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* Principles and methods for fluorescence EEM are
systematically outlined.

* Fluorophore peak/region/component and energy
information can be extracted from EEM.

*EEM can fingerprint the physical/chemical/
biological properties of DOM in MBRs.

* EEM is useful for tracking pollutant transforma-
tion and membrane retention/fouling.

* Improvements are still needed to overcome
limitations for further studies.
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ABSTRACT

The membrane bioreactor (MBR) technology is a rising star for wastewater treatment. The pollutant
elimination and membrane fouling performances of MBRs are essentially related to the dissolved
organic matter (DOM) in the system. Three-dimensional excitation-emission matrix (3D-EEM)
fluorescence spectroscopy, a powerful tool for the rapid and sensitive characterization of DOM, has
been extensively applied in MBR studies; however, only a limited portion of the EEM fingerprinting
information was utilized. This paper revisits the principles and methods of fluorescence EEM, and
reviews the recent progress in applying EEM to characterize DOM in MBR studies. We systematically
introduced the information extracted from EEM by considering the fluorescence peak location/
intensity, wavelength regional distribution, and spectral deconvolution (giving fluorescent component
loadings/scores), and discussed how to use the information to interpret the chemical compositions,
physiochemical properties, biological activities, membrane retention/fouling behaviors, and migration/
transformation fates of DOM in MBR systems. In addition to conventional EEM indicators, novel
fluorescent parameters are summarized for potential use, including quantum yield, Stokes shift, excited
energy state, and fluorescence lifetime. The current limitations of EEM-based DOM characterization
are also discussed, with possible measures proposed to improve applications in MBR monitoring.

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

1 Introduction

Membrane bioreactors (MBRs) are widely applied in

wastewater treatment and reclamation and have been
proved to be an effective and promising technology.
Compared with the conventional activated sludge process
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with secondary sedimentation, MBR has numerous
advantages including small footprint, high effluent quality,
complete separation of sludge retention time (SRT) from
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hydraulic retention time (HRT), and enhanced pollutant
degradation (Xia et al., 2015; Xiao et al., 2019b). Research
on MBR has mainly included the following aspects: (a) the
pollutant removal efficiency (Echevarria et al.,, 2019),
(b) process and module configurations (Yan et al., 2015),
(c) operational conditions (Menniti and Morgenroth,
2010), (d) operating cost and energy consumption
(Echevarria et al., 2019; Xiao et al., 2019b), (e) the
behavior of pollutants and microorganisms in the system
(Jacquin et al., 2018a; Tan et al.,, 2019), and (f) the
mechanism and control of membrane fouling (Lin et al.,
2013; Xiao et al., 2014).

Dissolved organic matter (DOM), a highly heteroge-
neous mixture (e.g., microbial byproducts and undegraded
residues) in the MBR system, has a profound influence on
the biochemical processes of pollutants (Hudson et al.,
2008), stability and transfer of particulate matter (Xiao
et al., 2018c), complexation of metals (Chen et al., 2013),
formation of disinfection byproducts (DBPs) (Ma et al.,
2018), and development of membrane fouling (Wang et al.,
2009; Tang et al.,, 2010). Therefore, it is essential to
monitor DOM characteristics for effective and stable
operation of an MBR. Several methods have been applied
to determine the organic matter concentration. For
example, the total organic carbon (TOC) reflects the
overall amount of organic matter; the DuBois (DuBois
et al., 1956) and Lowry methods (Lowry et al., 1951)
quantify the polysaccharide, protein, and humic contents;
DAX (or XAD) resin column chromatography fractionates
the hydrophobic/hydrophilic components (Mu et al.,
2019); size-exclusion chromatography—organic carbon
detection—organic nitrogen detection (LC-OCD-OND)
characterizes the molecular weight distribution in terms
of organic carbon and nitrogen (Huber et al., 2011; Jacquin
et al., 2017); and a more advanced technique, Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS), elaborates the mass composition at the mole-
cular level (Ly and Hur, 2018). UV—-visible absorption
spectroscopy is also widely used to quantify components
in water (Figueiré et al., 2018). However, the above
methods (except UV—visible spectroscopy) are usually
laborious and time-consuming, and inefficient for rapid
monitoring of DOM. Conversely, three-dimensional
excitation—emission matrix (3D-EEM) is a convenient,
highly sensitive, and selective method that does not
destroy samples. An EEM contains a vast amount of
fingerprinting information for DOM, including the chemi-
cal composition (Coble, 1996), hydrophobicity (Xiao
et al., 2018b), molecular weight (Cuss and Guéguen,
2015), humification degree (Huguet et al., 2009), microbial
activity (Dong et al., 2010), and DBP formation potential
(Ma et al., 2018). Furthermore, EEM has great potential in
achieving online monitoring of DOM. Due to these
advantages, EEM has attracted attention in the area of
MBR research and resulted in an increasing number of
applications for the characterization, indication, and

elucidation of DOM behavior, pollutant transformation,
biomass properties, and membrane performance over the
past decade (Wang et al., 2009; Liu et al., 2011; Zhuo et al.,
2018). Nevertheless, the EEM-derived information that has
been utilized in MBR research is just the tip of the iceberg.
The known EEM indicators need to be systematically
summarized, and the to-be-exploited EEM information
merits critical discussion for the sake of future studies.

This review aims to comprehensively summarize the
principles of fluorescence, experimental methods of EEM,
mathematical/statistical handling of data, information
obtained from the spectra, and the relations of EEM
indicators to DOM properties. We systematically outlined
the applications of EEM in characterizing and controlling
MBR processes and membrane fouling. Finally, the
limitations of EEM and how to extend the applications
of EEM in MBR are critically discussed.

2 EEM principles and measurements
2.1 Basic principles of fluorescence

When substances with fluorophores absorb light, the
electrons that obtain energy undergo a transition and,
after energy transfer, the electrons release energy back to
the ground state, emitting light in the form of fluorescence.
The mechanism of luminescence is shown in Fig. 1 (a
Jablonski diagram), where S,, S;, S,, and T; represent
different energy states of the electrons: S, for the singlet
ground state, S; and S, for the singlet excited states, and T,
for the triplet excited state. Each of these energy states
includes several vibrational energy levels as depicted by 0,
1, 2, etc. Vibrational energy is prone to rapid dissipation,
and the lowering of the energy level (in the same electronic
state) is referred to as vibrational relaxation. Internal
conversion is the rapid transition from a higher excited
state to a lower excited state of the same spin multiplicity
(e.g., from S, to S;) whereas intersystem crossing is
usually a much slower process of transition between two
electronic states with different spin multiplicities (e.g.,
from S; to T). Fluorescence is emitted when S; returns to
So whereas phosphorescence is emitted when T returns to
So. In the process of fluorescence, energy loss occurs due
to internal conversion and vibrational relaxation, which
results in a longer emission wavelength than the excitation
wavelength (Lakowicz, 2006). The difference in the
excitation and emission wavenumbers is called the Stokes
shift. Note that fewer photons are normally emitted in the
form of fluorescence than the photons absorbed for
excitation of the electrons due to deactivation processes
such as non-radiative decay of the excited electrons or
quenching of the fluorescence. Quantum yield is defined
as the ratio of the number of emitted photons to the number
of absorbed photons and it is equal to the ratio of
the measured lifetime to the intrinsic lifetime of the
fluorophore (Wiinsch et al., 2015).
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Fig. 1 Schematic diagram of luminescence mechanisms.

