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Abstract

In this study, the transformation characteristics of fluorescent dissolved organic matter (FDOM) were
investigated to characterize the removal of dissolved organic matter (DOM) during biological treatment
of commingled chemical industrial wastewater. The results of fluorescence excitation and emission
spectroscopy and parallel factor analysis revealed three components (C1, C2, and C3) of FDOM, which
were related not only to surface and sewage sources but also chemical industrial wastewater sources.
Resin fractionation results showed that the removal of DOM was affected not only by substrate
biodegradability but also by DOM generation, such as intermediates, end products, and soluble microbial
products, during biological treatment. However, the same variation tendency between DOM and FDOM,
based on molecular weight (MW) distribution, was observed during MW fractionation. The changes in
DOM in MW>10 kDa fraction apparently corresponded with C2 variation; the tendency of DOM removal
in MW of 0.5-10 kDa fraction was possibly related to the evolutions of all three components; and lastly,
the removal of DOM in MW<0.5 kDa fraction was found in accordance with C1 and C3 transformations.
The removal and transformation of DOM and FDOM were investigated using gas chromatography-mass
spectrometer and Fourier transform infrared spectroscopy.
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Introduction

Commingled chemical industrial wastewater is
a heterogeneous wastewater stream discharged from
various factories in chemical industrial parks. This
wastewater contains a complex mixture of dissolved
organic matter (DOM). Various technologies and
methods, such as advanced oxidation technologies
and adsorption and biological treatments, have been
applied to treat this industrial wastewater [1]. Biological
treatment is an important wastewater management
process [2]. However, DOM in the commingled
chemical industrial wastewater exhibits refraction,
toxicity, or inhibition characteristics, which adversely
affect biological treatment processes [3]. Biological
treatment processes also produce increased DOM, such
as soluble microbial products (SMP), because of stress
conditions during industrial wastewater treatment [4].
Therefore, effective removal of the DOM is essential to
reduce the adverse effects on receiving waters, whereas
the traditional monitoring parameters, such as chemical
oxygen demand (COD) and 5-day biochemical oxygen
demand (BODj), cannot provide information on the
changes in DOM composition [S5]dissolved organic
matter (DOM. Detailed characterization of DOM
should be revealed to understand the processes of DOM
elimination during biological treatment.

A portion of compounds, such as phenols, polycyclic
aromatic hydrocarbons (PAHs), and heterocyclic
compounds, in commingled chemical industrial
wastewater are typical fluorescent dissolved organic
matters (FDOM) [6]. Meanwhile, proteins and humic-
like substance of FDOM are considered to originate
from surface and sewage sources in commingled
chemical industrial wastewater. The generation of SMP
during biological treatment is another source of FDOM
[7]. These FDOM can be employed to distinguish the
chemical composition of DOM and provide detailed
information of DOM removal.

Advanced characterization techniques, such as gel-
permeating chromatography, gas chromatography-mass
spectrometry (GC-MS), Fourier transform infrared
(FT-IR) spectroscopy, and fluorescence excitation and
emission spectroscopy (EEM), have been conducted to
obtain detailed information on FDOM transformation
[8] EEM, comprising the fluorescence fingerprint
of chromophoric structure, provides a simple and
repeatable method for determining chemical information
on organic matter in an aquatic sample [9]. Meanwhile,
parallel factor analysis (PARAFAC) can identify
individual components from overlapped fluorophore
by mathematical model [10]. EEM coupled with
PARAFAC has been used to identify the components
of DOM in surface water, raw sewage, and effluent
in recent years [7, 11]. Differential EEMs of influent
and effluent samples coupled with fractionation and
PARAFAC can provide additional information on
FDOM transformation during biological treatment
[12].

With increasing restrictions on the standard
discharge limit in China, enhancement of biological
treatment systems and the selection of advanced
treatment processes were considered to efficiently treat
chemical industrial wastewater. Hence, characteristics
of DOM removal and components involving biological
treatment effluent must be investigated. This study
mainly aims to characterize DOM removal following
FDOM transformation. Influents and effluents were
sampled in a sequencing batch reactor (SBR) system
by feeding an actual commingled chemical industrial
wastewater. EEM-PARAFAC coupled with resin and
molecular weight (MW) fractionation was used to
investigate FDOM transformation.

Materials and Methods
Wastewater Characteristics

The raw industrial wastewater was collected from
a full-scale wastewater treatment plant in Hangu
Chemical Industrial Park, Tianjin, China. The
wastewater contained more than 50 types of chemical
industrial ~ effluents,  including  pharmaceutical,
manufacturing, petroleum chemical, electronic, chemical
reagent, household, and personal care product industry
effluents. The main physicochemical characterization
of wastewater was as follows: COD, 982-1602 mg'L";
BOD,, 208-824 mgL"; total nitrogen (TN),
24.5-30.8 mgL'; ammonia nitrogen (NH,"-N),
17.9-20.6 mg'L"; total phosphorus (TP), 2.3-2.4 mg'L",
pH, 7.2-8.5; and total dissolved solids (TDS),
4.5-9.7 g'L". The discharge limit values (EPA of China)
were shown in Table 1, and the effluent was finally
discharged into a central wastewater treatment plant.

