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Fluorescent properties of dissolved organic matter as functions of
hydrophobicity and molecular weight? Case studies from two
membrane bioreactors and an oxidation ditch

Kang Xiao,a’b Jian-yu Sun,b Yue-xiao Shen,b Shuai Liang,b Peng Liang,b Xiao-mao Wang"‘b and Xia
Huang*b

Dissolved organic matter (DOM) plays substantial roles in wastewater treatment systems. Fluorescence is an important
nature of DOM and is promising for DOM characterization, but has rarely been extended to probing the basic
physicochemical properties such as hydrophobicity and molecular weight. This study explores the possible linkages
between fluorescent properties and hydrophobicity/molecular weight of DOM, through case studies from three
wastewater treatment plants (two membrane bioreactors and one oxidation ditch). The fluorescent properties of different
hydrophobic/hydrophilic and molecular-weight fractions of DOM were obtained using excitation-emission matrix (EEM)
spectroscopy and size-exclusion chromatography with fluorescence detection. The EEM spectra were intepreted using
techniques of fluorescence regional integration, parallel factor analysis, fluorescence spectroscopic indices, and a novel
energetic mapping based on fluorophore energy levels. It was found that in all the three plants, the hydrophobic fractions
of DOM had higher fluorescence intensity per UV absorbance (indicating higher quantum yield) as well as larger Stokes
shifts than the hydrophilic fraction. The lower-molecular-weight fractions generally exhibited higher fluorescence intensity
per total organic carbon (indicating higher fluorophore density), with the fluorescence distributed at slightly smaller
excitation and emission wavelengths. These phenomena were explained via analysis of fluorophore energy state during
the excitation/emission process. The scale of m-conjugated system in DOM molecules may serve as an intermediate factor
for the correlations between hydrophobicity/molecular weight and these fluorescent properties. These correlations may
assist in developing fluorescent proxies for DOM characteristics during process monitoring of wastewater treatment plants.

Introduction

Dissolved organic matter (DOM) plays an important role in
wastewater treatment systems. DOM in the mixed liquor is
inextricably linked to various processes during wastewater
treatment.™ It can have fundamental impacts on many physi-
cochemical processes, such as sludge sedimentation, coagula-
tion, adsorption, and membrane filtration.>® Among the physi-
cochemical properties of DOM, hydrophobicity and molecular
size/weight are important representatives.1 Hydrophobicity
has a significant impact on the interfacial interactions between
DOM and surfaces/particles/colloids/solutes, and can affect
basic behaviors of separation, such as phase partitioning, inter-
facial adsorption, colloidal stability, and biopolymer squbiIity.6
Molecular size/weight is closely related to the steric behavior
of DOM, such as diffusive mass transfer and mechanical inter-
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ception (sieving effect).7 For conventional activated sludge
processes like oxidation ditch (OD), hydrophobicity of DOM
can affect the partition between soluble and bound extracellu-
lar polymers, which are well-reported influencers of sludge
settleability;8 while molecular weight of DOM may impact on
the mixed liquor viscosity.9 In membrane filtration processes
like membrane bioreactor (MBR), DOM acts as a major cause
of membrane fouling which is a critical concern for filtration
efficiency.4 The hydrophobicity of DOM governs its mass bal-
ance among sludge, water, and the membrane surface,lo’11
while the molecular size influences the membrane sieving ef-
fect and hence membrane pore blockage.7 Both the hydro-
phobicity and molecular size have been regarded as principal
factors in membrane fouling.7‘12

These properties of DOM may thus serve as indicators of
treatment performance (e.g. sludge settleability and mem-
brane retention efficiency) and operational state (e.g. sludge
activity, difficulty of separation, and propensity for membrane
fouling) of the processes. Real-time continuous monitoring of
the DOM characteristics, if achievable, will provide a quick
grasp of the state of wastewater treatment, and will help to
optimize the process operation. For example, dynamic feed-
back of the DOM property data will be useful for working out
preventive measures to tackle membrane fouling, by timely
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adjustments of filtration conditions. Therefore, real-time DOM
monitoring is expected to form a potentially critical part of the
automated control and refined management of future
wastewater treatment plants (WWTPs).