Fluorescent molecules (fluorophores) generally possess
n-conjugated systems and rigid planar structures. The
degree of conjugation and rigidity, and the type of
substituents in the molecule, affect the fluorescent proper-
ties (Lakowicz, 2006; Valeur and Berberan-Santos, 2012).
The substituents include N, O, and S functional groups
such as carboxyl, phenol, enol, hydroxyl, carbonyl, acyl,
and thiols. These functional groups bound with
unsaturated n-conjugated structures constitute a variety of
fluorescent chemical compounds such as protein-like,
humic-like, and fulvic-like substances (Leenheer and
Croué, 2003; Wang et al., 2009). Therefore, DOM bearing
these molecular segments can be monitored by fluores-
cence tools.

2.2 Fluorescence spectra types

Several fluorescence spectra have been applied in DOM
characterization in ecosystems, including excitation spec-
tra, emission spectra, synchronous fluorescence spectra,
time-resolved fluorescence spectra, and EEM (Baker,
2001; Clark et al., 2002; Reynolds, 2003). EEM is
measured by scanning the fluorescence intensity across a
range of excitation (Ex) and emission (Em) wavelengths to
generate an intensity—excitation—emission 3D graph.
Compared with other fluorescence spectra, EEM results
in a more comprehensive multidimensional detection of
the fluorescence. The scanning is quick enough to allow
for potential real-time online monitoring in water ecosys-
tems and water treatment plants (Baker, 2001,2002).

2.3 Methods for EEM measurement and data processing

EEM is measured using a fluorescence spectrophotometer
that scans the fluorescence intensity at various excitation
and emission wavelengths, generating a set of intensity—
Ex—Em data. The operational Ex and Em for data logging
are usually=200 nm and =250 nm, respectively. Some
researchers recommended that the fluorescence intensity
be recorded at Ex =220 nm due to the larger deviation in
the measurement at lower Ex (Goletz et al., 2011). Prior to

EEM measurement, the DOM solution must be filtered to
remove large particles (e.g., larger than 0.45 um). As an
important factor that affects fluorescence (Murphy et al.,
2014), the pH of the solution should be adjusted (and/or
buffered) when it is necessary to exclude its impact for the
purpose of the study. Compared with the pH, the ionic
strength of the solution is usually considered to be less
influential in fluorescence measurement (Murphy et al.,
2014; Li et al., 2016).

As shown in Fig. 2, the steps for processing the original
EEM data to obtain a standardized EEM spectrum are as
follows: (a) reducing the Rayleigh and Raman scatterings
by subtracting pure water background, and smoothing the
remained scatterings using a cubic spline interpolation
technique (Bahram et al., 2006); (b) correcting the inner-
filter effect using UV—visible absorbances (UVA) at the
same optical path length (the correction is considered valid
when the maximum UVA in a 1 cm cell is less than 1.5)
(Mobed et al., 1996; Kothawala et al.,, 2013); and
(c) dividing the EEM data by the integral area of the
Raman peak of pure water at Ex= 350 nm to remove
instrument-dependent intensity factors (Lawaetz and
Stedmon, 2009). A large amount of fluorescence informa-
tion can be extracted from EEM data, including the peak
intensity, peak location and distribution, information
discovered from spectral decomposition, and information
related to electron/photon energy in the fluorescence
process. The fluorescence information can include indica-
tors for a variety of DOM properties and behaviors in
natural aquatic systems, wastewater treatment plants, and
MBRs.

3 DOM information obtained from EEM

3.1 Information based on peak location

3.1.1 EEM regions indicating chemical composition

The fluorescence properties of different materials are
different, resulting in different distributions of fluorescent
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Fig. 2 Flow chart for EEM data processing.

peaks in the EEM spectra. The main fluorescent peaks of
fluorescent dissolved organic matter (FDOM) are generally
divided into five categories according to the chemical
composition (Coble, 1996; Parlanti et al., 2000). As shown
in Fig. 3(a), peak A, o’ [Ex/Em= (237-260)/(400-500)
nm] and peak C, a [Ex/Em= (300-370)/(400-500) nm]
represent humic-like substances; peak M,  [Ex/Em =312/
(380—420) nm] represents marine humic-like substances;
peak B, vy [Ex/Em = (270-280)/(300-320) nm] represents
tyrosine-like protein substances; and peak T, & [Ex/Em=
(270-280)/(320-350) nm] represents tryptophan-like pro-
tein substances. In addition, researchers proposed two
other fluorescence peaks, peak D (Ex/Em = 390/509 nm)
representing soil fulvic acid and peak N (Ex/Em = 280/370
nm) representing plankton-derived DOM (Stedmon et al.,
2003).

The distribution of fluorescence in different Ex/Em
wavelength regions of EEM is commonly related to the
chemical composition of the DOM. Fluorescence region
integration (FRI) provides an approach to characterizing
the fluorescence distribution in different EEM spectral
regions, and integrates the fluorescence intensity of each
region to calculate the regional contribution to the total
fluorescence (He et al., 2011; Jia et al., 2014; Xiao et al.,
2018a). FRI divides an EEM spectrum into five main
regions (Chen et al., 2003), as illustrated in Fig. 3(a).
Regions I and 1T (Ex < 250 nm, Em < 380 nm) correspond
to simple aromatic proteins such as tyrosine-like and
tryptophan-like substances; region III (Ex <250 nm,
Em>380 nm) corresponds to fulvic-like substances; region
IV (Ex>250 nm, Em <380 nm) is related to soluble

microbial byproduct-like substances; and region V
(Ex >250 nm, Em >380 nm) represents humic-like
substances. Fluorescence peak identification and FRI
analysis of EEM spectra have been widely used in MBR
studies to track the transformation of DOM and investigate
the major contributors to membrane fouling (Liu et al.,
2011; Ma et al., 2014).

3.1.2 EEM regions indicating hydrophobicity and
molecular weight

Hydrophobicity and molecular weight (MW) are basic
properties of DOM. Hydrophobicity affects the interaction
between DOM molecules and with other coexisting
substances in the sludge mixture, thus affecting the
migration and transformation behaviors of DOM in the
environment and engineering systems (Wang and Chen,
2018). Previous research indicated that changes in DOM
hydrophobicity during biological treatment and disinfec-
tion caused variations in biodegradability and biotoxicity
of DOM (Liu et al., 2016). DOM can be divided into
hydrophobic acids (HOA), hydrophobic bases (HOB),
hydrophobic neutrals (HON), and hydrophilic substances
(HIS) by DAX (or XAD) resin adsorption (Leenheer and
Croué, 2003). HIS can be further subgrouped into
hydrophilic acids/bases/neutrals (HIA/HIB/HIN) using
ion-exchange resins (Leenheer and Croué, 2003). How-
ever, the resin fractionation method is complicated and
time-consuming, making it difficult to achieve online
monitoring of the hydrophobic/philic composition of
DOM. EEM provides a convenient alternative in this
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regard. Marhaba et al. (2000) applied EEM to efficiently
characterize DOM in a wastewater treatment plant,
demonstrating that different hydrophilic/hydrophobic
components possessed different peak locations: HIA
[ExX/Em= (225-237)/(345-357) nm], HIB [Ex/Em=
(225-237)/(357-369) nm], HIN [Ex/Em = 225/(609-621)
nm], HOA [Ex/Em= (237-249)/(417-429) nm], HOB
[Ex/Em = (225-237)/(369—-381) nm], and HON [Ex/Em =
(225-237)/(309-321) nm]. Xiao et al. (2018b) found that
the short wavelength region (Ex <235 nm or Em < 300
nm) represented more HOA and HOB, and HIS tended to
occur in the region where the Em was close to the Ex. The
proportion of fluorescence in the Ex/Em= (200—-400)/
(300-550) nm region correlated significantly with the
proportion of HIS in the overall TOC, and the significant
correlation region for HOA was Ex/Em = (200-285)/(340—
465) nm; HOB also exhibited a significant correlation but
in a narrow region. Furthermore, hydrophobic components
exhibited a greater quantum yield and Stokes shift than
hydrophilic components, which is due to the higher
aromaticity and larger scale of the m-conjugated system
of hydrophobic components (Xiao et al., 2016; Xiao et al.,
2019a). Therefore, EEM has the potential to indicate the
hydrophobic/hydrophilic properties of DOM at qualitative
or quantitative levels. A rough division of the fluorescence
regions based on hydrophobicity is shown in Fig. 3(b).