Bench Scale Reactor and Operation

An SBR system (2 L) was adopted to investigate
the characteristics of DOM removal and FDOM
transformation by feeding raw industrial wastewater.
The system worked at room temperature and under the
following conditions: 0.09 h of influent filling, 6 h of
string, 14 h of aeration, 1.5 h of settling, 0.5 h of effluent
withdrawal, and 1.91 h of idleness. Dissolved oxygen of
the SBR system during the acration stage was kept at
3.0 mg'L".

The seeding sludge in SBR was collected and
acclimated for 30 days. Sludge retention time and
mixed liquor suspended solids were kept at 30 days and
4 g'L"!, respectively, in the SBR system.

Sampling
The influent and effluent of SBR were sampled and

filtered through a 0.45-um glass fiber filter and were
then stored at 4°C for further analysis.
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Table 1. Discharge limit values of effluent.

Items Discharge limit values
COD 500 mg'L*!
BOD; 350 mg'L*!
NH,"-N 45 mg'L!
™N 70 mg-L!
TP 8 mgVL!
pH 6.5-9.5

Resin Fractionation

DOM in influent and effluent samples in this study
was fractionated into hydrophobic acid (HPO-A),
hydrophobic neutral (HPO-N), transphilic acid (TPI-A),
transphilic neutral (TPI-N), and hydrophilic (HPI)
fractions. The procedure was in accordance with that in
Bu’s study [13], as shown in Appendix Al.

MW Distribution

The MW distribution of DOM was determined
with a dead-end batch ultrafiltration apparatus.
The procedure was in accordance with that introduced
by Zhao et al. [14], as shown in Appendix A2. The
samples filtered through a 0.45-um filter were pressed
through the membrane disk with 120-kPa pressure by
an N, tank. In the present study, the MW cutoffs of
membrane disks used were 0.5, 1, 10, and 100 kDa. The
samples were collected in glass bottles and stored at 4°C
for further analysis.

GC-MS Analysis

The compositions of the organic pollutants in
the wastewater in various fractions were analyzed by
GC-MS. The samples were extracted with CH,CI,
according to the extraction procedure in Appendix A3.

FT-IR Spectroscopy Analysis

To investigate the organic pollutants in the various
fractions, FT-IR analysis was applied. An aqueous
sample was freeze-dried (-75°C and 3 kPa pressure)
and the dry powder sample (3 mg) was thoroughly
mixed with approximately 100 mg of KBr. The mixture
was pressed into a pellet, and a Nicolet 6700 FT-IR
spectrometer was used to record the infrared spectrum
with a wavenumber range of 4000 to 400 cm”. The
absorbance bands at 3400 cm™ were the absorbance of
H,0, which could not be avoided in KBr tablets.

EEM Spectrum and PARAFAC

EEM spectroscopy was conducted with a Fluorolog
3-21 spectrophotometer (Jobin Yvon Inc., USA) at room

temperature. EEM spectra of the samples were obtained
with emission wavelengths from 280 to 480 nm at
5-nm increment and excitation wavelengths from 220 to
400 nm at 2-nm increments. The slit width was 5 nm,
and the scan rate was 2000 nm'min’'. To avoid inner-
filter effects, all samples (pH = 7) were diluted 50-fold
and the UV absorbance of the samples after 50-fold
dilution was lower than 0.05 cm™.

To investigate FDOM transformation, we obtained
differential EEMs by subtracting the fluorescence
intensities in the EEMs of influent and effluent samples
(Equations 1 and 2). Negative data in the differential
EEMs were replaced with zero.

AEEMs, = EEMs.

influent—effluent influent

- EEMSefﬁuem (1)

AEEMs = EEMs — EEMs.

effluent-influent effluent influent (2)

EEM spectrograms obtained by PARAFAC analysis
were combined into the following 3D data array:
46 samples x 91 excitations x 41 emissions. Before
analysis, EEMs of samples were subtracted by
blank spectrum (Milli-Q water) to remove Raman
scattering. To remove Rayleigh scattering, we replaced
EEM data by zero at emission measurement at
wavelength < excitation wavelength + 10 nm and
excitation wavelength starting from 300 nm [I5].
In this work, PARAFAC was achieved using MATLAB
2008a and the N-way Toolbox (http:/www.models.
kvl.dk). The appropriate number of components
was selected through core consistency diagnostics, as
shown in Fig. Al (supplementary material: Appendix
Ad).