Despite their usefulness for monitoring wastewater treat-
ment processes, DOM hydrophobicity and molecular
size/weight are not convenient to measure. Conventional
methods (such as adsorptive column chromatographic frac-
tionation for hydrophobicity assessment,13 and size-exclusion
chromatography for molecular weight profiling”) are usually
complicated and time-consuming, therefore difficult to achieve
rapid online monitoring. To be contrary in this regard, excita-
tion-emission matrix (EEM) fluorescence spectroscopy is an
attractive method, rapid and sensitive for DOM characteriza-
tion.”>” Following light absorption, the excited fluorophores
of DOM undergo relaxation and emit fluorescence.”® A contin-
uous scan of fluorescence signal across a certain range of exci-
tation wavelength (Ex) and emission wavelength (Em) yields a
three-dimensional EEM spectrum, in which fluorescence inten-
sity is plotted as a function of Ex and Em. Due to its sensitive
dependence upon fluorephore properties, EEM fluorescence
spectroscopy has been remarked as a useful tool to “finger-
print” DOM characteristics."”*%%°

The question is whether EEM fluorescence can be used to
probe the properties (hydrophobicity and molecular weight) of
DOM in wastewater treatment systems. Different properties of
fluorophore in chemical structure, molecular polarity (related
to hydrophobicity) and molecular size/weight will lead to dif-
ferences in EEM signals.“’22 Therefore, it must be theoretically
feasible to use EEM in turn to indicate differences in hydro-
phobicity and molecular weight of DOM. It is speculated that
for DOM in a certain unit of a wastewater treatment process, if
there is any measurable change in the hydrophobicity or mo-
lecular weight change, its fluorescence will change accordingly
in a predictable way. To achieve fast monitoring of hydropho-
bicity and molecular weight based on the fluorescent method,
it is critical to establish the possible relations between fluores-
cence spectral information and these DOM properties.

Since DOM is a heterogeneous mixture of organics, a prelim-
inary approach to examining these relations, in principle, is to
split DOM into components with different hydrophobicity and
molecular sizes, and to find out if there is any definite differ-
ence in their fluorescence. Typical components in this regard
include hydrophobic acids/bases/neutrals (HOA/HOB/HON)
and hydrophilic substances (HIS);' each could be subdivided
according to molecular weight from < 1 kDa to > 100 kDa.” It
is conceivable that the overall fluorescence of DOM is most
likely to be intermediate among that of the components, and
vary within the limits of the components. The distinction in
fluorescence among these components is considered to be a
fundamental condition for the relationship between the over-
all fluorescence and hydrophobicity/molecular weight of DOM.
A few researchers have noted some variations of fluorescence
with DOM components according to hydrophobicity and mo-
lecular weight,‘r"14 while the detailed and definite relationship
is yet to be systematically unveiled.
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This study aims to explore the relationship between EEM
fluorescent properties and hydrophobicity/molecular weight
of DOM in wastewater treatment systems. Two MBRs and an
OD plant were selected for the case studies, allowing cross-
examination of the influences of wastewater origin and pro-
cess configuration. DOM was fractionated into different hy-
drophobic/hydrophilic and molecular-weight components. The
information embedded in the EEM spectrum of each fraction
was thoroughly explored. Combined utilization of the tech-
niques of fluorescence regional integration (FRI)“, parallel
factor analysis (PARAFAC)“, fluorescence spectroscopic indices
based on ratios of fluorescence intensity which indicate the
origin of DOM,” and high performance size-exclusion chroma-
tography—fluorescence detection (HPSEC-FLD)' enabled anal-
yses from multiple aspects. More importantly, inner infor-
mation of fluorescence, such as fluorophore density, quantum
yield,m'27 and fluorophore energetic properties (e.g. Stokes
shift and energy state),ls'22 were further extracted from EEM.
On this basis, we tried to find out if there would be any defi-
nite difference between the DOM fractions to infer reasonable
linkage between these fluorescence parameters and hydro-
phobicity/molecular weight of DOM.

Materials and methods
Overview of the case studies

The DOM for this study was obtained from the mixed liquor of
three full-scale WWTPs: “B” and “C” membrane bioreactors
(BM and CM), and “C” oxidation ditch (CO) in China. BM was
fed with domestic wastewater, while CM and CO were operat-
ed in parallel sharing the same municipal wastewater with an
industrial portion of around 40%. All the three plants had large
treatment capacities (60,000 m?>/d for BM and 50,000 m?/d for
CM and CO), and guaranteed simultaneous removal of nitro-
gen and phosphorous, with the detailed process flows shown
in the Supplementary Information (Fig. S1). Both BM and CM
comprised anaerobic, anoxic, aerobic, and membrane tanks in
sequence, while CO included an Orbal-type oxidation ditch
followed by a sedimentation tank. All of the three plants were
in stable operation during the period of DOM sampling.

