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ABSTRACT: Dynamic changes in the abundance, composition, and size spectra of dissolved organic matter (DOM) in different
size-fractions between influent and effluent from Milwaukee metropolitan wastewater treatment plants (WWTPs) were evaluated
using size-fractionation, excitation—emission matrix (EEM) coupled with parallel factor analysis (PARAFAC), and AEEM
approaches. Up to 82.7% of DOC, 43.1% of total dissolved nitrogen (TDN), and 52.4% of chromophoric-DOM (CDOM) were
removed from the influent, indicating different reactivity/degrability and disproportionate removal between DOM species. Within
the CDOM pool, both the aromaticity and humification-index increased after treatments while the biological-index remained similar,
showing a preferential removal of autochthonous DOM and the protein-like components, resulting in a higher abundance of humic-
like components in the effluent but little change in the DOM size spectra. Up to 3%—5% differences were measured in the bulk
DOM concentrations between the 0.22 and 0.7 ym filtrates. In addition, DOM in the 0.22—0.7 ym size-fraction contained almost
only protein-like components, showing a high DOM heterogeneity. High levels of photochemically and biologically labile DOM in
the effluent, with a higher molecular weight and lower DOC/TDN ratio, may alter the microbial community and biogeochemical
processes in coastal Lake Michigan. Long-term and concurrent characterization of DOM in both effluent and receiving waters is
needed to better understand the environmental/ecological roles of DOM as it moves through WWTPs and into the natural
environment.

KEYWORDS: dissolved organic matter, fluorescence EEM-PARAFAC, molecular weight distribution, size-dependent DOM properties,
WWTP effluent

B INTRODUCTION DOM from the effluent of major metropolitan WWTPs can
significantly influence the water quality, microbial community
composition, and biogeochemical processes in the receiving
aquatic ecosystems.”” In addition, DOM in water treatment
has the potential to form or to be transformed to disinfection

Dissolved organic matter (DOM) is ubiquitous in aquatic
environments and is a heterogeneous mixture of organic
compounds and components with diverse molecular sizes,
compositions, and reactivities.' > Compared with freshwater

. ) byproducts.'”"! Thus, the abundance, composition, and
ecosystems, such as rivers and lakes,”> DOM is more P ’ ’ p ’
concentrated in the influent of wastewater treatment plants
(WWTPs) with a unique chemical composition.”” Both Received:  October 12, 2021

pretreatment sewage and WWTP effluent are released regularly Revised:  November 13, 2021
to the environment, and concurrent characterization of DOM Accepted:  November 22, 2021
in both the influent and effluent of WWTPs and receiving Published: December 2, 2021
waters is needed to better understand the potential impacts of

wastewater and effluent on aquatic environments. Indeed,
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chemical properties of DOM are valuable indicators for
wastewater treatment performance and the impacts of effluent
on water quality and environmental health in receiving aquatic
®7!2 The majority of DOM in the influent is
expected to be removed during treatments in WWTPs, but
specific changes in DOM quantity and quality, including
composition and size spectra, between the influent and effluent
have scarcely been characterized concurrently.

Fluorescence spectroscopy techniques have been widely
used to characterize DOM in natural waters and sewer waters.
Excitation—emission matrix (EEM) coupled with parallel
factor analysis (PARAFAC) has proven to be a useful tool to
elucidate DOM properties in wastewater.”'> The size or
molecular weight distribution of DOM is another important
demension in the characterization of DOM. In aquatic
environments, the fluorescent composition and optical proper-
ties of DOM are closely related to its molecular weights, with
humic-like DOM mostly partitioned in lower molecular weight
or nanocolloidal size-fractions and protein-like DOM and
carbohydrate components mostly in higher molecular weight
fractions.”” Similarly, molecular weight distributions of DOM
have been characterized in the influent and effluent of WWTPs
using size exclusion chromatography.>™"® Nevertheless,
studies detailing changes in DOM size spectra and fluorescent
composition during wastewater treatments remain few. Little is
known about the detailed characteristics of DOM in the size-
fraction between 0.22 and 0.7 ym in the influent and effluent.
The specific fluorescence characteristics of the removed DOM
components in the course of sewage treatment have not been
shown explicitly.

In this study, DOM samples from influent and effluent of
WWTPs in Milwaukee Metropolitan Sewerage District were
characterized for different DOM species, including dissolved
organic carbon (DOC), total dissolved nitrogen (TDN),
chromophoric DOM (CDOM), and fluorescence DOM
(FDOM), as well as DOM size distributions using asym-
metrical flow field-flow fractionation (FIFFF). In addition,
AEEM was employed to elucidate the fluorescence character-
istics in the removed/degraded DOM fractions and in the
0.22—0.7 ym DOM size-fraction on the basis of differences in
the EEMs between the influent and effluent and between the
0.7 and 0.22 pum filtrates, respectively. We also compare DOM
composition and chemical properties between the effluent and
receiving waters, including the Milwaukee estuary and Lake
Michigan.