The relative concentrations of the corresponding
components in a given sample were estimated by
the maximum fluorescence intensity (# ) of each
component in this sample. Fluorescence intensity can be
calculated using Equation 3 [15, 16]:

F =5 x Ex(max) X Em(max) n=1.N;, (3
..where F is the fluorescence intensity of the n"
component in the given sample; S, is the score of the
n™ component of the given sample generated from
the PARAFAC model; and E. and E, 0y 81€ the
maximum loadings of the excitation and emission
spectra, respectively, for the n™ component.

Analytical Methods for Wastewater Quality

Parameters COD, BOD,, pH, TN, NH/-N, TP,
and TDS were measured following standard method
(Environment Protection Bureau of China). Dissolved
organic carbon (DOC) was determined using a TOC
analyzer (Shimadzu, Japan). The UV-Vis spectroscopy
parameters of UV absorbance at 254 nm (UV,),
specific UV absorbance at 254 nm (SUVA, ), UV
absorbance ratios at 250 and 365 nm (£,/E,), and UV
absorbance ratios at 253 and 203 nm (£_/E,) were
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Table 2. DOM variation in influent and SBR effluent samples.

Sambles COD BOD, DOC uv,., SUVA,,
P (mg.L") (mg.L") (mg.L") (cm') (L.mg".cm)
Influent 10924210 470457 351475 18.97+4.16 0.05+0.001
SBR effluent 656102 3043 194+65 10.57+3.13 0.05+0.003

analyzed with a UV-Vis spectrophotometer (INESA,
China).

Results and Discussion

Organic Matter Variation during
Biological Treatment

Table 2 shows the removal performance of DOM
during the biological treatment of commingled chemical
industrial wastewater. Average removal efficiencies
of COD (39%), BOD, (88%), and DOC (44%) were
obtained. A similar tendency of UV, change was
observed in the influent and effluent samples, illustrating
that biodegradable DOM was easily removed during
treatment. Aromatic DOM was also selectively removed
in accordance with the results of UV,,. However,
SUVA,,, was sustained during biological treatment. The
result might be associated with selective elimination of
DOM and aromatic organic matter.

Componential Characterization by PARAFAC

PARAFAC modeling of the samples showed that
overlapping fluorophores were decomposed, and
the corresponding components could be identified.
The EEM spectra of FDOM in influent and effluent
samples could be characterized by three different

fractions (Figs 1 and 2) as follows: Cl (Peak T)
found at E/E = 282 nm/330 nm; C2 (Peak M) at
E/E_ = 332 nm/400 nm; and C3 (Peak P), which
presented two peaks at E /E = 294 nm/345 nm and at
E/E_ =324 nm/345 nm.

Table 3 lists compounds related to the components
[9, 15, 17, 18] dissolved organic matter (DOM.
Cl is defined as soluble microbial by-product-like
substances, tyrosine, and DNA in sewage source that
originated upstream of biological treatment effluents of
industrial wastewater; C1 could also represent aromatic
hydrocarbons, particularly phenols, in chemical
industrial wastewater source. C2 is related to microbial
humic-like substances derived from upstream biological
treatments, marine humic-like substances in natural
surface water sources from seawater utilization, pipe
network leakage, and pharmaceutical-like substances
and hydrophobic acids in industrial wastewater sources.
Meanwhile, C3 represented soluble microbial by-
product-like substances and tryptophan in natural
surface water sources. This component also reflected the
mixture of aromatic hydrocarbons, phenols, heterocyclic
compounds, and PAHs in commingled chemical
industrial wastewater. The EEM spectra and PARAFAC
analysis showed that the organic compounds in
commingled chemical industrial wastewater contained
not only the microbially derived DOM from upstream
biological treatment processes but also the chemical
compounds discharged by individual factories.
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Fig. 2. EEM spectra of influent and effluent. The location and
number of peaks (peaks T, P and M) were unchanged before and
after biological treatment.

Characteristics of FDOM Transformation
before and after Treatment

The variation in EEM spectra could reveal the
characteristics of FDOM transformation before and after
biological treatment. Comparison of the EEM spectra of
influent and effluent samples showed that the location
and number of peaks were unchanged (Fig. 2), but the
shape and intensity of fluorescence peaks varied to a
certain degree. The results showed that the components
of FDOM could not be eliminated completely [19].

Table 4 shows fluorescence intensity (/) of the
components in the influents and effluents by PARAFAC.
The fluorescence intensity values of these components
varied partially because of the poor biodegradability
of FDOM [20]. The fluorescence intensity value of
Cl decreased in the effluents, whereas the intensity
values of C2 and C3 increased after treatment. These
results indicated that C1 represented biodegradable
characteristics, whereas C2 and C3 were refractory and

Table 3. Organic matter related to EEM peaks in previous studies.

Table 4. Fluorescent intensity (¥, ) of the components in the
samples.