DOM sampling

The sludge mixed liquor was sampled from the aerobic zones
of the three WWTPs (i.e., the aerobic tanks of BM and CM, and
the inner channel of the Orbal oxidation ditch of CO). Consid-
ering the aerobic zone had the longest hydraulic retention
time in the process of each WWTP, samples from this zone
should be the best representative of the mixed liquor of the
overall process. DOM was then extracted from the mixed lig-
uor in the sequence of: centrifugation (CF16RX Il, Hitachi, Ja-
pan) at 3,000xg and 4°C for 5 min, coarse filtration of the su-
pernatant with filter paper, and fine filtration with 0.7 pum
glass-fiber membrane (GF/F, Whatman, UK). The resultant
filtrate was regarded as the DOM solution.

This journal is © The Royal Society of Chemistry 20xx
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DOM fractionation based on hydrophobicity and molecular weight

DOM was fractionated into HOA, HOB, HON, and HIS, accord-
ing to the well-applied adsorptive column chromatographic
procedurel‘12 using the nonionic Supelite DAX-8 resin (Supelco,
USA). Briefly speaking, HOA is adsorbed by the resin at lower
pH but released at higher pH, while HOB behaves inversely;
HON is adsorbed at any pH, while HIS is not adsorbable over
the whole pH range. HOA, HOB, and HON were eluted from
the resin by 0.1 M NaOH, 0.1M HCI, and methanol, respective-
ly. All these hydrophobic/hydrophilic fractions obtained were
then diluted back to the same volume as the original DOM
solution, with pH adjusted to neutral.

The hydrophobic/hydrophilic fractions of DOM were further
subdivided into different molecular-size/weight grades via
successive ultrafiltration,?® using a series of regenerated cellu-
lose membranes with nominal molecular-weight cutoffs of 100
kDa, 10 kDa, and 1kDa (PLHK, PLGC, and PLAC, Millipore, USA).
The molecular-size/weight grades of the DOM fractions before
and after the series of ultrafiltration were thus <0.7 um, <100
kDa, <10 kDa, and <1 kDa, respectively. The ultrafiltration was
performed in a stirred dead-end filtration cell (Amicon 8400,
Millipore, USA) at constant pressure, with the stirring rate set
at 170 rpm to mitigate concentration polarization.

Total organic carbon (TOC) and concentrations of polysac-
charides, proteins, and humics were employed to characterize
the distribution of DOM mass among different hydropho-
bic/hydrophilic and molecular-weight fractions. TOC was de-
termined using a TOC analyzer (TOC-VCPH, Shimadzu, Japan).
Polysaccharides were quantified according to the phenol-
sulfuric acid assay.29 Proteins and humics were detected using
the modified Lowry method, with the interfering hardness ions
removed prior to the measurement.*®

EEM fluorescence spectroscopy

Three-dimensional EEM spectra of the DOM fractions were
measured using a fluorescence spectrophotometer (F-7000,
Hitachi, Japan). The fluorescence was scanned in the 3-D mode
over the wavelength ranges of Ex = 200—400 nm for excitation
and Em = 250-500 nm for emission, with a scan speed of 2400
nm/min and an interval of 5 nm. The slit widths for excitation
and emission were both 5 nm, and the voltage of the photo-
multiplier detector was set at 700 V. Prior to the measurement,
the pH of each sample was adjusted to 7.0. The EEM spectrum
for each sample were measured twice and averaged. The EEM
properties of HON were not studied here, considering that
methanol contained in HON might change the polarity of the
solvent and interfere in the fluorescence measurement.*

The original EEM spectra were then corrected and standard-
ized, following the procedure illustrated in Fig. S2. Firstly,
background signals (i.e. pure water spectra) were subtracted
from the EEM spectra; secondly, the interfering signals of the
first- and second-order Rayleigh and Raman scattering were
removed using an interpolation technique;32 thirdly, the fluo-
rescence intensity was corrected for the inner-filter effect us-
ing the UV-visible absorption spectra (UV-2401PC, Shimadzu,
Japan) in the range of 200-500 nm;*%* finally, the fluores-
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cence intensity was calibrated into Raman Units (R.U.) to re-
move instrument-dependent factors,34 and was divided by TOC
concentration to obtain the specific fluorescence intensity
(S.F.L).