Our objectives were to evaluate (1) the representativeness of
bulk DOM using different filtrates (i.e., the <0.22 vs <0.7 ym)
and the removal efliciency of bulk DOC and specific DOM
components during wastewater treatment, (2) dynamic
changes in DOM composition, optical properties, and
molecular size spectra before and after wastewater treatment
and thus the biological reactivity or degradability of different
DOM components, and (3) potential impacts of effluent on
the receiving water environment on the basis of comparisons in
their DOM quantity and quality. Results from this study
provide an improved understanding of the relative lability and
resistance of different DOM components and molecular size-
fractions during wastewater treatments. Furthermore, we
provide perspectives on what DOM components are available
to photolysis and to the organisms living in the aquatic
ecosystems recieiving municipal wastewater effluent.

environments.
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B MATERIALS AND METHODS

Sample Collection. Flow-proportional 24 h composite
water samples were collected in autoclaved 500 mL
polypropylene bottles from inlets and outlets of Jones Island
Water Reclamation Facility (JI) and South Shore Water
Reclamation Facility (SS) in Milwaukee, Wisconsin. Both JI
and SS WWTPs also discharge effluent directly into Lake
Michigan, a primary drinking water source for over 12 million
people lake-wide. Although the two treatment plants service
the same city, JI is a combined sewer system while SS is a
separated sewer system, so this provides further insight into the
DOM characteristics of combined vs separated systems.

Weekly samples were collected between December 18th,
2019 and February 18th, 2020 from both WWTPs. A total of
56 samples including the influent and effluent were collected.
Samples were filtered through either 0.7 um GF/F glass
microfiber filters (Whatman) or 0.22 ym mixed cellulose ester
membrane filters (Millipore). Both the <0.7 and <0.22 ym
filtrates were collected from selected samples for DOM
characterization to evaluate differences in quantity, chemical
properties, and molecular size spectra of DOM between the
two filtrates.

Measurements of DOC, TDN, and UV-Absorbance.
Concentrations of DOC (in mg-C/L) and TDN (in mg-N/L)
were measured on a Shimadzu TOC-L analyzer coupled with a
total nitrogen detector (TNM-L). Samples were acidified to
pH < 2 with concentrated HCI after sample collection. The
detection limit was 0.01 mg-C/L, and precision in terms of
coefficient of variation was <2%.'¢ Ultrapure water and
certified DOC samples (from the University of Miami) were
run as samples to monitor the performance of the instru-
ment.'”

UV—visible absorption spectra were obtained using an
Agilent 8453 spectrophotometer with a 10 mm quartz cuvette
over the wavelength range from 220 to 900 nm. Ultrapure
water was used as a blank, and the refractive index effect was
corrected.'®"” The absorption coefficient at a specific wave-
length A (a;) was calculated as a; = 2.303 X A,/], where A, is
the absorbance at A (nm) and I (m) is the light path length of
the cuvette. The a,5, was commonly recognized as the measure
of CDOM."® Spectral slope (S,75_395) was calculated using a
linear regression method to fit absorbance spectra ranging from
275 to 295 nm:

a, = azsoe_sws—z%(ﬂ_zso)
where 4 is the wavelength, a,4 is the absorption coefficient at
280 nm, and S,75_»9s is the spectral slope between 275 and 295
nm, which is inversely correlated with DOM molecular weight
within a specific ecosystem.”’ Specific UV absorbance at 254
nm (SUVA,g,, in L mg™" m™), an indicator of aromaticity,"®
was calculated as SUVA, = A,;,/DOC, where A,,, is the
absorbance at 254 nm.

Fluorescence EEM-PARAFAC Analysis. Fluorescence
EEM spectra were obtained using a spectrofluorometer
(Horiba Fluoromax-4) in 3D scan mode with a 10 mm quartz
cuvette. Samples were scanned at excitation wavelengths (Ag,)
ranging from 220 to 480 nm with a 5 nm increment and
emission wavelengths (Ag,,) ranging from 260 to 600 nm with
a 2 nm increment. First-order and second-order of the
Rayleigh scattering peaks and Raman scattering peaks were
removed before PARAFAC analysis.”’ A series of quinine
sulfate solutions were used to calibrate the instrument, and
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Table 1. Comparisons in DOC (mg-C L"), TDN (mg-N L™'), a,5, (m™"), and SUVA,,, (L mg-C™' m™"), Biological Index

(BIX), and Humification Index (HIX) between the 0.22 and 0.7 gm Filtrates and between the Influent and Effluent of MMSD’s
Jones Island (JI) and South Shore (SS) facilities, as well as A-Values of Each Parameter between Influent and Effluent, with
Positive A Values (+) Denoting an Increase in the Effluent while Negative A Values Indicating a Decrease in That Parameter

in the Effluent after Treatments”