F _(AU)!
Samples -
Cl1 C2 C3
Influent 53.00£16.51 | 32.00+£10.52 | 44.50+16.02
SBR effluent | 36.50+12.52 | 43.50+12.54 | 63.50+23.57

'—F values were calculated according to Equation 3

contained microbial products. Previous research has
shown that C3 in residual DOM of the effluent contained
residual biodegradable and refractory components,
intermediates, end products, and SMP [15, 21]. C2
increases were related to the generation of SMP under
stressful conditions during biological treatment [4].
Finally, resin and MW fractionation should be applied
to reveal much detail of DOM removal and FDOM
transformation.

Characteristics of DOM Removal and FDOM
Transformation by Resin Fractionation
and Differential EEM

To confirm the characteristics of DOM removal
and FDOM transformation during biological treatment,
resin fractionation coupled with differential EEM was
applied. The location and shape of EEMs in various
polarity fractions varied significantly after biological
treatment (Fig. A2). Peaks T (Cl) and P (C3), related
to soluble microbial by-product-like and protein-like
sewage source and aromatic organic matter in industrial
wastewater source, existed in all fractions; peak M
(C2), originating from humic-like sewage source and
hydrophobic acid industrial wastewater source, mainly

Current study Nature surface water and sewage sources Industrial wastewater source
Comparison . .
Components | Peaks Ex/Em with other Description Comparlson.th other Description
(nm/nm) . studies
studies
280/330[15] Solubl:ofirzcc:tr_(;?ﬁj by — 266/300—400 [15] Toluene
Component 1 | Peak T | 282/330 | 275/304[17] p D
Tyrosine 210-285/290-310 [15] Phenols
267/327[17]
DNA
325/385[17] Marins hunio-lik 308/410 [18] Carbamazepine
arine humic-like;
Component 2| Peak M | 332/400 | 3,5 30¢717] Microbial humic 340/425 Related to -
hydrophobic acids
220-335/310-410 [9] PAHs
280/330[15] Soluble microbial by — 266/300-400[15] Toluene
Peak T | 294/345 295/353[17] product-like; 210285290 310 [15] Phenol
— — enols
Component 3 Tryptophan -
310-340/380-440 [15] Quinolone
220-335/310-410 [9] PAHs
Peak P | 324/345 Undefined -
310-340/380-440 [15] Quinolone
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appeared in HPO-N and TPI-A fractions in influent
samples. After treatment, peaks T (Cl) and P (C3)
mainly existed in HPO and TPI fractions, whereas
peak M (C2) mainly appeared in TPI-A and HPI
fractions. From the differential EEMs, peaks T (Cl)
and P (C3) in acid fractions (HPO-A and TPI-A) and
peak T (Cl) in the TPI-N fraction were found to be
partially removed during treatment. Peak T (C1) in the
HPI fraction and peak M (C2) in the HPO-N fraction
were almost completely eliminated. However, peak M
(C2) in TPI-A and HPI fractions and peak P (C3) in
neutral fraction (HPO-N and TPI-N) increased after
biological treatment. The results showed that FDOM in
various fractions were partially biodegradable, whereas
several components of FDOM were generated during
treatment. This finding explained why FDOM was
removed with much difficulty during biological
treatment, and FDOM fractionation could show
additional details on FDOM removal and transformation
characteristics.

Fig. 3 shows DOM removal (in terms of DOC) and
FDOM transformation in various polarity fractions
as obtained from F  analysis. On the one hand, the
DOM in HPO fractions was dominant and partially
removed because of the adsorption or biodegradation
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of hydrophobic organic compounds by activated sludge
[22]. On the other hand, FDOM in HPO fractions
was insubstantial because of the low fluorescence
characteristics of this organic matter in chemical
industrial wastewater. DOM in TPI fractions accounted
for 29% of total DOM, whereas FDOM in these fractions
accounted for the major portion. In the TPI-A fraction,
Cl and C3 could be partially removed, wherecas C2
was generated during treatment. Hence, the refractory
characteristics of DOM in TPI-A fraction were related to
poor DOM biodegradability and generation of microbial
products during treatment. In the TPI-N fraction, DOM
was significantly removed, whereas FDOM represented
refractory characteristics because non-FDOM was
ecasily biodegraded in DOM. In the HPI fraction, DOM
and C1 and C3 could be selectively biodegraded during
treatment, whereas C2 in the HPI fraction increased
because of microbial products.