The standardized EEM spectra were analyzed to harvest flu-
orecence information. Ordinary information includes: (a) loca-
tion and intensity of fluorescence peaks, which were directly
read from the 3-D spectrum; (b) independent fluorecent com-
ponents, which were identified following the PARAFAC proto-
col;** (c) distribution of fluorecence over different EEM regions,
characterized using the FRI method;?* and (d) fluorescence
indices based on intensity ratios, including the faso/fsoo index,
the humification index (HIX), and the biological index of recent
autochthonous contribution (BIX), which may provide clues
about the origin of DOM.”® The PARAFAC calculation was per-
formed using the MATLAB R2012b software, with 13 fluores-
cence samples (DOM fractions) included for each WWTP. In
the FRI method, an EEM map is typically divided into five re-
gions (denoted as 1-V), which are assigned to protein-like (I
and Il), fulvic acid-like (lIl), soluble microbial byproduct-like (1V),
and humic acid-like (V) substances. The fluorescence intensity
in each region was integrated to calculate the percentage re-
gional contribution to the total fluorescence. The f;50/fs00 index
was the ratio of fluorescence intensity at Em 450 nm to that at
Em 500 nm, given Ex = 370 nm. HIX was obtained via dividing
the integrated intensity of Em = 435-480 nm by that of Em =
300-345 nm at Ex 254 nm. BIX was the ratio of fluorescence
intensity at Em 380 nm to that at Em 430 nm, given Ex = 310
nm. Larger fi50/fs00 and BIX, and smaller HIX values, may indi-
cate a higher probability that the DOM has been freshly pro-
duced from biological activity.25 In-depth fluorecence infor-
mation was further extracted from the EEM spectra, including:
(a) overall quantum yield, which was derived by comparing the
total fluorescence intensity with the total UV absorbance;zs'27
(b) Stokes shift, calculated from the difference between excita-
tion and emission light frequencies;lg'22 and (c) overall energy
level of the excited state, which can be reflected by Ex and
Em;l&22 and was estimated here as negatively related to the
root-mean-square (RMS) of Ex and Em.

HPSEC-FLD

HPSEC-FLD was utilized to further inspect the dependence of
fluorescence on molecular weight distribution for each hydro-
phobic/hydrophilic fraction. A fluorescence detector (FLD) was
incorporated into the gel permeation/size-exclusion chroma-
tography system (HPLC 1200 Series, Agilent Technologies, USA).
The gel column (PL aquagel-OH MIXED 8 um, Agilent Technol-
ogies, USA) allows for the separation of the solutes from 0.1 to
600 kDa. For each sample, a volume of 100 pL was injected,
and was eluted with 4 g/L NaCl aqueous solution at a flow rate
of 0.3 mL/min at 30 °C. Prior to injection, the conductivity of
each sample was adjusted to that of the eluent. The fluores-
cence signals of the effluent were recorded continuously at the
Ex/Em wavelengths (nm) of 230/340, 250/430, 280/340, and
310/390, corresponding to the typical fluorescence regions for
proteins, fulvic acids, microbial byproducts, and humic acids,
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Fig. 1 Distribution of hydrophobic/hydrophilic fractions of DOM from the three wastewater treatment plants, denoted as (a) BM,
(b) CM, and (c) CO plants. HIS = hydrohilic substances, HOA = hydrophobic acids, HOB = hydrophobic bases, HON = hydrophobic
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Fig. 2 Molecular weight distribution of DOM fractions from the BM, CM, and CO plants.

respectively.21 In addition, refractive index (RI) of the effluent
was also monitored to reflect the overall amount of organic
matter as a complement to the fluorescence signals.

Results and discussion
Hydrophobicity and molecular weight distributions of DOM

The hydrophobicity and molecular weight distributions of the
DOM from the three WWTPs are shown in Fig. 1 and Fig. 2,
respectively. Both the hydrophobic portion (as a sum of HOA,
HOB, and HON) and the hydrophilic portion (HIS) had signifi-
cant shares in the TOC concentration for all the three WWTPs
(Fig. 1). This suggests that the fluorescent properties of both
portions are worth studying.

As to the chemical composition of the DOM (Fig. 1), polysac-
charides mainly behaved as HIS, and humics were mainly en-
riched in HOA. Proteins took a larger proportion than polysac-
charides and humics in HOB. The distribution of these chemical
species in the hydrophobic/hydrophilic fractions agrees well
with the nature of the typical functional groups of these spe-
cies. Polysaccharides contain an abundant amount of hydroxyl
groups in the sugar units,® giving rise to the generally more
pronounced hydrophilicity than proteins and humics.’* Aro-
matic amines in proteins and aromatic acids in humics are
normally responsible for the hydrophobicity of HOB and HOA,
respectively.1

4| J. Name., 2012, 00, 1-3

The hydrophobicity distributions of DOM from the three
WWTPs were not all the same (Fig. 1). The DOM from the BM
plant had the highest proportion of HIS (accounting for 67% in
TOC concentration). The contents of polysaccharides, proteins,
and humics per unit TOC were generally low in the BM organ-
ics, which was particularly significant for humics (0.57 g/gTOC
compared with 0.79 and 0.78 g/gTOC in CM and CO organics).
These contents may indicate the functional group density. The
functional groups refer to sugar units,29 peptide bonds,36 and
phenolic hydroxyl groups,37 respectively, according to the spe-
cific methods for measuring polysaccharides (the phenol-
sulfuric acid assayzg), and proteins and humics (the modified
Lowry method30). The CM and CO organics were similar in hy-
drophobicity distribution, except that the CM organics had
higher contents of HOB and proteins (cf. Fig. 1(b) and (c)).