The MW of DOM has also been related to the
distribution of fluorescence on the EEM map. In MBR
systems, the lower MW fractions were more prone to
exhibit fluorescence in the lower wavelength range (Xiao
et al., 2016; Xiao et al., 2018c), reflecting higher excited
energy of the fluorescent groups in the lower MW
molecules. However, unlike that for hydrophobicity,
typical wavelength regions for different MW fractions
have not yet been located on the EEM map.

3.1.3 EEM regions indicating DOM behaviors

The EEM map can also be divided into different
fluorescence regions based on the behavior of the organic
matter, including the biodegradability, sludge/water phase
distribution (e.g., related to the balance between soluble
microbial products (SMP) in the solution and extracellular
polymeric substances (EPS) loosely/tightly bound to cells),
and membrane fouling propensity. As shown in Fig. 3(c),
Em= 300 nm can roughly divide the EEM spectrum into
readily and less readily biodegradable regions (Xiao et al.,
2018a); within the range of Em= 280-330 nm, the
Ex>230 nm region is more characteristic of SMP-like
substances whereas Ex < 230 nm is more EPS-like (Xiao
et al., 2018a); fluorescence prominent in the region of Em
= 280-330 nm and Ex <280 nm is a suspected trace of
strong fouling propensity while that in the Ex = 200-350
nm and Em= 400-500 nm region is related to moderate
fouling (Xiao et al., 2018a). Furthermore, a few fluores-

cence peaks in the Ex= 275 nm and Em = 440445 nm
region have been related to foulants causing internal
fouling (inside the membrane pores) whereas Ex/Em=
230/350 nm and Ex/Em= 280/345 nm corresponded to
external fouling (occurring in the form of a foulant layer on
the membrane surface) (Liu et al., 2011).

3.2 Information based on peak intensity and intensity ratio

3.2.1 Indicators of water quality based on peak intensity

Fluorescence peak intensities are related to several water
quality parameters, including biochemical oxygen demand
(BOD), total organic carbon (TOC), dissolved organic
carbon (DOC), chemical oxygen demand (COD), total
nitrogen (TN), and UVA,s4. Numerous studies have
investigated the correlations between fluorescence peak
intensities and these parameters in water ecosystems and
water treatment plants. As shown in Table 1, the TOC
correlates well with protein-like and humic-like peak
intensities (whereas Cumberland and Baker (2007)
reported the lowest correlation coefficient, 0.167). Some
studies reported a good correlation between the DOC and
fluorescence peak intensities with correlation coefficients
above 0.9 (Baghoth et al., 2011; Ignatev and Tuhkanen,
2019), but others reported low correlation coefficients such
as 0.28 (Cumberland and Baker, 2007). The remarkable
differences in correlation coefficients may result from the
sources of DOM. The correlation coefficients between the
BOD and protein-like peak intensity (or component score)
ranged from 0.82 to 0.98 and those between the BOD and
humic-like peak intensity (or component score) ranged
from 0.70 to 0.95. Overall, the BOD was better related to
protein-like peaks or protein-like components. In addition,
the COD, TN, and UVA,s4 also exhibited significant
correlations with fluorescence peaks and fluorescence
components. Together, although these correlations were
obtained mostly in water ecosystems and conventional
wastewater treatment plants, it is manifest that the
fluorescence peak intensities and fluorescence component
scores have great potential to be applied in online
monitoring of water quality parameters in MBR systems.

3.2.2 Indicators of physical/chemical/biological character-
istics based on peak intensity

Molecular weight (MW) shows a correlation with
fluorescence peak intensity. For DOM from natural waters,
Cuss and Guéguen (2015) reported that the MW was
negatively correlated with the intensities of peak B and
peak T (defined in Fig. 3(a)) (» <0.001), and positively
correlated with the sum of the intensities of peaks A and C
(p <0.001). For DOM in MBR systems, researchers found
that smaller DOM molecules tended to have higher FI per
TOC, probably due to the higher fluorophore density and
the larger specific area for light exposure (Xiao et al., 2016;
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Table 1 Correlation between water quality parameters and fluorescence parameters (fluorescence peaks and components)

Water quality Water Fluorescence peaks and correlation coefficients References
parameters systems
TOC Surface waters, sewage treatment Tryptophan-like T1 (0.88); tryptophan-like Hudson et al. (2008)
plants and samples of pollution T2 (0.80); humic-like A (0.87);
incidents humic-like C (0.81)
Surface water, groundwater, Fulvic-like C2 (0.17-0.76) Cumberland and Baker (2007)
sewage treatment plants
Sewage treatment plant Tryptophan-like T (0.989) Christian et al. (2017)
DOC Surface water, groundwater, Humic-like C1 (0.28-0.63) Cumberland and Baker (2007)
sewage treatment plants
Sewage treatment plants Total tryptophan-like (0.96); Ignatev and Tuhkanen (2019)
(conventional activated sludge total tyrosine-like
treatment) (0.98)
Drinking water treatment plants Humic-like C1 (0.96); humic-like C2 (0.97); Baghoth et al. (2011)
humic-like C3 (0.94); protein-like C4 (0.94);
humic-like C5 (0.95); humic-like C6 (0.93);
protein-like C7 (0.91)
Sewage treatment plants Protein-like C1 (0.85-0.99); humic-like C2 (0.99); Cohen et al. (2014)
humic-like C3 (0.79-0.98); humic-like C4 (0.99)
COD Sewage treatment plants Total tryptophan-like (0.90); total tyrosine-like Ignatev and Tuhkanen (2019)
(conventional activated sludge (0.94)
treatment)
Surface water (Gap River watershed; Humic-like C1(0.98); humic-like C2 (0.97); Hur and Cho (2012)
Korea) tryptophan-like C3 (0.98)
Sewage treatment plants Tryptophan-like T1 (0.85) Bridgeman et al. (2013)
Surface water (Tyne catchment in Tryptophan-like T ( 0.65) Baker and Inverarity (2004)
North-East England)
Sewage treatment plants Protein-like C1 (0.82-0.99); humic-like C2 (0.91); Cohen et al. (2014)
humic-like C3 (0.96); humic-like C4 (0.80)
BOD Surface waters, sewage treatment Tryptophan-like T1 (0.91); tryptophan-like T2 Hudson et al. (2008)
works and samples of pollution (0.85); humic-like A (0.70); humic-like C (0.77)
incidents
Sewage treatment plants (conventional — Total tryptophan-like (0.93); total tyrosine-like Ignatev and Tuhkanen (2019)
activated sludge treatment) (0.96)
Surface water (Gap River Humic-like C1 (0.95); humic-like C2 (0.94); Hur and Cho (2012)
watershed; Korea) tryptophan-like C3 (0.95)
Sewage treatment plants Tryptophan-like T1 (0.89-0.94) Reynolds and Ahmad (1997)
Sewage treatment plants Tryptophan-like T (0.97) Ahmad and Reynolds (1999)
Sewage treatment plants Tryptophan-like T1 (0.92) Bridgeman et al. (2013)
Surface water (Tyne catchment in Tryptophan-like T (0.85) Baker and Inverarity (2004)
North-East England)
Landfill sites (North England) Tryptophan-like T2 (0.94-0.98) Baker and Curry (2004)
Sewage treatment plants Protein-like C1 (0.82) Cohen et al. (2014)
humic-like C2 (0.72)
Sewage treatment plant Tryptophan-like T (0.971); peak C (0.945) Christian et al. (2017)
TN Surface water (Gap River Humic-like C1 (0.951); humic-like C2 (0.927); Hur and Cho (2012)
watershed; Korea) tryptophan-like C3 (0.950)
Sewage treatment plants Protein-like C1 (0.86-0.90); humic-like C2 (0.88); Cohen et al. (2014)
humic-like C3 (0.80); humic-like C4 (0.83)
UVAjs4 Drinking water treatment plants Humic-like C1 (0.89); humic-like C2 (0.91); Baghoth et al. (2011)