FDOM did not represent the majority of DOM in the
wastewater source sample, but FDOM transformation
characteristics could reveal the details of DOM
removal [7]. The value of E,/E, could also be applied
to estimate humification and MW [17]. The value of
E_J/E, could represent the ratio of the electrotransfer
(ET) and benzenoid (Bz) band and reveal the
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Fig. 3. Relationship of DOM removal and FDOM transformation in various polarity fractions. The DOM was represented by DOC values
(the left axis), while the three components (C1, C2 and C3) were showed by F values (the right axis). The results were repeated in
three separate experiments and error bars represented the standard deviation from the mean. F/, values were calculated according to

Equation 3.
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constitution and nature of DOM [23]. Table 5 shows the
EJE, and E_J/E, changes in DOM during treatment.
E/E,in HPO-N and HPI fractions were considerably
higher than those in other fractions, whereas E /E in
HPO-A and TPI-A fractions decreased. A low E/E,
ratio was associated with a high degree of humification
and large molecular size [24]. The ratio of E_J/E,
decreased significantly during treatment in HPO-A
and TPI fractions and remained stable in HPO-N and
HPI fractions. The increased E_/E, ratios suggested
additional polar functional groups on the aromatic
rings, whereas decreased ratios showed the absence of
substitution on aromatic rings [25].

The  above-mentioned  results of FDOM
transformation indicated that the F _ decrease in
C2 and increased humification in HPO-A fraction
suggested that hydrophobic acids were removed from
the HPO-A fraction. The decrease in E_/E, illustrated
that the polar function groups decreased because the
aromatic compounds were degraded by microorganisms.
The DOM in HPO-N and HPI fractions showed
extremely low humification and small molecular sizes.
Thus, C2 decrease in HPO-N might be related to the
removal of pharmaceutical-like substances by activated
sludge, whereas C2 increase in the HPI fraction might
be related to organic acid accumulation from substrate
intermediates. The aromatic compounds with polar
function groups showed refractory characteristics in
HPO-N and HPI fractions. DOM in TPI-A fraction
represented increased humification and molecular size
because of humic-like substance (C2) accumulation
from SMP. Hence, the removal of DOM in the TPI-A
fraction during treatment is affected by humic-like
substance accumulation. DOM in the TPI-N fraction
showed decreased humification and molecular size, and
the aromatic compounds with polar function groups
were significantly removed during treatment.

Characteristics of DOM Removal and FDOM
Transformation in Various MW Fractions

EEM coupled with MW fractionation revealed
further details of FDOM removal and transformation
(Fig. A3). In raw wastewater as influent, peaks T (Cl)
and P (C3), which are related to soluble microbial
by-product-like and protein-like substances in sewage
source and aromatic organic matter in industrial
wastewater source, mainly existed in low MW fraction
(<10 kDa). Peak M (C2), which originated from humic-
like substances in sewage source and hydrophobic acid
industrial wastewater source, was found in MW>0.5
kDa. After treatment, peak M (C2) was partially
removed from all fractions except in the 1-10 kDa
fraction. From differential EEMs, FDOM in various
MW fractions were found to be partially biodegraded
except in the 1-10 kDa fraction. By contrast, peaks T
(C1) and P (C3) were found in a wider MW range after
treatment because of the appearance of Cl and C3 in
the 10-100 kDa fraction. An increase in all components

Table 5. Evolution of £ /E, and E, /E,_in various fractions.
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in the 1-10 kDa fraction was also observed after
treatment.

As shown in Fig. 4, the bulk DOM and C1 and
C3 of FDOM in the MW<0.5 kDa fraction were
dominated and selectively removed after treatment.
In the MW>0.5 kDa fraction, DOM and FDOM
showed refractory characteristics and were slightly
removed. DOM removal characteristics were also
apparently related to FDOM transformation tendency.
DOM removal in the 10 kDa MW-0.45 pum fraction
was affected by changes in C2 characteristics. DOM
variation in the 0.5-10 kDa MW fraction was related to
the transformation of the three components of FDOM.
In particular, the increase in DOM in the 1-10 kDa
MW fraction was obtained after treatment because
of SMP formation and the increase in three FDOM
components. The removal of DOM in the MW<0.5 kDa
fraction exhibited the same tendency with C1 and C3
of FDOM. FDOM consisted of not only natural organic
matter and SMP from nature surface water and sewage
sources but also fluorescence organic matter from
industrial wastewater source. C1 and C3, which showed
small molecular sizes, affected the removal of DOM
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with small molecular size. On the contrary, C2, which
represented a large molecular size, was related to the
removal of DOM with large molecular size. However,
Cuss and Guéguen [26] found similar results in that
a protein-like substance was significantly correlated
with the small-size group of DOM in nature water
source, and a humic-like substance with the large-size

group.

Identification of Organic Pollutants
in Various Fractions by GC-MS and FT-IR

To reveal the details of DOM and FDOM removal
and transformations, GC-MS and FT-IR analysis
were utilized to identify the organic pollutants of the
DOM and FDOM in various resin fractions. GC-MS
with liquid-liquid extraction can identify the organic
matter with MW<0.5 kDa [27], while FT-IR was used
to investigate residual organic matter in the various
fractions.