The DOM from the three WWTPs all showed a broad molec-
ular weight distribution (Fig. 2). For each of the HIS, HOA, and
HOB fractions, the molecualr weight distributions were similar
among the three WWTPs (except for HIS of BM). The low-
molecular-weight substances (<1 kDa) formed the major por-
tion in all of the fractions (especially in HOB). The high- and
middle-molecular-weight substances (>100 kDa and 1-100 kDa)
were prominent mainly in HIS and HOA, respectively. It is thus
speculated that the average molecular weight of the hydro-
phobic/hydrophilic fractions might follow the order HIS > HOA >
HOB. This is consistent with the general recognition that poly-

This journal is © The Royal Society of Chemistry 20xx
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saccharides usually have larger average molecular size than
humics in the aqueous phase of WWTPps 283839

The wide distributions of hydrophobicity and molecular
weight, as shown above, would be favorable for comparison
among different fractions, in order to reveal the possible influ-
ence of these properties on fluorescence.

EEM spectra of DOM fractions

The EEM spectra of the DOM from the three WWTPs are pre-
sented in Fig. 3. Different hydrophobic/hydrophilic fractions
exhibit different EEM spectra. For each fraction, the spectrum
of CM organics looks similar to that of CO organics, but both
were quite unlike that of BM organics, which might be ascribed
to the different wastewater sources of the three WWTPs.
From the appearance of EEM spectra alone, however, it is dif-

This journal is © The Royal Society of Chemistry 20xx

ficult to make precise comparison among either the fractions
or the WWTPs.

PARAFAC analysis was performed to extract the major fluo-
rescent components from the EEM spectra, with the compo-
nents plotted in Fig. S3. Peak locations of each component, as
well as its contrbution rate to the overall fluorescence, are
given in Table S1. The components basically covered the typi-
cal fluorescent substances of aromatic proteins, soluble micro-
bial byproducts, humic acids, and fulvic acids. By comparison
among the hydrophobic/hydrophilic fractions of DOM (Table
S1), the fluorescence contribution rates of the PARAFAC com-
ponents were different, with the hydrophobic fractions pre-
sented higher proportions of the “A” and “B” components but
lower proportion of “D”. The difference might be somehow
explained from the perspective of chemical composition. The

J. Name., 2013, 00, 1-3 | 5
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comparison among the three WWTPs, however, was compli-
cated so that it is difficult to draw a general conclusion.

Detailed fluorescent properties of DOM fractions with varied hy-
drophobicity and molecular weight

Fluorescence intensity per TOC. Fig. 4(a—c) shows the average
fluorescence intensity per unit TOC (AFI/TOC) of the DOM frac-
tions from the three WWTPs. Here the fluorescence intensity
(in R.U.) was averaged over the EEM region of Ex = 200—-400
nm and Em = 250-500 nm (Ex < Em). AFI/TOC may grossly re-
flect the overall fluorophore density (notwithstanding the pos-
sible side effect of fluorescence quenching which attenuates
AFI/TOC18). This quantity increased with decreasing molecular
weight, as a general tendency for all the three WWTPs (Fig.
4(a—c)). Smaller molecules of DOM seemed to have higher
fluorophore density in the present systems, which accords well
with some previous reports.40 This might be attributed to the
larger specific surface area for exposure to light on the one
hand, and the intrinsically higher fluorophore density for
smaller molecules (if possible) on the other hand.

The average fluorescence intensity per unit TOC also varied
with hydrophobicity. Among the hydrophobic/hydrophilic frac-
tions, HOA showed the highest value for all the three WWTPs
(Fig. 4(a—c)). For the BM plant which treated domestic
wastewater, HIS exhibited the lowest AFI/TOC, likely due to
the lower content of fluorescent species like proteins and hu-
mics. But for the CM and CO plants which were fed with a mix-
ture of domestic and industrial wastewaters, the AFI/TOC lev-
els of HIS were largely elevated, probably because HIS con-
tained some highly fluorescent substances of industrial origin.
The distinct EEM peaks of HIS for CM and CO plants (Fig. 3)
may be a sign of the special fluorescent susbstances.