Example I Example II
sampling site JI SS JI SS
<0.7 ym <0.22 pym <0.7 ym <0.22 pym <0.7 ym <0.22 pym <0.7 ym <0.22 pym
DOC (mg-CL™)
influent 72.07 66.55 50.52 41.70 49.09 47.70 63.52 61.30
effluent 9.45 8.10 12.15 722 8.08 8.04 12.16 11.99
A(DOC) —62.62 —58.45 —38.37 —34.48 —41.01 —39.66 —-51.36 —49.31
removal (%) 86.9 87.8 75.9 82.7 83.5 83.1 80.9 80.6
TDN (mg-N L")
influent 19.65 18.05 21.47 20.87 13.47 12.78 24.61 24.00
effluent 7.08 7.19 13.86 13.59 8.61 8.68 14.12 14.16
A(TDN) —12.57 —10.86 —7.61 —6.98 —4.86 —4.10 —10.49 -9.84
removal (%) 63.9 60.2 35.4 33.4 36.1 32.1 42.6 41.0
dys4(m™")
influent 55.41 53.64 55.41 52.68 58.32 53.04 73.02 64.98
effluent 29.64 28.87 29.64 24.60 25.90 24.87 34.80 34.17
Aaysy) —25.77 —24.77 —28.50 —28.08 —29.42 —28.17 —38.22 —30.81
removal (%) 46.5 46.2 529 53.3 69.6 S3.1 523 47.4
SUVA,5,(L mg-C'"m™)
influent 0.77 0.76 1.06 1.07 1.74 1.11 1.19 1.02
effluent 3.13 3.56 2.19 2.09 322 3.07 2.90 2.81
A(SUVA) +2.36 +2.80 +1.13 +1.02 +1.48 +1.96 +1.71 +1.79
BIX
influent 0.96 0.97 0.86 0.94 0.83 0.83 0.99 1.03
effluent 0.87 0.88 0.87 091 0.85 0.90 0.92 0.94
A(BIX) —0.11 —0.10 +0.02 —0.04 +0.05 +0.07 —0.08 —0.08
HIX

influent 0.36 0.37 0.53 0.53 0.38 0.39 0.46 0.47
effluent 0.70 0.67 0.77 0.74 0.73 0.71 0.70 0.69
A(HIX) +0.34 +0.30 +0.24 +0.24 +0.34 +0.31 +0.24 +0.22

“Examples shown here are those from both JI and SS facilities collected on January 29, 2020 (Example I) and February 19, 2020 (Example II).

quinine sulfate equivalent (QSE) was used as the unit of
fluorescence intensities.’ Biological index (BIX) and humifi-
cation index (HIX) are indicators of autochthonous and
allochthonous DOM sources, respectively, and were calculated
from fluorescence intensities at different Ay, values.””

Both PARAFAC analysis using the drEEM toolbox (version
0.5.0)*" and statistical tests were performed in the Matlab
(R2020b) platform to mathematically deconvolute the EEM
database, a total of 90 EEM spectra (56 influent/effluent plus
34 size-fractionated samples), into different fluorescent DOM
components. Half-split validation was used to validate the
EEM-PARAFAC models.”**

Size Distribution of DOM Analyzed Using Flow Field-
Flow Fractionation. DOM size distributions were charac-
terized using an asymmetrical FIFFF system (AF2000,
Postnova) coupled with a UV-absorbance detector (SPD-
20A, Shimadzu) and two fluorescence detectors (RF-20A,
Shimadzu). The poly(ether sulfone) membrane in the
separation channel has a manufacturer-rated pore-size of 0.3
kDa. The carrier solution was made of 10 mM NaCl and 5 mM
H;BO; and adjusted to pH 8 with NaOH, which has been
proven as the optimal carrier for natural water samples.”* Flow
settings used for the FIFFF analysis are given in Table SI.
Before sample measurements, the retention time of DOM in
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the FIFFF system was calibrated under the same instrument
conditions using standard macromolecular organic compounds
(proteins) with a known molecular weight (Table S2). The
relationship between FIFFF retention time and diffusion
coeflicient was established on the basis of the calibration
with protein standards, and thus, hydrodynamic diameter (in
nm) or molecular weight (in kDa) can be converted from a
diffusion coefficient on the basis of Stokes law.**** A UV-
absorbance detector measured the absorbance at 254 nm,
while the two fluorescence detectors targeted Ag,/Ag,, at 350/
450 and 275/340 nm, representing humic-like and protein-like
fluorophores, respectively. A series of qunine solfate solutions
(in parts per billion) were used to calibrate the fluorescence
detectors, and the fluorescence intensities are expressed in
quinine sulfate equivalent (ppb-QSE).”* Other detailed
analytical procedures and data acquisition are described
elsewhere.”**

Statistical Analyses. Statistical analyses were performed
using the Matlab statistics toolbox (MathWorks, R2020a), with
a p-value <0.01 as statistically significant.