The identification and removal performance of
the organic pollutants in various resin fractions was
determined by GC-MS and the results are shown in
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Fig. 4. Relationship of DOM removal and FDOM transformation in MW fractions. The DOM was represented by DOC values (the
left axis), while the three components (C1, C2 and C3) were showed by F, _values (the right axis). The changes in DOM with large
molecular size seemed to correspond with C2 variation, whereas the removal of DOM with low molecular weight was in accordance with
C1 and C3 transformation. The results were repeated in three separate experiments and error bars represented the standard deviation from

the mean. F, _values were calculated according to Equation 3.
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Table 6. While several of the pollutants cannot be
identified by the database (National Institute of
Standards and Technology), the unidentified pollutants
accounted for a small fraction of the total peak areca
percentage. The organic pollutants discovered in the
various fractions were mainly aromatic compounds
that can be found in Table 6. In HPO-A fraction, 2,
4—dichloro—benzoic acid, a compound related to the
pharmaceutical industry, dominated the DOM with low
MW. Benzoic acids and phenols were also present in the
TPI-A fraction, which were found in low concentrations.
In HPO-N fraction, phthalates and PAHs were
identified, as well as naphthalene, which was found
in higher concentrations than the other compounds.
In TPI-N fraction, quinoline and phenols were
detected. A major pollutant of the TPI-N fraction was
2,4,6-tribromophenol, which was found in preservatives
and fire retardant. However, the organic pollutants in
HPI fraction cannot be efficiently extracted by liquid—
liquid extraction with CH,Cl,. Therefore, identities of
the organic pollutants in HPI fraction were not obtained.

The organic matter with MW>0.5 kDa was
investigated by FT-IR analysis, as shown in Fig. 5.
The peaks from the DOM in the TPI and HPI fractions
were much more significant than those of the HPO
fractions. These peaks indicate that the organic matter
of MW>0.5 kDa mainly existed in TPl and HPI
fractions, while the organic matter of MW<0.5 kDa
dominated HPO fractions, which could be analyzed
by GC-MS. In HPO-A fraction, the peaks at
1620-1450 cm™ indicate the presence of the C=0
stretch of the carbonyl or simply the C=C stretches of

the aromatic ring, the compounds with C-O stretches
(1240-1150 cm™) and polysaccharide-like materials
with peaks of 1160-1120 cm' also existed in
HPO-A fraction. In HPO-N fraction, the peaks at
1240-1150 cm™ correspond to esters, alcohols and ethers,
while peaks found in the range of 1620-1450 cm’
suggest the presence of aromatic compounds. In TPI-A
fraction, amide I (1650 cm™) and amide II (1540 cm™),
indicated the presence of protein-like materials, which
originated from upstream biological treatment processes
or domestic sewage resources. C-O stretches with peaks
of 1240-1150 cm™ were also found in the TPI-A fraction.
In TPI-N fraction, the DOM consisted of protein-
like substances (1650 cm™ and 1540 cm™), aromatic
compounds (1620-1450 cm™) and polysaccharide-like
materials. Moreover, the peak at 2550 cm™ also existed
in the TPI-N fraction, which corresponds to SMP [28]
treatment processes. In this work, SMP in activated
sludge were characterized, fractionized, and quantified
using integrated chemical analysis and mathematical
approach. The utilization-associated products (UAP.
In HPI fraction, fatty acid (1650-1550 cm” and
1440-1350 cm™) and polysaccharide (1160-1120 cm™)
signals were found.

Relationship of DOM Removal and FDOM
Transformation in Various Fractions
duringTreatment

According to the results of pollutant identification
before and after treatment (Table 6 and Fig. 5), the
performance of the DOM removal in various resin

Table 6. Identification and removal performance of pollutants in various resin fractions by GC-MS.

Fraction Organic pollutant Relati(v:rlézr:/oe)ntage‘ Relative rem((;/:;ll efficiency’

2, 4—dichloro—benzoic acid 21.35-55.12 37.56
HPO-A

3,5—di-tert-butyl-4-hydroxybenzal dehyde 1.23-4.68 49.84
Dimethyl phthalate 0.15-6.98 91.23
Dibutyl phthalate 0.28-4.98 42.20
HPO-N Naphthalene 0.33-23.14 80.03
Methylnaphthalene 0.28-6.06 80.97
Acenaphthene 0.36-2.54 10.6
Benzenecarboxylic acid 0.44-1.64 87.23
TPI-A 2-methyl-benzoic acid 0.47-1.76 78.25
4—tert—butyl-2,6—disopropyphenol 0.66-5.53 14.38
Quinoline 0.27-2.93 64.00
TPI-N 2,4,6—tribromophenol 0.10-27.22 60.04
2,4—di—tert—butyl-phenol 0.75-3.99 14.38

!— Relative percentage was achieved according to the peak area percentage of total. The total peak area was obtained by GC-MS
results of raw wastewater. Interval values of relative percentage were provided by GC-MS results over two years.
2— Relative removal efficiency was calculated by the peak area of GC-MS results both before and after treatment.
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Fig. 5. FT-IR spectra of organic pollutants before and after treatment in various resin fractions.