Fluorescence intensity per UV absorbance. Fig. 4(d—f)
shows the ratio of average fluorescence intensity to average
UV absorbance (AFI/UV) of the DOM fractions from the three
WWTPs. Here the UV absorbance was averaged over the
wavelengths of 200—-400 nm. This ratio can partly evaluate the
fluorescent quantum yieId.Zs’27 It can be inferred from Fig. 4(d—
f) that the quantum yields of the hydrophobic/hydrophilic frac-
tions followed the order HOA > HOB > HIS for all of the three

WWTPs. The higher quantum yields of HOA and HOB could be
related to the higher aromaticity. HOA had a high content of
humic substances (Fig. 1). The large m-conjugated systems due
to the polycyclic aromatic structure of humic substances
could largely enhance the quantum yield. HOB contained aro-
matic protein groups (e.g. tryptophan, tyrosine, and phenylal-
anine) with high quantum vyield, but quenching of fluorescence
(i.e. decrease of quantum vyield) might occur among these
groups to some extent. Particularly, —-NH;*, —COOH, and other
electron deficient groups could affect n—nt* electronic transi-
tions.*®?? For HIS which had higher content of polysaccharides
and lower aromaticity, the lack of large m-conjugated systems
could be responsible for the low quantum yield. Yamaguchi et
al.*? showed quantitatively that for compounds with similar
structure, a larger m-conjugated system (quantified by -
conjugation length) renders longer excited-state lifetime and
thus greater fluorescent quantum yield.

FRI and fluorescence indices. Fig. S4 and Fig. S5 presents,
respectively, the FRI results and the fluorescence indices (i.e.
faso/fsoo, HIX, and BIX) for the DOM fractions with varied hy-
drophobicity and molecular weight. The values of faso/fsgo > 1.5,
HIX < 4.4, and BIX > 0.9 for all the fractions suggested a strong
biological contribution to the origin of these organics. The FRI
distribution over the five typical EEM regions, as well as the
fluorescence index values, differed among the hydropho-
bic/hydrophilic fractions. However, the three different WWTPs
failed to guarantee a universal trend in the hydrophobicity-
dependent FRI distribution and fluorescence indices.

Analysis of fluorophore energy state. The entire process of
fluorescence typically consists of absorption of incident light,
electronic excitation, vibrational relaxation, fluorescence emis-
sion, and non-radiative decay (in the form of e.g. heat dissipa-
tion) or quenching.”> Scheme 1(a) displays a simplified diagram
of the energy states of fluorophore in the process. The energy
of emission is typically lower than that of excitation, due to
vibrational relaxation. This energy loss is proportional to the
frequency difference between the excitation and emission (i.e.
Ex '=Em™, which is defined as Stokes shift??). Stokes shift can
offer valuable molecular information on fluorophore structure
and chemical environment.’® In addition, from the excitation

(ﬂ] (h) —— Contours of Ex ' —Em ' (um™')
. —— Contours of RMS of Ex and Em (nm)
Relaxation 400
Excited state E Bz 77\ Encrg_‘}‘- loss from
L4 : ".Y. relaxation « (Ex™' — Em )
3 : 350 - b
"B : = o
i Q
|9 ) O 2
1 % =0 ‘ o o =T s E ¥ ) >
" o £ 1 Overall energy level £ 300 | o>
TV, citati =5 F o aitad chado . 2
excitation hvcmission : E % 3 of excited fl:lll. ) | |:‘ :) }\\\ﬁ;
182 1 o (RMS of Ex and Em) X Nz
| e ‘ 250 Z &
| 2 | <
Ground state A4 R : D

200

Em (nm)

Scheme 1 lllustration of energy change during fluorescence process (a), and contours of fluorophore energy state on an EEM

map (b).
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Fig. 5 Distributions of Stokes shift (measured by Ex '=Em™

based on fluorescence intensity of DOM fractions.

and emission light frequencies, one may also evaluate the
mean energy level of the excited state by using, e.g., the recip-
rocal of RMS of Ex and Em. Scheme 1(b) shows a contour plot
of Stokes shift and RMS of Ex and Em in an EEM map. Contours
of both formed an approximately perpendicular grid. From the
upper left to the lower right of the EEM map, Stokes shift in-
creases gradually; from the lower left to the upper right, RMS
of Ex and Em increases (i.e., the mean energy level of the ex-
cited state falls).