Sewage treatment plants

humic-like C3 (0.88); protein-like C4 (0.92);
humic-like C5 (0.89); humic-like C6 (0.91);
protein-like C7 (0.86)
Protein-like C1 (0.80-0.92); humic-like C2

(0.75-0.85); humic-like C3 (0.70-0.84);
humic-like C4 (0.76)

Cohen et al. (2014)
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Xiao et al., 2018c¢; Xiao et al., 2019a). In addition, it was
reported that log(MW) (MW ranging from 1 kDa to 0.7
um) was negatively correlated with the relative intensity,
FI/TOC or FI/UVA, which was particularly significant in
the shorter wavelength range of Ex <300 nm and
Em < 280 nm (Xiao et al., 2018c).

Fluorescence peak intensities also indicate the microbial
activity of specific substances. For example, the peak
intensity of coenzyme F4,¢ was reported as an indicator of
methanogenic activity. Dong et al. (2010) found that the
fluorescence peak intensity of F4,y was positively related
to methanogenic activity in an upflow anaerobic sludge
blanket (UASB) reactor. Such indicators may shed light on
indications of methanogenic activity and other descriptors
of operating state in anaerobic bioreactors such as
anaerobic MBRs (AnMBRs). Moreover, the peak inten-
sities of fluorescent components (i.e., component scores)
obtained by decomposing the EEM spectrum using parallel
factor analysis (PARAFAC) can be used to determine the
formation potential of DBPs. A number of studies have
reported that fluorescent tryptophan-like and amino-like
components can be used to detect the formation potential
of C-DBPs and N-DBPs in the process of drinking water
disinfection (Yang et al., 2015; Ma et al., 2018). Humic-
like and fulvic-like components and their ratios were also
correlated with the formation potential of DBPs (Hua et al.,
2010; Beggs and Summers, 2011; Yang et al., 2015;
Watson et al., 2018). Hao et al. (2012) established a linear
regression model using the peak intensities of humic acid
and fulvic acid components to estimate the formation
potential of DBPs (trihalomethane (THM) and haloacetic
acid (HAA)). It is promising that these indicators can also
be applied to MBR-based processes.

3.2.3 Indicators based on peak intensity ratios

The ratios between fluorescence peak intensities are also
useful fluorescence indicators, including the fluorescence
index (FI), humification index (HIX), biological source
index (BIX), humification parameter (HP), redox index
(RI), peak T/peak C, peak A/peak C, and peak B/peak C.
The FI is the ratio of the fluorescence intensity of Em 450
nm to that of Em 500 nm at a common Ex of 370 nm (f350/
Jfs500) (McKnight et al., 2001), or the ratio of the intensity of
Em 470 nm to Em 520 nm at a common Ex of 370 nm (f370/
f520) (Cory and McKnight, 2005). The FI can be used to
identify the sources of DOM, with f450/f500 values of ~1.4
and ~1.9 for terrestrial and microbial/aquatic sources,
respectively (McKnight et al., 2001; Cory and McKnight,
2005). The HIX was first proposed by Zsolnay et al. (1999)
to characterize the maturity of DOM and is calculated as
the ratio of the summed intensity over Em = 435480 nm
to that over Em = 300-345 nm at a common Ex of 254 nm.
The HIX indicates the degree of humification, with a high
HIX (10-16) suggesting a terrestrial origin of DOM, and a

low HIX (< 4) suggesting in situ formation of DOM due
to biological activities (Huguet et al., 2009). The BIX is
defined as the ratio of the intensity of Em 380 nm to Em
430 nm at a common Ex of 310 nm, reflecting a recent
autochthonous contribution to DOM formation (Huguet et
al., 2009). The BIX values 0f 0.6-0.7, 0.7-0.8, and 0.8-1.0
indicate weak, intermediate, and strong autochthonous
component of DOM, respectively; BIX>1.0 indicates a
biological or aquatic bacterial origin of DOM (Huguet et
al., 2009). He et al. (2013) proposed the HP to evaluate the
degree of humification, defining it as the ratio between the
sum of the integral volumes of regions III and V (fulvic
acid-like and humic acid-like regions) and the sum of the
integral volumes of regions I, II, and IV (protein-like
regions). The HP reveals the heterogeneity of DOM, and
reflects humification information more comprehensively
than HIX because it is based on all the fluorescence
information across the whole wavelength range. The Rl is
defined as the ratio of the sum of the loadings of the four
reduced quinone-like components to the sum of the
loadings of all seven quinone-like components identified
by PARAFAC (Cory and McKnight, 2005; Miller et al.,
2006), thus indicating the redox characteristic of quinone-
like components of EEM. Because tryptophan-like and
tyrosine-like substances are readily biodegradable whereas
humic-like substances are relatively persistent, the peak T/
peak C, peak A/peak C, and peak B/peak C intensity ratios
can fingerprint the biodegradability of the DOM (Sheng
and Yu, 2006; Liu et al., 2011; Gabor et al., 2014). The
intensity integral ratio between peak C and peak T (I¢:It)
can be used to track dynamic changes in the fluorescent
components (Zhou et al., 2017). Moreover, the ratio of the
humic-like component score to the fulvic-like component
score exhibited a significantly positive correlation with the
potential of trihalomethane (THM) formation (Lee et al.,
2018).

3.3 Information based on EEM deconvolution

Principal component analysis (PCA), parallel factor
analysis (PARAFACA), and parallel factor framework
clustering analysis (PFFCA) have been used to decompose
EEM spectra. The principles and applications of these
methods are described in this section.

3.3.1 Principal component analysis (PCA)

PCA is a commonly used multivariate data analysis
method for data compression and information extraction
from a large number of variables. A set of variables that
may be related to each other are transformed into a set of
new independent variables, referred to as principal
components (PCs) (Wold et al., 1987). PCs describe the
main features of the EEM data. As shown in Eq. (1), PCA
decomposes the original X-matrix of the fluorescence data
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into the outer product of the vectors ¢ and p; plus a residual
matrix E.

