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wastewater effluents were examined.

• The majority of DON was hydrophilic
while more DOP existed in hydrophobic
forms.

• Hydrophobic fraction of effluent DOPwas
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• Hydrophilic fraction of effluent DON
seemed to exhibit higher bioavailability.
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vided insights of DOM in wastewater ef-
fluents.
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There is still a great knowledge gap in the understanding of characteristics and bioavailability of dissolved organic
nitrogen (DON) and dissolved organic phosphorus (DOP) in wastewater effluents, which surmise implications
related to both discharge regulation and treatment practice. In this study, we simultaneously investigated the
characteristics and bioavailability of both DON and DOP, with separated hydrophilic versus hydrophobic frac-
tions, in highly-treated wastewater effluents for the first time. The tertiary effluents from two wastewater treat-
ment plants were separated into two fractions by XAD-8 resin coupled with anion exchange resin based on the
hydrophobicity. Results showed that the majority of DON was present in hydrophilic forms while more DOP
existed in hydrophobic forms. Hydrophilic DON contributed to 64.0%–72.2% of whole DON, while hydrophobic
DOP accounted for 61.4%–80.7% of total DOP for the two plants evaluated. The effluents and their fractions
were then subject to bioavailability assay based on 14-day algae growth. The results indicated that majority
(~73–75%) of the effluent DOP, particularly the hydrophobic fraction with lower C/P ratio was more likely to
be bioavailable for algal growth. The bioavailable fraction of DON varied widely (28%–61%) for the two plants
studied and the hydrophilic fractionwith lower C/N ratio seemed to exhibit higher bioavailability than the hydro-
phobic portion. The differences in bioavailable DON and DOP distributions of effluents from those two plants
could be attributed to different receiving effluent compositions andwastewater treatment processes. In addition,
fluorescence excitation–emission matrices (EEMs) combined with parallel factor analysis (PARAFAC) were used
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Hydrophilic

Hydrophobic fractionation
to characterize the dissolved organic matter (DOM) inwastewater effluent, which provided insights into the na-
ture of organic matter in wastewater samples with different characteristics and originating sources.

© 2014 Published by Elsevier B.V.
1. Introduction

The effluent discharged from wastewater treatment plants (WWTPs)
can be an important source of nutrient loading to aquatic environments
and thus contributes to eutrophication. More stringent nitrogen and
phosphorus discharge limits have been implemented on wastewater
treatment plants in environmentally sensitive areas (Clark et al., 2010).
For example, in Chesapeake Bay, more stringent permit limits have
been required for plants to achieve effluent quality of 3 mg/L total
nitrogen (TN) and 0.3 mg/L total phosphorus (TP). In advanced WWTPs
that apply enhanced nutrient removal technologies to meet very low
nutrient levels, most of the dissolved inorganic nitrogen (DIN) and
dissolved inorganic phosphorus (DIP) in wastewater can be removed,
then dissolved organic nitrogen (DON) and dissolved organic phosphorus
(DOP) could account for substantial fractions (40–85% of TN, 26–81% of
TP) of the remaining TN and TP in effluents (Pagilla et al., 2006;
Ragsdale, 2007; Gu et al., 2011, 2014; Liu et al., 2012). Watershed protec-
tion plans may therefore have to differentiate the bioavailability of
different forms of nitrogen and phosphorus to balance the costs and
benefits of removingDON/DOP versus controlling the remaining inorgan-
ic nutrient sources (Pehlivanoglu and Sedlak, 2004; Mulholland et al.,
2007; Filippino et al., 2011; Simsek et al., 2013).

However, standardized or consented methods to measure the bio-
availability of DON and DOP from wastewater effluent are currently
not available. And discounting wastewater-effluent DON/DOP from
total discharge regulations could substantially reduce construction
costs ofWWTPs and associated upgrades for advanced nutrient removal
(Bronk et al., 2010). For these reasons, it is important to evaluate the po-
tential bioavailability of DON and DOP to effluent receiving water and
provide evidence to assist regulatory agencies for determining the ne-
cessity in excluding DON/DOP from the nutrient discharge allowance
and, whether plants are required to upgrade current nutrient reduction
technology for further removal of those organic nutrients in the
effluents.