fractions was mainly dependent on the removal of low
molecular weight DOM. The representative organic
pollutants, such as 2, 4-dichloro-benzoic acid in
HPO-A fraction, naphthalene in HPO-N fraction and
2,4,6-tribromophenol in TPI-N fraction, may impact
polarity and removal performance of wastewater. DOM
with high MW (MW>0.5 kDa) showed refractory
characteristics, and some of the organic matter
corresponded to microbial products. Hence, some of the
components were found to increase during treatment. In
HPO fractions, removal of low molecular weight DOM
mainly contributed to DOM removal performance,
while DOM with high MW (MW=>0.5 kDa) showed
refractory characteristics except for the esters, alcohols
and ethers present in HPO-N fraction. In TPI-A fraction,
protein-like substances and aromatic compounds
were partially removed, corresponding to Cl1 and C3
removal, respectively (Fig. 3). Both the FT-IR and
EEM-PARAFAC results showed there was an increase
in humic-like substances related to SMP generation.
The compounds with C-O stretches were also generated
in TPI-A fraction, which belonged to intermediates
and end products of pollutants during treatment.
In TPI-N fraction, protein-like substances (C3) and
polysaccharides increased due to SMP generation.

The increase of a peak at 2550 cm™ was also related
to biomass-associated products of SMP [28]. In HPI
fraction, fatty acids were removed during biological
treatment, while aromatic compounds, humic-like
substance (C2) and polysaccharides were generated.
Humic-like substance and polysaccharide also originated
from SMP generation.

In general, the results above demonstrate that FDOM
could be utilized to reveal detailed information of DOM
removal and the components of the residual organic
matter during treatment. FDOM in this commingled
industrial wastewater originated not only from
industrial wastewater sources but also from natural and
sewage sources. Cl and C3 coincide with the small MW
group of DOM, which mainly belonged to industrial
wastewater and sewage sources, while C2 corresponds
to the large MW group of DOM, which may be related
to natural and sewage sources.

Conclusions
Given the results, DOM removal characteristics

could be revealed by FDOM transformation by EEM—
PARAFAC and fractionation. The three components
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Units and Nomenclature

Abbreviation Items and nomenclature Unit
BOD, 5-day blozz;?;iial oxygen mgL?
COD Chemical oxygen demand mgL"!
DOC Dissolved organic carbon mgL!
DOM Dissolved organic matter —
EJE, uv absorbal;cgsriﬂfs at 250 and o
EEM Fluorescefnce excitation and emis- o

sion spectroscopy
E JE UV absorbance ratios at 253 and -
ET"Bz 203 nm
FDOM Fluorescent dissolved organic o
matter
F Maximum fluorescence intensity AU
FT_IR FourierS ;Zi?:ig;g; i}nfrared
GC-MS Gas Chromatography—Mass
Spectrometer
HPI Hydrophilic fraction —
HPO-A Hydrophobic acid fraction —
HPO-N Hydrophobic neutral fraction —
MW Molecular weight —
NH,"-N Ammonia nitrogen mgL"!
PAHs Polycyclic aromatic hydrocarbons —
PARAFAC Parallel factor analysis —
SBR Sequencing batch reactor —
SMP Soluble microbial products —
SUVA.,, |Specific UV absorbance at 254nm | L.mg"-cm’!
TDS Total dissolved solids gLt
N Total nitrogen mgL"!
TP Total phosphorus mgL!
TPI-A Transphilic acid fraction —
TPI-N Transphilic neutral fraction —
Uuv,, UV absorbance at 254nm cm’!

related to sewage source and industrial wastewater
source were identified by PARAFAC analysis. DOM
removal characteristics in various polarity fractions
were affected by not only substrate biodegradability
but also DOM generation. However, in MW fractions,
the DOM removal characteristics were related to the
FDOM transformation. The changes in DOM with large
molecular size corresponded with C2 variation, whereas
the removal of DOM with low MW was in accordance
with Cl and C3 transformation. The organic pollutants
in various fractions were identified by GC-MS and
FT-IR analysis. The results demonstrated that FDOM
could be utilized to reveal the intricate details of DOM
removal and to identify the components of the residual
organic matter found during treatment.
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Appendix A.
Supplementary material

