCA) (Fig. S6
and Table S4) of individual fluorescent intensities provided a
similar explanation.

As a result, in total biological effluent, the cumulative con-
tribution (Fig. 5) of refractory fluorescent DOM causing color
is 50% (P3 = 26% and P5 = 24%), and the remaining 50% is

Table 3 The identified fluorescent compunds and fluorescent intensities (Fmax) of persistent colorant and non-colorant compounds and threir changes
through different treatments (biological, O3, and GAC)

Different treatment Fractions Different peaks

Peak a Peak b Peak c

Exmax (nm) Emmax (nm) Fmax (cps) Exmax (nm) Emmax (nm) Fmax (cps) Exmax (nm) Emmax (nm) Fmax (cps)

Bio-Eff. Total 283 323 9334 244 338 9963 259 456 2679

HPOA 283 323 2626 229 333 2503 254 447 626

HPOB 254 309 801 224 333 1502 - - -

HPI 283 323 8193 234 333 4446 249 412 915

Bio-Eff. + O3 Total 278 323 792 229 338 1307 - - -

HPOA 248 309 941 229 338 1677 - - -

HPOB 254 309 797 224 333 1570 - - -

HPI 254 309 936 229 338 1754 - - -

Bio-Eff. + GAC Total 283 338 302 229 338 1119 259 456 265

HPOA 254 309 1006 224 333 1515 - - -

HPOB 254 309 811 224 338 2018 - - -

HPI 254 309 782 224 333 1779 - - -

Fig. 4 Changes in EEM intensity in totals and different fractions of biological-, biological + O–3, and biological + GAC–treated effluents
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made up of non-visible refractory fluorescent DOM. The color
contribution rate of HPOA (47%) is higher than that of HPI
(35%) (Fig. 5b–d). In O3 effluent, its contribution is 31% (P3 =
11% and P5 = 20%) corresponding to yellowish color, and the
remaining 69% to non-visible refractory fluorescent DOM
(Fig. 5a). Between HPOA and HPI, the color contribution
rates are 28% and 28%, respectively (Fig. 5b–d). For GAC
effluent, the contribution is 48% (P3 = 15% and P5 = 33%,
Fig. 5a) for the yellow color and the remaining 52% belongs to
non-colorant refractory fluorescent DOM. Similarly, between
HPOA and HPI, the refractory fluorescent DOM responsible
for visible color is 15% and 31%, respectively (Fig. 5b–d).
The fluorescence intensity in the fulvic acid–like (P3) and
humic acid–like (P5) regions decreased after ozonation, while
the intensity of the solublemicrobial by-product-like materials
(P4) significantly decreased after GAC treatment, indicating
that O3 and GAC have different abilities to selectively remove
the DOC fractions.

Generally, fluorescence peaks at longer wavelengths
(e.g., F3 + F5) are associated with extended, linearly con-
densed aromatic ring networks and other unsaturated bonds
capable of excellent conjugation degree with high molecular

weight humification degree (Xiaoli et al. 2012). On the other
hand, fluorescence peaks at a shorter wavelength (e.g., F1 +
F2 + F3) may carry a high aliphatic fraction content, and low
degree of aromatic polycondensation, conjugated chromo-
phores, and humification (Senesi et al. 1991; Fukushima
et al. 2006). Two different aspects have been clarified
through this evaluation: Firstly, even after biological treat-
ment and advanced treatments under the conditions in the
present study, the effluent possesses a significant percentage
of coloring compounds, in other words, longer fluorescence
wavelength DOM. These fulvic acid (FA) (F3) and humic
substances (HS) (F5) can enhance the solubility of hydropho-
bic compounds and solubilize metals through complexation,
and these reactions may alter the bioavailability and
biotoxicity of pollutants in surface water (Larsen et al.
1992; Christensen et al. 1999), which is detrimental for
aquatic life and different water reuse aspects. Secondly,
based on the comparison made under the conditions in the
present study, O3 is comparatively more efficient at remov-
ing these fluorescent DOM than GAC. Furthermore, their
effect on individual fractions also illustrates their efficiency
toward specific types of colorants.

Fig. 5 The proportions of individual fluorescent intensities in totals and
different fractions of biological-, biological + O3–, and biological +
GAC–treated effluents. P1, P2, P3, P4, and P5 represent the percentages

of EEM-FRI extracted fluorescent DOM related to tyrosine-like protein,
tryptophan-like protein, fulvic acid–like organics, soluble microbial by-
product-like materials, and humic acid–like organics, respectively
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Apparent molecular weight distribution among
different refractory colored dissolved organic matter

Figure 6 shows the chromatograms of molecular distribution
incorporated with Gaussian nonlinear multi-fitting of the frac-
tionated DOC in biological, O3, and GAC effluents (Fig. 6a,
e, i) and their fractionated portions of HPOA (Fig. 6b, f, j),
HPOB (Fig. 6c, g, k), and HPI (Fig. 6d, h, l), respectively.