X =

K
i Xpi+E (1)

i=1

where K is the number of samples in the data set; ¢; vectors
are the scores of the PCs extracted by PCA, reflecting the
projection of the original variable in the new variable
space; p; vectors are loadings that contain information
about how EEM variables relate to each other, indicating
the relative importance of the fluorescence variables. Two
to three PCs are generally adequate to represent most of the
fluorescence information.

PCA of EEM spectroscopy data has been used to
analyze the characteristics of DOM in water ecosystems
and water treatment processes. PCA can indicate the major
components in DOM samples, including humic-like,
protein-like, and particulate/colloidal organic matters (Yu
et al,, 2018). Peiris et al. (2010a) performed PCA to
analyze the foulants in an ultrafiltration process, revealing
that colloidal/particulate matter mostly contributed to
reversible fouling whereas humic-like and protein-like
matters were largely responsible for irreversible fouling. In
addition, by tracking the variation of PCs in a water
treatment plant, the removal behavior of pollutants along
the process can be better elaborated (Guo et al., 2018).
PCA can also distinguish the noise signals, e.g., Rayleigh
scattering, from the major fluorescence signals (Peiris et
al., 2010a; Peiris et al., 2010b).

3.3.2 Parallel factor analysis (PARAFAC)

PARAFAC comprises an alternating least squares algo-
rithm to minimize the sum of the squares of the residuals in
the trilinear model to estimate the EEM spectra (Stedmon
et al., 2003). The model simplifies the EEM data set into a
set of trilinear terms and an array of residuals. Assuming
there are F effective components, the fluorescence
intensity of the i’th sample at the j’th emission wavelength
and the £’th excitation wavelength is modeled as a summed
product of the component score (a), emission loading (b),
and excitation loading (c), as shown in Eq. (2).

F
Xje =Y agbycy + &g @
=

where ¢ is the residual term. Thus a, b and c represent the
relative concentration, the emission and the excitation
spectra of the component, respectively.

EEM-PARAFAC has been applied in a variety of water
ecosystems and water/wastewater treatment systems,
primarily for the following aspects: (a) indication of
general water quality parameters using the factor compo-
nents, with the statistical significance assessed by correla-
tion analysis (Baghoth et al., 2011; Hur and Cho, 2012;

Cohen et al., 2014); (b) indication of the humification
degree of DOM using the maximum fluorescence intensity
values of the factor components (He et al, 2013);
(c) indication of the formation potential of DBPs (Yang
etal., 2015; Ma et al., 2018); (d) investigation of microbial
activities (Ruscalleda et al., 2014; Lu et al., 2017); and
(e) tracking the fate of DOM in water/wastewater treatment
processes (Magbool et al., 2016). PARAFAC generally
decomposes the EEM spectra of DOM into three or four
components. As shown in Fig. 3(a), three types of humic-
like components with different properties and behaviors
exist in natural environment and engineering systems,
including component 1 [Ex/Em= (<230-260)/
(400—-500) nm], component 2 [Ex/Em= (< 240-275)/
(434—-520) and (339-420)/(434—520) nm] and compo-
nent 3 [Ex/Em= (<240-260)/(374—-450) and
(295-380)/(374—450) nm] (Ishii and Boyer, 2012). In
addition, protein-like components are vital. As shown in
Fig. 3(a), the peaks of protein components are at Ex/Em =
225/300, 280/300, 225/330, and 280/330 nm. Components
at Ex/Em = 235/340 (or 290/340) nm and Ex/Em= 235/
475 (or 290/475) nm represent protein-like components
when both peaks appear simultaneously (Li et al., 2014; Yu
et al., 2018). PARAFAC effectively separates overlapping
spectra of different DOM components, enabling clear
elucidation of multicomponent EEM data and further
quantitative analysis (Li et al., 2014; Yu et al., 2015).
However, PARAFAC is not suitable to handle nontrilinear
EEM data, and fails to obtain a unique solution when
processing complex environmental samples (Qian et al.,
2017b). PARAFAC generally treats the Rayleigh and
Raman scatterings as interfering signals but these scatter-
ings are sometimes useful reflections of the relative
concentrations of particles and colloids (Murphy et al.,
2013; Wells et al., 2017).

3.3.3 Parallel factor framework clustering analysis
(PFFCA)

PARAFAC assumes that all components are linearly
independent, but this assumption becomes invalid for
complex environmental cases when a single DOM
molecule carries more than one fluorescent component
simultaneously (i.e., these components will be highly
correlated). To address this issue, a recent approach,
PFFCA, recombines the collinear PARAFAC components
into physically meaningful component via clustering
analysis. The PFFCA process consists of two major
steps: (a) decomposing the EEM data within the
PARAFAC framework, and (b) clustering the components
into appropriate groups (Qian et al., 2017b). For the first
step, as shown in Eq. (2), the data matrix is decomposed
into a set of three-line terms and residual arrays using the
PARAFAC model. The factor number F is determined by
increasing F until the relative squared sum of the residual is



10 Front. Environ. Sci. Eng. 2020, 14(2): 31

less than a predefined threshold. Then, factors with a large
variation in the scores are selected to form a data set G. For
the second step, clustering analysis (e.g. hierarchical
clustering) is performed on G, with the final number of
clusters equal to the number of principal components of G
if a PCA on G is also performed. Then each cluster
represents an effective fluorescent component in the
samples. Compared with PARAFAC, PFFCA can process
nontrilinear EEM data (via trilinear approximations), and
the resultant components are more explicable and the
obtained estimates are closer to the actual EEM spectra.
Moreover, PFFCA can identify and separate Raman and
Rayleigh scatterings so it is unnecessary to remove them
prior to the analysis (Qian et al., 2017b). Qian et al.
(2017a) used PPFCA to study the chemometrics of
fluorescent DOM in municipal wastewater treatment
processes. Guan et al. (2018) applied PFFCA to investigate
the interaction between protein and humic substances
during membrane fouling.

In addition, other methods are available to analyze EEM
data, including the self-organizing map (SOM), multi-
variate curve resolution (MCR), principal filter analysis
(PFA), principal components regression (PCR), partial
least squares regression (PLS), PLS discriminant analysis
(PLS-DA), and soft independent modeling of class analogy
(SIMCA) (Murphy et al., 2014).

4 Application of EEM in MBR research

4.1 Scope of EEM indicators for DOM characterization in
MBR studies

As illustrated in Fig. 4, EEM can characterize numerous
physical/chemical/biological properties of DOM in the
form of the influent organics, effluent organics, SMP, EPS,
and membrane foulants in MBR systems. The DOM

properties include the chemical composition, hydrophobi-
city, MW, degree of humification, and biodegradability.
EEM has the potential to identify changes in the influent
that may lead to high membrane fouling events (Peiris
et al., 2010b). DOM in the effluent identified by EEM
represents the efficiency of membrane retention and
reflects the development of membrane fouling (Wu et al.,
2013). In MBR systems, SMP and EPS play important
roles in membrane fouling. Therefore, it is vital to
characterize the DOM in SMP, EPS, and membrane
foulants to investigate the mechanism of membrane
fouling and predict the fouling trend for an early alert.
As shown in Fig. 3(c), DOM from different samples (SMP,
EPS, internal and external foulants) differs in the
distribution of the fluorescence regions indicative of
biodegradability, and fouling propensity. In addition,
EEM can be used to detect the chemical composition,
hydrophobicity and MW of DOM along the treatment
process in MBRs, including pretreatment, biological
treatment, membrane filtration, and post-treatment units.
Therefore, it is essential to conduct comprehensive
monitoring of the DOM in MBR systems, and EEM
could be a powerful tool.