Al. Supplemental Methods for Resin Fractionation

Organic matters in influent and effluent samples in this study were divided based on polarity into hydrophobic
fractions (HPO-A and HPO-N), transphilic fractions [transphilic acid (TPI-A) and transphilic neutral (TPI-N)], and
hydrophilic fraction (HPI). Fractionation was conducted as follows: 0.5 L of sample was fractionated by two serial
columns filled with Amberlite XAD-8 and XAD-4 resins. The resins were cleaned with methanol and acetonitrile by
Soxhlet extraction method for 12 h before addition into the columns. The samples from influent and effluent of the SBR
system were first filtered through a 0.45 pm glass fiber filter to remove suspended solids. The filtrate was then acidified
to a pH of 2 with 6M HCI and passed through the XAD-8 and XAD-4 resin columns in series. Materials retained on
XAD-8 were hydrophobic fractions, whereas materials retained on XAD-4 were transphilic fractions. The materials
not retained on either resin comprised the HPI fraction. HPO-A and TPI-A were eluted by backwashing with 0.1 M
NaOH from the XAD-8 and XAD-4 columns, respectively. The resins were washed with distilled water and extracted
with a solution of 75% acetonitrile and 25% ultrapure water (Millipore Milli-Q). Extracts from the XAD-8 and XAD-4
columns were condensed by rotary evaporator and then freeze-dried. Next, the extracts were separately redissolved in
Milli-Q water with pH 7, which comprised the HPO-N for XAD-8 columns and TPI-N for XAD-4 columns.

A2. Supplemental Methods for MW Distribution

The apparent molecular weight (MW) distribution of organic matter was characterized by a dead-end batch
ultrafiltration apparatus. The experimental procedure was conducted as follows: Wastewater samples were first filtered
through a 0.45 pum filter to remove suspended solids. Then, about 240 ml of wastewater sample was pressed through the
membrane disc (63.5 mm) driven by pressure (120 kPa) from an N, tank. The MW cut-offs of membrane discs used in
the present study were 0.5 k, 1 k, 10 k, and 100k Da. Wastewater samples were collected in glass bottles and stored at
4°C for further analysis.

A3. GC-MS Analysis

Aqueous samples were filtered with 0.45 um glass filters and stored at 4°C. Based on the contents of organic
compounds, 200 ml of raw wastewater and treated effluents were extracted with CH,Cl, under acidic, neutral, and
alkaline conditions. The compositions of organic compounds in the wastewater were analyzed via GC-MS. Then 1 pL
pretreated extracted samples were injected into the GC-MS system (Agilent, USA). The carrier gas was pure helium at
a flow rate of 1 mlemin”. A 30 m-long HP-5MS capillary column with an inner diameter of 0.25 mm was used in the
separation system. The temperature control program was implemented as follows. The initial temperature of 40°C was
maintained for 4 min. Afterward, the oven temperature was increased to 250°C at a rate of 5°Cemin, to 300°C at a rate
of 10°Cemin™, and then maintained for 10 min. Organic compound analysis was conducted according to the National
Institute of Standards and Technology 05 mass spectral library database.

A4. Results of Core Consistency Diagnostic with Different Numbers of Components

100

(o2}
o
L

Core consistency (%)

0 T T T
1 2 3 4 5

Number of components

Fig. Al. Core consistency diagnostic with different numbers of components; the largest decrease in core consistency occurred when
adding a fourth component.
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AS5. EEM and Differential EEM Spectra of FDOM in Various Polarity Fractions
of Influent and Effluent Samples
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Fig. A2. EEM and differential EEM spectra of FDOM in various polarity fractions of influent and effluent samples; the removed and
generated FDOM was observed by differential EEMs. The differential EEMs (influent—effluent) were calculated according to Equation
1. The differential EEMs (effluent-influent) were calculated according to Equation 2.
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A6. EEM and Differential EEM Spectra of FDOM in MW Fractions
of Influent and Effluent Samples
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Fig. A3. EEM and differential EEM spectra of FDOM in MW fractions of influent and effluent samples; the removed and generated
FDOM during biological treatment was revealed by differential EEMs. The differential EEMs (influent—effluent) were calculated
according to Equation 1, and the differential EEMs (influent—effluent) were calculated according to Equation 2.
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A7. List of Band Assignment for FT-IR Spectra

Table Al. List of band assignment for FT-IR spectra [13].

Wave number (cm™)

Functional group

3400-3200 OH carbohydrate
3250 NH, aminoaciddic group
3060 CH aromatic group
3015 CH alkene group
2950-2850 CH, and CH, aliphatic group
2500-2000 C=Cor C=N
2260 C=C aromatic group
1740 C=0 ester fatty acid group
1717 Humic acid
1700-1715 C=0 fatty acid group

1650-1550 and 1440-1350

—COO- fatty acid salt group

1620-1450 Aromatic C=C double bonds that are conjugated with C=0 of COO-
1650 C=0 Amide I band
1540 C-N Amide II band

1460-1440 Carboxylic acid inplane C-O-H bending Aliphatic C-H deformation

b e el

1300-1000 C-O-C esters

1240-1150 C-0 in carboxylic acid, alcohols, esters and ethers

1160-1120 C-O-C polysaccharide

1120-1000 C—O carbohydrate

850-650 CH or C-X (X=F, Cl, Br and I) out of plane aromatic band

650

—-OH