B RESULTS AND DISCUSSION

Differences in Bulk DOM Properties between Influent
and Effluent. The concentrations of DOC and TDN as well

https://doi.org/10.1021/acsestwater.1c00391
ACS EST Water 2022, 2, 216—225
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Figure 1. Examples of fluorescence excitation emission matrix (EEM) spectra of different DOM size-fractions, including <0.22, < 0.7, and 0.22—0.7
um, in the influent (top panels) and effluent (middle panels) as well as the EEM spectra of DOM that were removed from the <0.22, < 0.7, and
0.22—0.7 pum size-fractions in the influent during treatments (bottom panels) derived from AEEM on the basis of the difference in EEM data

between the influent and effluent.

as optical properties including a,5, and SUVA,;, are listed in
Table 1 for comparisons between the 0.22 and 0.7 ym filtrates
and between influent and effluent samples collected from the JI
and SS. As shown in Table 1, concentrations of DOC and
TDN in the influent samples varied considerably depending on
the filter pore-size used, sampling date, and sampling sites or
wastewater treatment plants. Similarly, both a,5, and SUVA,,
values in the influent samples also varied markedly between
filtrates and sampling dates, showing distinct differences in
influent’s DOM quantity and quality with time (Table 1).
Most importantly, vast differences, both positive and negative,
in all parameters were observed between the influent and
effluent. On average, up to 82.7 + 3.6% of the bulk DOC and
43 + 12% of TDN had been removed after treatment on the
basis of the concentration differences between influent and
effluent samples (Table 1). For CDOM, about 49.8 + 3.4% of
CDOM (a,s,) was removed in the course of treatments, which
suggested that a larger portion (up to 50%) of the bulk CDOM
pool is microbially refractory during wastewater treatment
compared to only <20% recalcitrant in the DOC pool. The
disproportionate removal rates between bulk DOC and
CDOM pools indicate that bulk DOM in wastewaters is
highly heterogeneous in lability and reactivity. As a result,
values of SUVA,,, an indicator of DOM aromaticity, increased
after treatment, implying that the less biodegradable DOM
components are mostly the highly aromatic DOM compo-
nents. This result is consistent with those observed in
degradation experiments using natural DOM samples.”°
The removal rate of TDN was highly variable, ranging from
32% to 64%, likely depending on the relative abundance of
dissolved organic nitrogen (DON) and dissolved inorganic
nitrogen (DIN) as well as denitrification/nitrification processes
during the watsewater treatments.”’

In addition to bulk DOM concentrations, other intensive
optical properties (independent to concentrations) also
demonstrated a consistent change, either positive or negative
between the influent and effluent samples (Table 1). While
values of BIX had a small and variable change between the
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influent and effluent, both HIX and SUVA,;, values increased
significantly (¢ test: p < 0.01) after wastewater treatment,
indicating again that aromatic DOM components are less
microbially degradable.

Changes in EEM Spectra of DOM between Influent
and Effluent. Examples of fluorescence EEM spectra are
shown in Figure 1 for influent and effluent samples in the 0.22
and 0.7 pm filtrates and the 0.22—0.7 ym DOM size-fraction.
The difference in EEM spectra between influent and effluent or
the EEM spectra of the removed-DOM is also presented for
comparisons (Figure 1). Characteristic fluorescence peaks in
these EEM spectra include peaks A, C, T, and B (Table S3). As
expected, the major DOM components characterized in the
EEM spectra are distinct between the influent and effluent
samples regardless of filtrates in the <0.22, < 0.7, or the 0.22—
0.7 um fractions (Figure 1). Specifically, the major EEM peak
in the influent is peak T with its Ex/Em centered at 275/340
nm.”® In contrast, after treatments, the predominant DOM
component becomes humic-like or peak A with a maximum
Ex/Em at 250/430 nm. Changes in both fluorescence
intensities and major DOM components between the influent
and effluent samples indicate that, on average, 65.5% of the
fluorescent signatures are removed after treatment, and the
major DOM component shifts from mostly protein-like in the
influent to largely humic-like in the effluent. The shift in major
DOM components between influent and effluent attests to the
fact that humic-like DOM components can persist and thus
accumulate during microbial degradation, while protein-like
components are preferentially decomposed during wastewater
treatment, giving rise to an increase in the relative abundance
of humic-like DOM (Figure 1). This conclusion also is
supported by the observed changes in HIX and SUVA,,
between the influent and effluent samples (Table 1).