In MBR systems, a variety of factors can affect DOM
properties. DOM characteristics identified by EEM can be
applied to investigate how these factors (such as MBR
operational conditions) affect DOM properties, thus
establishing the connection between EEM and operational
conditions, which helps to optimize MBR systems. These
operational conditions include: (a) the food-to-microor-
ganism (F/M) ratio, (b) SRT, (c) aeration intensity,
(d) addition of carriers/adsorbents/coagulants, and
(e) pretreatment of the influent. Under high F/M condi-
tions, the high DOM concentrations in the influent are very
likely to adversely affect membrane fouling (Wu et al.,
2013). Different SRTs result in differences in the DOM
composition of SMP and membrane foulants. It was

DOM Properties Chemical Dl . - . B Wit W DR et
& Behavior: %)xsntgsgellls DOM Sources Humification Biodegradability ~ Hydrophobicity Wei git Acfivity D eieaEaly
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—» Reported
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Fig. 4 Linkages between EEM properties and DOM properties for MBR studies.
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reported that longer SRT resulted in a weaker fluorescence
peak intensity of protein-like substances but a stronger
fluorescence peak intensity of humic-like substances in
SMP (Kimura et al., 2009). During the operation of an
MBR, research has shown that the content of tryptophan-
like components in EPS decreased with increasing aeration
intensity (Magbool et al., 2016). By adding adsorbents and
carriers (such as granular activated carbon (GAC) and
zeolite particles) to the MBR system, the protein-like and
humic acid-like substances can be effectively removed,
thereby suppressing membrane fouling (Hazrati et al.,
2018). Pretreatment of the influent and mixed liquor using
adsorption (Wang et al., 2017), coagulation (Deng et al.,
2019), and Oj treatment (Liu et al., 2011) can also
effectively control the DOM concentration and membrane
fouling in MBR systems.

The linkages between EEM parameters and DOM
properties/behaviors in MBR systems, including those
reported previously and those meriting further study, are
comprehensively summarized in Fig. 4.

4.2 Characterization of pollutant transformation and
degradation

EEM spectra can be used to track and monitor the
transformation and degradation of pollutants in MBR
systems. In terms of the spatial variation of pollutants
along the process flow, EEMs in combination with FRI,
PARAFAC, and other analytical methods have been
effectively applied to study the fate of DOM. There are
differences in the fluorescence spectra of the influent, SMP,
EPS, membrane foulants, and effluent DOM. The varia-
tions in the intensity and position of each fluorescence
peak and fluorescent component reflect the transfer and
degradation of DOM components during the biological
treatment and membrane retention process. The decrease in
the intensity of fluorescence peak from the raw water to the
membrane effluent generally reflects the overall degree of
organic matter removal (Liu et al., 2011). The red and blue
shifts of the fluorescence peaks reflect the changes in DOM
structures along the process. The red shift is related to the
increase of carbonyl, hydroxyl, alkoxy, and amino groups
in the functional group structure (Swietlik and Sikorska,
2004) whereas the blue shift is related to the decrease in
characteristic functional groups (carbonyl, hydroxyl and
amine), the degree of m-electron conjugation, and the
number of aromatic ring conjugated bonds in the carbon
chain structure (Coble, 1996; Chen et al., 2002). Wang et
al. (2009) reported that, in the MBR treatment process,
peak A (defined in Fig. 3(a)) exhibited a red shift of 5-15
nm, peak B exhibited a red shift of 15 nm, and peak C
exhibited a red shift of 10 nm in the excitation wavelength
and a blue shift of 5-10 nm in the emission wavelength.
Peak B represented the degradable DOM whereas peak C
represented less degradable DOM. Liu et al. (2011)
reported that the intensity of peaks A, T1, T2, and C

(defined in Fig. 3(a)) in the MBR influent decreased after
O; pretreatment and a red shift occurred to different
degrees. From the influent to the effluent of MBR, a red
shift of peaks A and T2 occurred whereas peak TI
exhibited a blue shift in the excitation wavelength.
Compared with the influent and effluent, the EPS presented
an increase in the intensity of peak B and a red shift of 15—
35 nm for peaks A and C. Zhang et al. (2018) investigated
the variations of DOM in the influent, anoxic phase,
aerobic phase, and effluent of MBR by FRI analysis,
demonstrating that the relative contents of tryptophan-like
and tyrosine-like substances increased whereas humic-like
substances decreased along the process. Other studies also
confirmed the usefulness of EEM for delineating the
profiles of DOM transformation, degradation, and micro-
bial activity in MBR processes (Wang et al., 2015; Jacquin
et al., 2018b).

In terms of tracking the variation of pollutants over time,
EEM can record the changes in DOM characteristics
during the acclimatization and operation of MBR, thus
reflecting the dynamic features of pollutant degradation,
microorganism activity, and operational stability. Magbool
et al. (2016 and 2017) investigated the maximum
fluorescence intensity (Fi,ax) and F,.x per MLSS of each
EEM-PARAFAC component to track the dynamic varia-
tion in the bound EPS (bEPS), SMP, and membrane
influent during the operation periods before and after
acclimatization of the sludge. The F .« of the tryptophan-
like, tyrosine-like, and microorganism-related humic
acid-like components followed the order of bEPS>SMP>
effluent. To systematically compare the temporal and
spatial variability of DOM properties, Xiao et al. (2018a)
developed a fluorescence quotient (FQ) technique in
combination with nonparametric statistical tests to evaluate
the differences between any two sets of EEM fingerprints.

4.3 Evaluation of the membrane retention efficacy

The retention efficiency of the membrane can be
effectively evaluated by EEM. During the filtration process
with fouling inevitably involved, the membrane with
foulant blocking inside the pores and a gel/cake layer
covering on the outer surface will serve as the de facto
“membrane” as a whole. The retention efficiency of DOM
could be influenced by the mechanisms of the “mem-
brane”-DOM sieving effect, hydrophobic adsorption, and
electrostatic interaction. Therefore, the retention efficiency
would differ due to the differences in the MW, hydro-
phobicity, and electrical properties of the DOM compo-
nents. EEM spectra can be used to effectively assess the
ability of the “membrane” to retain different DOM
components. The membrane retention rates for the
tryptophan-like and tyrosine-like components were
reported to be higher than that of the humic-like
substances, possibly because of the higher MW (and also
hydrophobicity) of the protein-like substances (Wu et al.,
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2013; Jacquin et al., 2018c). In a study by Magbool et al.
(2017), the membrane retention rates of tryptophan-like,
tyrosine-like, and microorganism-related humic-like sub-
stances were 99%, 99%, and 70%—80%, respectively. Yang
et al. (2019) reported that the membrane retention rates of
tryptophan-like and humic-like substances were 78%—-90%
and 40%—70%, respectively. In addition, monitoring the
changes in the membrane effluent and supernatant DOM in
MBR over time using EEM spectra reflects the fluctuation
of membrane retention: on the one hand, enhancement of
membrane retention can result from the gradual develop-
ment of membrane fouling; on the other hand, a decreasing
retention efficiency may reflect damage to the membrane.
The retention efficiency of DOM may vary during the
periods of acclimation and operation of an MBR system. In
the research of Magbool et al. (2016), the retention rates of
tryptophan-like and tyrosine-like components increased
after acclimation and that of the humic acid-like compo-
nent decreased. Moreover, monitoring the membrane
retention based on fluorescence is beneficial for early
warning of membrane fouling and membrane damage
(Singh et al., 2015).