By mapping the contours onto the actural EEM spectra of
the DOM fractions, one can calculate the distributions of
Stokes shift (Fig. 5(a—c)) and RMS of Ex and Em (Fig. 5(d—f)) in
terms of fluorescence intensity. The Stokes shifts of the hydro-
philic fraction HIS were generally smaller than the hydrophobic
fractions of HOA and HOB. There were significant intensity
peaks for HIS at smaller Stokes shifts (Ex *~-Em™ < 1 um™}, Fig.
5(a—c)). The hydrophobic fractions had larger Stokes shifts, i.e.
greater energy loss in vibrational relaxation, probably because
they contained larger m-conjugated systems. Stokes shift of a
fluorophore can be expressed by Lippert—Mataga equation:22

-1 -1 2Af 2 -3
Ex —Em =——Au"a +const.
hc

where h is Planck’s constant, ¢ the speed of light, Af the orien-
tation polarizability of the solvent (water), Au the difference
between the excited- and ground-state dipole moments, and a
the size of the fluorophore (which could be regarded as a fluo-
rescent segment of a DOM-macromolecule). Au reflects the
size of the m-conjugated system, which is proportional to the

(1)

This journal is © The Royal Society of Chemistry 20xx

, a—c) and excited energy state (measured by RMS of Ex and Em, d—f)

T-conjugation Iength.42 Thus Auztf3 corresponds to the “cov-
erage rate” of m-conjugation in the fluorophore. It is reasona-
ble that the hydrophobic fractions, with higher aromaticity,
should contain segments with larger values of Auza’a, there-
fore larger Stokes shifts than the hydrophilic fraction. On the
other hand, the Stokes shift distributions barely changed with
molecular weight of the DOM fractions (Fig. 5(a—c)).

As for the distributions of RMS of Ex and Em, the peak loca-
tions and heights also varied with the hydrophobic/hydrophilic
DOM fractions (Fig. 5(d—f)). However, there was no consisten-
cy among the three WWTPs as to which fraction had generally
the largest or smallest RMS of Ex and Em. On the other hand,
the three WWTPs seemed to agree on the weak dependence
of RMS upon molecular weight. With the decrease of molecu-
lar weight, the fluorescence-intensity-weighed average RMS
(calculated from the distribution curves in Fig. 5(d—f)) de-
creased slightly (the Spearman’s rank correlation coefficients
ranging from 0.8 to 1, with the exception of CO-HOB), as re-
vealed in Table S2. Speculatively, this trend might be related to
the size of fluorophores. It is assumed that in a same pool of
organics, smaller molecules are more probable to bear smaller
fluorophores. It is generally recognized that smaller fluoro-
phore leads to a greater energy gap between the highest oc-
cupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO);22 therefore more energy is required
for electronic excitation, corresponding to a higher energy
level of the excited state (relative to the ground state), i.e.
smaller RMS of Ex and Em.

J. Name., 2013, 00, 1-3 | 7
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HPSEC-FLD. The likely dependence of fluorescence on mo-
lecular weight was further examined from another perspective
using HPSEC-FLD, which gives fluorescent signals across a con-
tinuous range of molecular weight from 0.1 to 600 kDa. HPSEC-
FLD was particularly competent to explore the fluorescent

of Ex and Em.

Discussion on the correlation between fluorescent properties and
hydrophobicity/ molecular weight

Correlation between fluorescent properties and hydrophobi-
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information of low-molecular-weight substances (<1 kDa) that
successive ultrafiltration could not specify. Fig. 6 presents the
HPSEC-FLD chromatograms of the different hydropho-
bic/hydrophilic DOM fractions from the three WWTPs. The
fluorescent signals were detected at four excitation/emission-
wavelength pairs, i.e. Ex(hnm)/Em(nm) = 230/340, 280/340,
310/390, and 250/430, corresponding to the main fluores-
cence peaks in the typical EEM regions for proteins, microbial
byproducts, humic acids, and fulvic acids, respectively (cf. Ta-
ble S1). Moreover, the four Ex/Ems represent different levels
of Stokes shift and excited energy state.

In Fig. 6, longer elution time indicates smaller molecular
weight. For smaller molecular weights (e.g. elution time larger
than 45 min), stronger fluorescence signals were observed at
Ex/Em = 230/340 and 280/340. The two wavelength locations
have notebly smaller RMS of Ex and Em (around 300) than
those at Ex/Em = 310/390 and 250/430 (RMS around 350),
corresponding to higher energy level of the excited state. This
was consistent with the finding in the previous section that the
smaller DOM molecules tend to be fluorescent at smaller RMS

city. The DOM from the three WWTPs showed consistent
trends in that hydrophobic fractions had larger quantum yield
and Stokes shift than the hydrophilic. These trends seemed
reasonable from a perspective of molecular structure. Auqgatic
hydrophobic materials normally have higher aromaticity,l’43 as
contributed by aromatic proteins/peptides or polycyclic phe-
nols. Concomitantly, large nm-conjugated systems of these mol-
ecules often give rise to larger quantum vyields and Stokes
shifts.?*

Correlation between fluorescent properties and molecular
weight. Fluorophore density of the DOM increased remarkably
with decreasing molecular weight. Also, a weak positive corre-
lation between the excited-state energy level and molecular
weight was traceable, from the results of FRI distribution, RMS
of Ex and Em, and HPSEC-FLD. A plausible explanation is that
smaller fluorophores undergo greater exposure to light and
larger energy gap for excitation.”? But different molecular-
weight subclasses of DOM might intrinsically have different
fluorophore structures, which makes the case more blurred.