The AEEM spectra derived from the differences in EEM
spectra between the influent and effluent samples clearly and
consistently show that the DOM components being removed
during wastewater treatment are largely the protein-like DOM
components with Ex/Em maximum at 275/340 nm regardless

https://doi.org/10.1021/acsestwater.1c00391
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Figure 2. EEM contours of the PARAFAC-derived fluorescent DOM components on the basis of 90 samples, including 56 influent/effluent and 34
size-fractionated samples, from both Jones Island and South Shore WWTP facilities.

Table 2. Comparisons in the Relative Abundance, A-Values, and Removal % of Fluorescent DOM Components As Well As the
Protein-Like to Humic-Like Components Ratio between the <0.22 gym and <0.7 ym Filtrates and between the Influent and
Effluent of MMSD’s Jones Island (JI) and South Shore (SS) Facilities”

Example I Example 1I
sampling site JI SS JI SS
filtrate size cutoff (um) <0.7 <0.22 <0.7 <0.22 <0.7 <0.22 <0.7 <0.22
Caos
inf 504.1 415.0 292.2 254.3 406.2 274.5 512.5 437.8
eff SL.S 39.2 132 5.9 33.2 25.1 53.5 40.7
ACs —452.6 —375.8 —279.0 —248.5 —373.0 —2494 —459.0 —397.1
removal (%) 89.8 90.6 95.5 97.7 91.8 90.9 89.6 90.7
Cspo
inf 338.1 328.6 245.0 257.3 314.9 257.1 332.8 314.2
eff 51.8 77.8 43.9 69.7 36.5 S1.8 98.7 122.0
ACyy —286.3 —250.7 —201.1 —187.6 —278.4 —205.3 —234.1 —192.2
removal (%) 84.7 763 82.1 72.9 88.4 79.8 703 61.2
Caoo
inf 156.5 141.9 194.6 187.4 133.7 103.2 221.9 207.6
eff 80.3 73.6 82.1 80.5 71.7 69.6 114.5 109.9
ACyp0 —76.3 —68.3 —112.4 —106.8 —62.0 -33.6 —-107.4 =97.7
removal (%) 487 48.1 57.8 57.0 464 326 484 471
Cazo
inf 65.9 53.2 104.6 63.4 47.5 37.8 85.7 61.1
eff 49.7 39.7 47.2 39.1 382 33.5 62.9 54.2
AC3 —-16.2 -13.5 =57.5 —24.4 -9.3 —4.2 —-22.8 —6.9
removal (%) 246 254 549 384 19.6 112 26.6 112
Curs
inf 67.1 62.4 90.2 86.2 69.1 57.5 10S8.1 96.5
eff 58.7 55.1 50.2 49.5 46.8 46.1 79.9 779
AC,s -84 -7.3 —40.0 -36.7 —-22.3 —-11.4 —25.2 —18.5
removal (%) 12.5 117 444 426 323 19.8 24.0 19.2
Cios + C340)/(Caoo + Cuzo + Czs
inf 2.9 29 14 1.5 2.9 2.7 2.0 2.1
eff 0.5 0.7 0.3 0.4 0.4 0.5 0.6 0.7
dratio —-2.4 =22 -1.1 -1.1 —-2.4 -2.2 -15 —-14

“A-values are the differences of each component or parameter between the influent and effluent, with positive A-values (+) denoting an increase in
the effluent while negative A-values indicate a decrease in the parameter in the effluent after treatments. Examples shown here are based on samples
took from both JI and SS facilities on January 29, 2020 (Example I) and February 19, 2020 (Example II).
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Figure 3. Examples showing the molecular weight distributions of the bulk CDOM (or UV,s,), humic-like components (Ex/Em = 350/450 nm),
and protein-like components (Ex/Em = 275/340 nm) in the 0.22 ym and 0.7 um filtrates between the influent and effluent and variations in the
protein-like/humic-like ratio with DOM molecular weight (based on samples collected on 19-Feb-2020).

of DOM size fractions (Figure 1, bottom panels). The DOM
composition-dependent degradation pathways observed here
are consistent with recent studies on DOM in natural
waters.””%*’

Characterization of DOM in Municipal Wastewaters.
PARAFAC analysis was used to decompose the EEM spectra
into five major fluorescent DOM components, including
components Cyps, Cys0, Cao0r Cazor @and Cyys (Figure 2) with
their specific Ex/Em maxima listed in Table S4. Examples
showing the relative abundance of each PARAFAC-derived
DOM component are given in Table 2. Components were
named after their characteristic emission wavelengths; for
instance, C3ys has an emission peak at 305 nm, which covers
the Peak B, a protein-like fluorescent component.”® Cs,, is a
protein-like fluorescent component as well, which has
characteristics of Peak T.** These two protein-like DOM
components are associated with 34.9% and 33.7% of the total
fluorescence intensities, respectively. The other three PARAF-
AC-derived components are all humic-like fluorescent
components that have been widely observed in freshwater
ecosystems.”’ Overall, C, contributes 15.9% of total
fluorescence intensities, while C,3, and C,;5 have the least
contributions to the total fluorescence signatures (comprising
6.74% and 8.77%, respectively) in all samples.