These chromatograms were divided into four groups:
namely SEC fraction–I (< 1000 Da), SEC fraction–II (1000–
2000 Da), SEC fraction–III (2000–3000 Da), and SEC
fraction–IV (3000–5000 Da). In order to trace out the molec-
ular weight (Da) of colored material of different treated efflu-
ents and fractions, linear correlations were performed between
color intensity (PCU455) and the four SEC fractions
(Table S5). Significant correlations were found for AMW of
2000–3000 Da (Pearson’s r = 0.93, R2 = 0.85, p < 0.05) and
3000–5000 Da (Pearson’s r = 0.97, R2 = 92, p < 0.05). This
implies that the colored substances present in the wastewater
may contain molecular weights in the range of SEC fraction–
III (2000–3000 Da) and SEC fraction–V (3000–5000 Da). In
terms of treatment efficiency (Fig. S7), GAC is highly

efficient in DOC removal compared with O3 treatment, as
the projected area under biological + GAC is much lower than
the projected area under biological + O3.

Change in functional groups resulting from biological,
O3 and GAC treatments

The detected C1s spectra were assigned to five different func-
tional groups as shown in Fig. 7. Comparing the XPS results
with the PCU455nm distribution (Fig. 3b) and proportions of
individual fluorescences (Fig. 5), it was observed that among
different fractions in different effluents, the variations of C-O/
C-N (ether/phenol/nitro chromophoric groups) were very sim-
ilar, with fluorescent intensities and color intensities highly
correlated (Fig. 7d). The higher color-containing fractions,
i.e., HPOA and HPI, possessed a higher amount of C-N/C-O
(ether/ phenol/Nitro chromophoric groups) and simultaneous-
ly a low amount of -COOH and > C=O, and vice-versa for the
low-colorant fraction, i.e., HPOB. The decrease of the fluo-
rescence intensity suggests the depletion of the aromatic struc-
tures and the increase of the electron-withdrawing groups
(such as –COOH) in aromatic compounds (Świetlik and

Fig. 6 Chromatograms of molecular distribution (HPLC-SEC) incorporated with gauss nonlinear multi-fitting of different treated effluents and isolated
fractions
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Sikorska 2004; Uyguner and Bekbolet 2005). This kind of
behavior occurs because carboxylic (-COOH) and ketonic (>
C=O) groups as electron-withdrawing substituents can reduce
fluorescence intensity (Chai et al. 2011; Xiaoli et al. 2012).
These electron-withdrawing groups increase the △E (i.e., more
energy f or π (HOMO) to π*(LUMO) transition), resulting in
shorter absorption and emission wavelengths or left/UV/blue-
shifted fluorescence. In contrast, an aromatic structure with
electron-donating substituents such as C-N/C-O (ether/
phenol/Nitro chromophoric group) can induce highly intense
fluorescence (Chai et al. 2011; Xiaoli et al. 2012). da Silva
(1996) found that the excitation spectra in the 300–350-nm
region were dominated by chromophores with high amounts
of carboxylic groups, while structures containing phenolic
groups mainly formed peaks between 350 and 400 nm.
These results implied that the identified peak C (FA type)
produced by structures containing phenolic or nitro groups
causes the yellowish color in this study.

Furthermore, to be precise in terms of biological effluent,
HPOA and HPI contain 18% and 16% C-N/C-O (ether/
phenol/nitro group) chromophoric compounds; for biological
+ O3, the values are 6% and 2%, and for biological + GAC 0%
and 17%, respectively. So, O3 and GAC both are efficient at
removing this chromophoric group, but GAC is especially
efficient for HPOA-type compounds but very low for HPI,

where O3 is more or less efficient for both HPOA and HPI,
these results can be explained by the fact that O reacts prefer-
entially with the aromatic constituents, specifically the elec-
tron rich aromatics substituted by oxygen and nitrogen includ-
ing phenol, ether and amine groups (Westerhoff et al. 1999).

Conclusions

This study demonstrated an effective multi-characterization
technique and provided insights on the colorants in biological
effluents as well as the consequences of O3 and GAC treat-
ments on the colorants. Resin fractionation made the charac-
terization more selective. HPOA- and HPI-type chemical
compounds are enriched with color substances, and HPI-
type colorants are comparatively resistive to removal by either
O3 or GAC. In fluorescent DOM, peak C (Ex/Em = 249–259/
412–456), F3 (fulvic acid–like organics), and F5 (humic acid–
like organics) were identified as the reason for yellow color.
These compounds have longer fluorescence or blue fluores-
cence, indicating highly conjugated aromatic structures.
Among the chemical properties, the AMW of these colorants
was found to be in the range of 2 kDa to 5 kDa for being
positively correlated with color intensity. Among chromo-
phoric functional groups, C-N/C-O (ether/ phenol/nitro

Fig. 7 Composition of carbon-containing functional groups in total and fractionated samples (HPOA, HPOB, and HPI). a Biological-, b biological +
O3–, and c biological + GAC–treaded effluents
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groups) are more likely to be responsible for the higher fluo-
rescence or yellow color. This is of profound importance, as
these are electron-donating groups and attached to aliphatic-
aromatic conjugated systems. As for the efficiency or selec-
tivity of O3 and GAC toward these chromophoric groups, O3

was found to be moderately efficient toward both HPOA- and
HPI-type compounds, but GAC only showed high efficiency
for HPOA-type compounds. Since O3 and GAC tend to re-
move different DOC fractions, their combination has the ad-
vantage to better remove the colored DOC fractions from
wastewater. Thus, it is suggested that for removing these col-
orant compounds, the combination of GAC + O3 would be an
effective solution; in addition, the cumulative fluorescence (F3

+ F5) value can be used as an indicator for colorants or proxy
for C-N/C-O attached to long aliphatic-aromatic conjugated
systems for use in a monitoring system.
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