4.4 Exploration of membrane fouling mechanisms

Studying membrane fouling mechanisms is an important
application of EEM in MBR research, and provides
support to better understand fouling. The extent and
reversibility of membrane fouling are closely related to the
membrane—foulant and foulant—foulant interactions during
fouling development. With varied physicochemical prop-
erties, the roles played by different DOM components in
fouling can vary spatially (e.g., pores/interface/outer layer,
from internal to external fouling) and temporally (e.g.,
different stages of fouling evolution, from initial adsorp-
tion/blocking to fully grown foulant layer), as illustrated in
Fig. 5. These mechanisms can be profoundly elucidated by
EEM analysis of the foulants.

Researchers have used EEM in combination with
PARAFAC and PCA to assess the gross contribution of
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different DOM components to membrane fouling in MBR.
Protein-like species are well reported to have a high
fouling propensity, whereas the overall contribution of
humic-like species is relatively small (Wang et al., 2009;
Ly and Hur, 2018). Protein-like substances are the main
external membrane foulants in terms of the composition of
the foulant layer (Liu et al., 2011) whereas humic-like
substances dominate in internal fouling (Liu et al., 2011;
Jacquin et al., 2018a). In addition, humic-like substances
with different properties contribute differently to mem-
brane fouling. Quang et al. (2016) investigated the
contributions of different humic-like substances to mem-
brane fouling using EEM-PARAFAC. They found that the
protein/tannin-like components with the largest molecular
weight (MW) contributed the most to membrane fouling
via reversible or irreversible interaction with the membrane
matrix; among the humic-like components, the subclass
with the smallest MW mainly induced irreversible fouling
whereas that with intermediate MW was more likely to
cause reversible fouling.

In the membrane fouling stages, the membrane—foulant
interaction is mainly responsible for internal fouling in the
initial stage and the foulant—foulant interaction becomes
predominant in external fouling during extended filtration.
As schematically shown in Fig. 5, humic-like substances
with relatively small particle size are adsorbed within the
membrane pores due to, e.g., hydrophobic attraction,
causing pore narrowing/blockage in the initial fouling
stage (Wu et al., 2013; Wang et al., 2017; Jacquin et al.,
2018a). With larger particle size, protein-like substances
are more prone to be rejected on the membrane surface to
induce concentration polarization and participate in gel/
cake layer formation in long-term filtration stages (Wu
etal., 2013; Wang et al., 2017; Jacquin et al., 2018a). Wang
et al. (2017) found that in the initial fouling stage, the
maximum fluorescence intensity (F.x) of peak A was
significantly correlated with the total filtration resistance
and hydraulically irreversible resistance; in long-term
operation, the F,,,, of peak T2 was significantly correlated
with the total resistance, irreversible resistance, and

Membrane

Filtration Time

Initial Filtration

Long-term Filtration

Fig. 5 Role of DOM molecules in membrane fouling evolution at different filtration stages.
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concentration polarization resistance. Guan et al. (2018)
studied the effect of the electrostatic and hydrophobic
interactions between coexisting humic acid and protein on
membrane fouling using EEM-PFFCA. Mu et al. (2019)
demonstrated that the hydrophobicity (reflected by the
water contact angle) of the gel layer was strongly
correlated with the overall FI/TOC ratio of the foulant
EEM.

In terms of application of EEM to studying the
membrane fouling mechanisms of DOM, current research
is mainly focused on assessing the main DOM components
causing fouling. Membrane fouling studies that combine
other fluorescence indicators for DOM properties (such as
hydrophobicity and MW) are still lacking. Moreover,
current research is mostly limited to qualitative levels, and
quantitative relationships between the fluorescence proper-
ties of DOM and membrane fouling are far from sufficient.
Promisingly, there is room for further development and
application of EEM in future research to understand,
predict, and control membrane fouling.

4.5 Evaluation of the membrane fouling control efficacy

In general, the strategies to control membrane fouling
include optimization of membrane material/module/cas-
sette, improvement of mixed liquor filterability (by adding
carriers, adsorbents, coagulants, oxidants, quorum quench-
ers, etc.), adjustment of operating conditions (e.g., F/M,
SRT and HRT for bioreactions, and flux, relaxation and
acration for the filtration), and membrane cleaning via
physical/chemical/biological means (Huang et al., 2010;
Wang et al., 2014; Meng et al., 2017; Xiao et al., 2019b).
Early detection of the fouling potential of DOM is also
important for membrane fouling control (Peiris et al.,
2010b).

EEM can be used to characterize DOM in the mixed
liquor, effluent, and foulant layer and, hence, evaluate
variations in the foulant properties, fouling behaviors, and
membrane retention performances when different mea-
sures are taken to control fouling. Liu et al. (2011) reported
that pre-ozonation can reduce protein-like (peak T) signals
in the EPS and external foulants, and alter the humic-like
structures in the external foulants as revealed by EEM.
Hazrati et al. (2018) found that zeolite nano-adsorbents can
reduce protein-like and fulvic acid-like substances and
mitigate fouling. However, direct relationships between
the EEM spectral characteristics and fouling control
performances have been rarely investigated. Straightfor-
ward EEM indicators are worth developing for early
warning of the fouling tendency and convenient evaluation
of the fouling control efficacy.

4.6 Assessment of the impacts of online chemical cleaning

EEM spectra have also been used to study the effects of
online chemical cleaning on MBR systems. Online

chemical cleaning is essential to maintain the filtration
flux during long-term operation. Acidic cleaning agents
(such as citric acid and HCI) are generally used for the
removal of inorganic foulants deposited on the membrane,
alkaline agents (such as NaOH) are used for organic
foulants, and oxidant agents (such as NaClO) are used for
organic and biological foulants. However, in the process of
online chemical cleaning, activated sludge in the MBR
system is inevitably exposed to the chemical agent. In
reaction with different chemical agents, the sludge mixture
will release different kinds of new DOM and cause
secondary fouling (Cai et al., 2016). With the aid of EEM
fingerprinting, research has shown that the DOM released
from NaClO cleaning is mainly humic acid-like sub-
stances, whereas that from NaOH cleaning is mainly
protein-like substances (Cai and Liu, 2018). Most of the
humic-like and protein-like products due to NaClO
cleaning are difficult to biodegrade and retain by the
membrane. In the study of Cai et al. (2017), after chemical
cleaning with 20 mg/L NaClO, 76.7% and 85.3% of the
newly produced protein-like and humic-like substances
were present in membrane effluent, respectively. To study
the production of new DOM during chemical cleaning,
employing EEM as a useful tool can help to re-evaluate the
side effects of online chemical cleaning and optimize the
types of chemicals and dosages used.