In the influent samples, the protein-like DOM components
are predominated with 37.1% Csys and 34.6% Cs,o, while the
three humic-like DOM components cumulatively comprise
only 28.3% of the total fluorescence intensities. Compared with
the influent samples, protein-like Csy5 and C;4; components in
the effluent samples decreased considerabaly to 10.2% and
24.1%, while C,g0, C,30 and Cyys increased to 29.5%, 15.6%,
and 20.6%, respectively (Figure S1). The PARAFAC-derived
fluorescent components and their relative abundances in
wastewaters identified here are distinctively different from
those reported for freshwater environments adjacent to the
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treatment plants, such as the Milwaukee River,>' coastal Lake
Michigan,5 and other U.S. rivers.”'” However, after treatment,
the EEM characteristics of DOM in the effluent become more
similar to those of natural waters, with the major difference
being the remaining protein-like components in the effluent.

As shown in Table 2, up to 92.5% and 80.3% of the protein-
like components, C;y5 and Cs,, in the influent were eliminated
during treatments. These results are similar to those previously
reported.”” The humic-like DOM components also show a
significant removal of their initial signatures (48.3%, 26.5%,
and 25.8% for C,qq, C430, and C,s, respectively), but to a lesser
extent then the protein-like components (Table 2). On the
basis of changes in component ratios, values of (C;o5 + Cs40)/
(C400 + Cuz0 + Cyrs), the ratio of total protein-like to humic-
like components, decreased significantly between influent and
effluent regardless of sampling sites, filtrates, or sampling dates
(Table 2), from an average of 2.3 = 0.6 in the influent to 0.5 +
0.1 in effluent. This again supports the conclusion that protein-
like DOM components are indeed preferentially removed
during wastewater treatment.

Changes in DOM Size Spectra between Influent and
Effluent. In addition to changes in the concentration and
composition of DOM during treatments (Figure 1 for EEM),
concurrent changes in the molecular size distribution of DOM
could be expected although less quantified. Examples of FIFFF
fractograms are given in Figure S2 to show continuous size
spectra of different DOM components, including UV
absorbance representing bulk CDOM as well as fluorescent
humic-like and protein-like components in influent and
effluent samples. Both bulk CDOM and humic-like compo-
nents simply had a major peak centered at ~3 kDa regardless
of effluent or influent. Protein-like components, on the
contrary, contained not only a major peak in nanocolloidal
size region with a shoulder extending to 10 kDa but also a
secondary peak at the >100 kDa size range (Figure S2).
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Compared to the influent samples, the protein-like DOM
(Fluor,;s/340) in effluent samples had much lower fluorescence
intensities in both the major peak in the nanocolloidal size
range and the secondary peak for large colloids, but without
the shoulder peak for median molecular size-fractions in
effluent samples. In other words, fluorescence intensities in
both middle-size and larger-size protein-like components were
significantly reduced after treatments. In contrast, the size
spectra (or peak shape) of both bulk CDOM and humic-like
components changed little between the influent and effluent
after treatments even though their UV-absorbance and
fluorescence intensities decreased by 34% and 27%,
respectively (Figure S2). Little change in the size spectra of
humic-like DOM components is likely due to their unique
molecular size characteristics, mainly in the nanocolloidal size
range,”” and their lower biodegradability (Figure 1).

Similarly, the molecular weight distributions of different
DOM components, using histogram diagrams integrated from
continuous FIFFF fractograms, show a major peak around the
1—-10 kDa size range and a secondary peak in the 100 kDa-220
nm (or 700 nm) size-fraction (Figure 3). In general, the
molecular weight distributions are somewhat similar between
bulk CDOM (UV,,) and fluorescent humic-like components
(Fluorssg/ss0) in both influent and effluent samples. There
existed a quasi-normal distribution in the molecular size
spectra with a peak at the 1—10 kDa for the bulk CDOM and
1-3 kDa for the fluorescent humic-like components (Figure 3
and Figure S2). For the protein-like components, in addition
to a peak centered at the 1—3 kDa size fraction, their
predominant peak is at the >100 kDa, showing a bimodal size
distribution in the DOM size spectra. This bimodal size
distribution observed for the protein-like components here is
consistent with those observed for other natural water
samples,”**** indicating that the protein-like DOM contains
not only amino acids associated chromophores but also high-
molecular-weight (HMW) sticky protein-like components. On
the contrary, both bulk CDOM and humic-like components
had a single peak size-distribution and partitioned mostly in
the lower molecular weight or nanocolloidal fractions,
consistent with the nature of humic substances, such as the
highly dispersive detergent-type properties and highly dis-
persive.g’S