03 (a) HIS of BM organics | | (b) HOA of BM organics | | (¢) HOB of BM organics
= — Refractive index ——Refractive index —Refractive index
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Fig. 6 HPSEC-FLD chromatograms of DOM fractions with different hydrophobicity from the BM, CM, and CO plants.

Elution time (min)
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Other factors affecting fluorescent properties. Fluorescent
properties of DOM were also affected by wastewater sources
and treatment process configurations.

The wastewater source of the CM and CO plants was a mix-
ture of domestic and industrial wastewaters, while that of the
BM plant was purely domestic. This should be responsible for
the inter-plant differences in DOM fluorescent properties in-
cluding: EEM appearance, PARAFAC components, FRI contribu-
tion, fluorescence indices, and overall level of fluorophore
density. Additionally, the EEM spectra of the influent
wastewaters of the three WWTPs are provided in Fig. S6.

Although sharing the same wastewater source, the CM and
CO plants had different process configurations (adopting MBR
and oxidation ditch respectively), leading to different condi-
tions for pollutant degradation and separation. MBR had long-
er sludge retention time (20 vs. 12 d), higher sludge concentra-
tion (~4 vs. 2 gMLVSS/L), and lower food-to-microorganism
ratio (0.16 vs. 0.32 kgBODs/(kgVSS-d)), which could facilitate
degradation of organics (91%+5% vs. 87%+7% of chemical oxy-
gen demand removal efficiency based on annual average). The
undegraded would be partly retained by the membrane (nom-
inal pore size 0.1 um) and accumulate in the mixed liquor.
Thereupon, the accumulation of some less degradable fluores-
cent material may provide the CM organics with higher fluoro-
phore density than the CO organics. The differences between
the CM and CO organics in PARAFAC components, FRI contri-
bution, and fluorescence indices should have also originated
from the different process configurations.

Despite the external effect of wastewater source and pro-
cess configuration, universal trends were found among the
three WWTPs in the seemingly internal linkages between DOM
fluorescence and hydrophobicity/molecular weight. The DOM
fractions exhibited: (a) larger Stokes shift for higher hydropho-
bicity, (b) larger AFI/UV for higher hydrophobicity, and (c) larg-
er AFI/TOC for smaller molecular weight. These three fluores-
cence parameters may be potential proxies of DOM hydro-
phobicity/molecular weight for future application. For example,
there is a prospect that in a WWTP with online fluorescence
monitoring equipment, given a relatively stable external condi-
tions (such as wastewater source), Stokes shift or AFI/UV may
quickly reflect changes in DOM hydrophobicity, which will be
conducive to smart operation of the process. One should note
that, since DOM is a complex of molecules with various fluo-
rescent characteristics, these linkages may not be accurate in
every detail, but rather a macroscopic reflection of collective
properties of DOM. In order to make these potential fluores-
cence proxies practicable, the “universal” trends found in the
present three WWTPs will need to be confirmed by extended
case studies over a range of WWTPs during long-term opera-
tion.

Conclusions

Three WWTPs with different wastewater sources and process
configurations (two MBRs and an OD) were investigated to
explore the dependence of EEM fluorescent properties on hy-

This journal is © The Royal Society of Chemistry 20xx
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drophobicity/molecular weight of DOM. Uniform trends were
found in that:

(a) the hydrophobic fractions had higher fluorescence inten-
sity per UV absorbance (indicating higher quantum yield) and
larger Stokes shifts than the hydrophilic;

(b) the lower-molecular-weight fractions had higher fluores-
cence intensity per TOC (indicating higher fluorophore density),
with the fluorescence distributed at slightly smaller RMS of Ex
and Em.

These trends were explained from the perspective of fluor-
ophore energy state. Smaller RMS of Ex and Em means larger
energy gap for electronic excitation, and larger Stokes shift
means more energy loss due to vibrational relaxation. Both are
critically affected by the scale of m-conjugated system in a
fluorophore, and hence possibly linked to hydrophobicity and
molecular weight.

Extended investigation would be required to confirm the
potential commonness of these trends over a range of
wastewater systems.
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