4.7 Development of EEM online monitoring technology

With the continuous development and improvement of
various EEM indicators (such as peak intensity, fluores-
cence indices, typical wavelength regions, and principal
components), EEM can effectively indicate the DOM
characteristics and water quality parameters, and be used to
trace the migration and transformation of pollutants and the
development of membrane fouling. EEM is expected to
provide strong support for real-time monitoring, early
warning, timely regulation, and intelligent management of
MBR operation. Spectral technology has the potential for
online monitoring of MBR systems, and several patents
have been reported to employ online fluorescence
monitoring systems (Gu et al., 2018). However, most of
the current academic reports are limited to verifying the
online monitoring capability of EEM based on offline
measurement experiments, and real online monitoring has
scarcely been achieved. Carstea et al. (2018) reported the
first real-time monitoring of wastewater using fluorescence
spectroscopy, but only used a portable fluorometer to
monitor two of the fluorescence peaks, peak T and peak C,
without an online EEM spectroscopy application. To the
best of our knowledge, the current price of an offline
laboratory fluorescence spectrophotometer is rather vari-
able, ranging from approximately 5,000 to 40,000 USD. It
is speculated that similar fluorescence devices for practical
online monitoring purposes might be affordable to a range
of wastewater treatment plants.
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5 Further development of EEM for MBR
studies

5.1 Further expansion of fluorescence indicators

The application of EEM in MBR is mostly limited to
identification of changes in the peak position and intensity
of fluorescent substances, leaving a large amount of other
EEM fingerprinting information unexploited, such as the
apparent fluorescence quantum yield, Stokes shift, excited
energy state, and fluorescence lifetime. The apparent
quantum yield is calculated as the ratio of the total
fluorescence intensity integral to the total ultraviolet
absorbance, reflecting the interference of the colored
DOM (CDOM) absorbance and indicating the change in
the FDOM to CDOM ratio (Wiinsch et al., 2015); it is also
used to indicate the hydrophobicity and MW of DOM
(Xiao et al., 2016; Xiao et al., 2018c). The Stokes shift is
calculated as the difference between the excitation
frequency and the emission frequency, providing a large
amount of information about the chemical structure of the
fluorophore and its chemical environment (Lakowicz,
2006), and reflecting the MW and hydrophobicity of the
DOM (Xiao et al., 2016; Xiao et al., 2019a). The average
excited energy state can be reflected by the reciprocal of
the root mean square of Ex and Em, which is also related to
the MW of the DOM (Xiao et al., 2016). The fluorescence
lifetime can be calculated by the Strickler—Berg equation.
Xiao et al. (2018c) found that when the MW of DOM is
sufficiently small (< 0.5 kDa) in the MBR system, the
intrinsic fluorescence lifetime is significantly different
from that of the overall DOM. The fluorescence lifetime
reflects the molecular information of the DOM. However,
applications of these valuable fluorescence characteristic
parameters are still lacking in MBR studies, and research
on the fluorescence characteristics of DOM in MBRs can
be further expanded.

5.2 Dealing with the limitations of EEM

The inner-filter effect and fluorescence quenching affect
the accuracy of EEM measurement, resulting in a decrease
in the quantum yield and a distortion of the spectral shape.
This may also interfere with the linear additivity of
fluorescence peaks and the linear dependence of the
fluorescence intensity upon concentration for purposes of
quantitative analysis. The inner-filter effect describes the
phenomenon that the fluorescence emitted from a
fluorophore is partly intercepted by other light-absorbing
substances that act as a filter in the path of the fluorescence
toward the detector. The inner-filter effect is generally
corrected by the UV-—visible absorbance curve of the
sample (given an absorbance < 1.5 in the wavelength
range considered) (Mobed et al., 1996; Kothawala et al.,
2013), or diminished by diluting the sample enough
(Luciani et al., 2009; Kothawala et al., 2013). Fluorescence

quenching involves alteration of the properties of the
excited fluorophore due to, e.g., interaction with other
molecules, which decreases the fluorescence intensity or
fluorescent lifetime (Murphy et al., 2014). When measur-
ing EEM spectra, it is essential to consider environmental
factors that cause fluorescence quenching, including
temperature, pH, metal ions, and oxidants (Henderson et
al., 2009). To diminish the quenching effect, it is suggested
that the pH be controlled in the range of 58 (Hudson et al.,
2007), the temperature be kept constant (Hudson et al.,
2007), and the samples be diluted to a sufficient extent
(Henderson et al., 2009).

In principle, EEM can only detect substances with
fluorescent properties, or some non-fluorescent substances
physically bound with fluorescent molecules. However,
because fluorescent DOM is only a part of DOM, it is
difficult for EEM to cover the full range of DOM
compositions. Polysaccharides in MBR systems are
important substances for sludge viscosity and membrane
fouling (Meng et al., 2017), and HIS contains a
considerable proportion of polysaccharides with low
aromaticity (Xiao et al., 2016). The fluorophore density
in polysaccharides and HIS is generally low and the
fluorescence signal is weak, which results in difficult
fluorescence monitoring. The sugar chain structure of the
polysaccharide itself does not produce fluorescence, but in
the DOM complex system, the polysaccharide tends to
bear certain fluorescence characteristics (such as the
signals in lower Stokes shift region) due to heterozygosity
or adsorption of unsaturated fragments. For MBR systems
with a high polysaccharide content, to fully and accurately
characterize DOM, other spectroscopy monitoring meth-
ods such as UV-visible spectroscopy can be used in
combination. UV—visible spectroscopy is a useful supple-
ment to fluorescence measurement because it can be used
to correct the inner-filter effect and provide additional
information on the DOM components that are less
fluorescent such as polysaccharides.

In addition, because DOM is a mixture of complex
organic compounds, it is difficult for EEM to be used for
full quantitative analysis of DOM. As a result, EEM has
been more extensively employed to qualitatively char-
acterize DOM in MBR systems rather than quantitatively.
However, in practice, with random error permitted, EEM-
based semiquantitative relationships are quite achievable
from a statistical perspective. Future research should
further develop quantitative, or at least semiquantitative
analysis of DOM using EEM.

5.3 Other fluorescent techniques for MBR monitoring

In addition to EEM, recently applied fluorescent techni-
ques for monitoring in MBRs include front-face excitation-
emission matrix (FF-EEM) and micro-laser induced
fluorescence (micro-LIF). Unlike conventional EEM
spectroscopy techniques for measuring solutions, FF-
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EEM is measured by orienting the surface of a solid sample
relative to an incident beam at 30°—60°, allowing for direct
monitoring of fluorescent substances deposited on the
membrane surface. It is beneficial to directly observe the
development process of the membrane foulant layer and
study the fouling mechanism (Yu et al., 2019). Micro-LIF
is a visual, non-contact excitation measurement method.
Concentration polarization and dynamic changes can be
studied by observing the concentration distribution near
the membrane surface in membrane fouling studies using
Micro-LIF (Meng and Li, 2019). Extended use of these
fluorescent techniques is promising for MBR studies.

6 Conclusions

The principles, methods, and applications of EEM for
characterizing DOM in MBR systems are comprehen-
sively summarized in this paper. To date, EEM has been
successfully applied in MBR studies to indicate DOM
physicochemical properties, migration and biodegradation
behaviors, membrane fouling mechanisms, and the
impacts of online chemical cleaning. The use of EEM for
MBR online monitoring is promising. In addition to
conventional EEM information with regard to the peak
location/intensity and principal components, several novel
fluorescent parameters are proposed for future expansion
of EEM applications in MBR studies, including the
apparent quantum yield, Stokes shift, excited energy
state, and fluorescence lifetime. There are still limitations
of EEM, and further investigations are needed to
compensate for them.
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