When the ratio of the protein-like to the humic-like
fluorescence intensities (P/H) at each DOM size-interval
was plotted against DOM molecular weight ranges, a general
increase in the P/H ratio with DOM molecular weight was
observed (Figure 3). The P/H ratio in the 1—10 kDa size
range is as low as <5 but as high as 129 in the >100 kDa size-
fraction. This result attests to a highly heterogeneous nature of
DOM in wastewater, similar to those observed for DOM in the
aquatic continuum.”” Furthermore, changes in the size spectra
of DOM components during treatments can be quantified on
the basis of the difference in FIFFF fractograms between the
influent and effluent (Figure S3). For both bulk CDOM
(UV,,) and humic-like components, the removed-DOM
components are exclusively the nanosized DOM fractions
<20 kDa. On the contrary, the protein-like components being
removed are the size-fractions containing not only the nanosize
and midsize DOM ranging from 0.5 to 20 kDa but also the
large-size DOM > 100 kDa. Overall, the DOM components
removed during wastewater treatment had their molecular
weight with peak intensity at the <1 kDa for the bulk CDOM
and at the 1—3 kDa for humic-like DOM, while the removed
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protein-like DOM not only had a major peak with a molecular
weight of ~1 kDa but also contained minor components with
molecular sizes >100 and even >1000 kDa (Figure S3).

Differences in Composition and Size Spectra be-
tween the <0.22 and <0.7 um Filtrates. Both the 0.22 and
0.7 pm filters have been commonly adopted in studies of
DOM in natural and engineered systems.‘%_38 In addition, the
composition and reactivity of DOM and their environmental
fate and cycling pathways have been shown to be highly related
to DOM molecular sizes."™> Nevertheless, the difference in
DOM quantity and quality between the 0.22 pm filtrate and
the 0.7 yum filtrate remains poorly quantified.” On the basis of
the difference in pore sizes, the 0.7 um filtrate should
theoretically contain more DOM or have a higher DOC
concentration than the 0.22 um filtrate. Unsurprisingly,
concentrations or values of DOC, TDN, and CDOM (a,s,)
in the 0.7 ym filtrate are all consistently higher than those in
the 0.22 um filtrate (Table 1, t tests: p < 0.01). On average,
DOC, TDN, and CDOM in the 0.7 um filtrate were 5.0%,
3.2%, and 4.8% higher than those in the 0.2 um filtrate,
respectively, although DOM concentrations in the 0.7 ym are
likely underestimated due to the potential adsorption of DOM
onto GF/F filters.”®* Similar differences in the quantity of
bulk DOM resulting from membrane pore-size differences have
been reported for natural waters.””*" Therefore, consistently
using the same pore size and type of filters is important in the
characterization of bulk DOM, allowing for data comparisons
between time-series samples and between studies despite
DOM being highly operationally defined and dependent on
the filter pore size used in the filtration.

Other optical properties, such as SUVA,,, BIX, and HIX, on
the contrary, show little or less differences between the 0.22
and 0.7 pm filtrates (¢ tests: p > 0.1, Table 1), indicating that
the additional 3%—5% bulk DOM between the 0.22 and 0.7
um may not significantly alter the intensitive chemical
properties of the bulk DOM pool due to their overall high
DOM concentrations. It seems that the difference in filter pore
sizes can result in a significant difference in DOM
concentrations or extensive properties whose values are
proportional to the quantity of DOM in the filtrate but less
so in intensive properties whose values are not related to DOM
quantity, such as SUVA,,, BIX, and HIX. However,
differences in DOM composition and size spectra and thus
DOM lability and reactivity occur between the 0.22 and 0.7
um filtrates.

Although EEM contours of the 0.22 and 0.7 ym filtrates are
highly similar (Figure 1), their major fluorescent DOM
components are evidently different from those of the 0.22—
0.7 yum DOM size-fraction, especially in the effluent. As
depicted in the AEEM (Figure 1 right panels), the fluorescent
DOM composition of the 0.22—0.7 um size-fraction is also
related to the sources of water. For example, the 0.22—0.7 ym
filtrate in the influent samples contains mostly protein-like
DOM components. The same filtrate in the effluent samples, in
contrast, contains mostly humic-like DOM (peak C) in
addition to protein-like components (peak T).

Regarding differences in size spectra, DOM in the <0.7 ym
filtrate not only had higher fluorescence intensities but also
contained more HMW-DOM components in the FIFFF
fractograms compared to the <0.22 um filtrate (Figure 3).
For example, both the humic-like and protein-like DOM
components exhibited a visibly higher shoulder peak in the
<0.7 pm filtrate sample. In addition, protein-like DOM
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Figure 4. Comparisons in DOM properties between the effluent (n = 57), lower Milwaukee River water (MR, n = 48), and Lake Michigan water
(LM, n =) for (a) DOC, (b) CDOM ayg,, (c) SUVA,,, (d) Sy75-20s, () BIX, (f) HIX, (g) TDN, and (h) DOC/TDN ratio. The box and bar are
interquartile (25% and 75%) and median, respectively. Whisker depict the most extreme data point that is no more than 1.5-fold the interquartile

range. Outliers are shown with cross symbols (+).

components in the <0.7 ym filtrate also had a larger portion of
DOM in the >50 nm size-fraction. Clearly, this is consistent
with the fact that the <0.7 ym filtrate contains not only DOM
< 0.22 pm but also microbes or measurable large sized-DOM
fractions between 0.22 and 0.7 pum. Therefore, bulk DOM
containing a continuous molecular size spectrum is highly
dependent on the filter pore size used in isolating dissolved
from the particulate phase.*”

Comparisons in DOM Properties between Effluent
and Receiving Waters. The impacts of effluent DOM on
receiving water are a public concern depending on the
composition and reactivity of DOM in the effluent. The
effluent from the WWTP at Jones Island is discharged into the
Milwaukee Harbor—Lake Michigan region, where the
Milwaukee River, Kinnickkinnic River, and Menomonee
River mix with coastal Lake Michigan waters. Concentrations
of DOC in the JI effluent are slightly lower than those of the
lower Milwaukee River’' but are significantly higher than those
in Lake Michigan (Figure 4). Similarly, a5, values in the
effluent are significantly lower than those in the Milwaukee
River but higher than those in Lake Michigan (Figure 4).> The
same variation trend is observed for SUVA,, values (Figure
4), with a similar aromaticity level between the effluent and
river water but much higher than that of Lake Michigan.
Spectral slope (S,75_595) values followed the order of effluent <
Milwaukee River < Lake Michigan (Figure 4), showing a
change in DOM molecular weight or biological/chemical
reacivity in the order of effluent > Milwaukee River > Lake
Michigan on the basis of the DOM size-reactivity continuum
model." Comparisons in fluorescence indices show a similar
biological index (BIX) between the effluent and Lake Michigan
waters, which are much higher than those of Milwaukee River
waters, again suggesting that DOM from the effluent is of
higher biological reactivity than river waters. In addition, a
higher humification index (HIX) and higher aromaticity
(SUVA,,) in the effluent than those in Lake Michigan waters
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point to a higher photochemical reactivity once discharged into
Lake Michigan. TDN in the effluent is considerably higher
than the receiving waters, while the DOC/TDN ratios in the
effluent are lower than those in both Lake Michigan and the
Milwaukee River (Figure 4), consistently indicating bio-
logically labile DOM in the effluent.

Overall, compared to the receiving waters, the effluent
contained an elevated DOC, a much higher TDN, and a
variable CDOM. In addition, in light of chemical composition
and reactivity, DOM from the effluent is of higher molecular
weight, lower DOC/TDN ratio, and higher BIX and thus
higher biological lability compared to Milwaukee River and
Lake Michigan waters. The overall impacts of WWTP-eftluent
on the receiving environment may be related to the fluxes of
effluent, but the biologically labile DOM with a higher
molecular weight and lower DOC/TDN ratio could have a
potential disproportionate influence on microbial community,
algal blooms, and biogeochemical processes in coastal southern
Lake Michigan.

B CONCLUSIONS

In this study, we found that, in the course of sewerage
treatments, DOM was removed dispropornately depending on
the chemical properties and reactivity/lability of specific DOM
components. Although >80% of the bulk DOC could be
removed from the influent by WWTPs, only about half of
CDOM in the influent was removed. Within the CDOM pool,
the biologically or microbially labile protein-like DOM was
preferentially removed compared to other fluorescent
components, resulting in an accumulation of humic-like
DOM in the effulent. Molecular size distributions or size
spectra of DOM had little change between the influent and
effluent, likely due to their overall high DOM abundances
compared to most natural waters. However, the size spectra
were distinct between different DOM components (e.g,
humic-like vs protein-like). A detectable difference in DOM
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abundance and fluorescent components between the <0.22 and
<0.7 um filtrates was observed for the first time showing that
almost only protein-like components appear in the 0.22—0.7
pum size-fraction, pointing to a highly heterogeneous nature
between DOM size-fractions and the need to characterize the
size-dependent composition of DOM and their environmental
behavior and fate. The discharge of WWTP’s effluent with
DOM containing a low DOC/TDN ratio, more higher
molecular weight, and more photochemically and biologically
labile components could have a significant impact on receiving
waters, influencing microbial community and biogeochemical
cycling, especially in coastal Lake Michigan, an oligotrophic
ecosystem. Further studies are needed to quantitatively
evaluate the potential impacts from effluent.
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