There are a limited number of studies on wastewater effluent DON
bioavailability. In those studies, bioavailability of DON is determined
by cultivating defined cultures or microbial communities from natural
receiving waters in wastewater final effluent, where monitored net
DON decrease was defined as bioavailable DON (Pehlivanoglu and
Sedlak, 2004; Urgun-Demirtas et al., 2008; Bronk et al., 2010; Filippino
et al., 2011; Liu et al., 2012; Simsek et al., 2013). These studies showed
a wide range (18–96%) of the initial DON in low-total-nitrogen waste-
water effluents that was bioavailable to algae and/or bacteria. However,
the determination of true bioavailable DONonly from the net changes of
DON might not be accurate as the algae would both consume and re-
lease organic nutrients during the bioassay. Most studies mentioned
above recognized that the increased DON caused by production from
microbial community would mask the true utilization of effluent DON.
Using Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) analysis, Mesfioui et al. (2012) showed that 79% to 100%
of the organic nitrogen compounds present at the start of the incubation
were removed during the incubation with new nitrogen-containing
compounds produced, which indicated that the effluent DON pool is
much more dynamic than the net DON changes could reveal.

The characteristics and bioavailability of wastewater-derived DOP
have rarely been studied (Gu et al., 2011, 2014; Li and Brett, 2012,
2013) and less reported than that of DON. These few studies evaluated
the bioavailability of soluble reactive phosphorus (SRP) fraction and
DOP, and showed that the classic assumption that SRP approximately
equals bioavailable P (BAP) was not true for most of the cases (Li and
Brett, 2013). They suggested that most organic forms of dissolved phos-
phorus (P) seemed highly bioavailable and could be utilized as a supple-
mental P source in the absence of inorganic P. The P fractions in the
humic substances did not support algal growth, indicating that the or-
ganic P in these humic–Al–Fe complexes had very low bioavailability
to algae.

In this study, we simultaneously investigated the bioavailability of
both DON and DOP, with separated hydrophilic versus hydrophobic
fractions, in highly-treated wastewater effluents for the first time. The
bioavailable DON and DOP were determined by algae growth yield
since previous studies have shown that using algae growth to assess or-
ganic nutrient bioavailability is feasible (Pehlivanoglu and Sedlak, 2004;
Li and Brett, 2012). Due to the dynamic changes of the DON and DOP
pool in the bioassay asmentioned earlier, we believe that bioavailability
determined based on algal growth is more accurate than simply track-
ing the net changes in the total amount of DON or DOP. Effluents from
two wastewater treatment plants were obtained and separated into
two fractions based on the hydrophobicity, so as to examine the bio-
availability of hydrophobic versus hydrophilic DON andDOP.Moreover,
fluorescence excitation–emission matrices (EEMs) combined with par-
allel factor analysis (PARAFAC) were also applied here to characterize
the dissolved organic matter (DOM) in wastewater effluent and moni-
tor the changes in the composition or nature of the complex and dy-
namic DON and DOP pool during the bioassay.

2. Materials and methods

2.1. Effluent sampling

Thewastewater treatment effluents from two enhanced nutrient re-
moval plants were chosen in this study because their final effluents
contained higher fraction of DON and DOP in relation to the dissolved
inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP).
The Broad RunWater Reclamation Facility in Loudoun County of Virginia
(Loudoun Plant) consists of primary clarifier, fine screen, BNR-Membrane
Biological Reactor (MBR) (5-stage Bardenphoprocesswithmembranefil-
tration) and a Granular Activated Carbon (GAC) adsorption process. The
Pinery Wastewater Reclamation Facility (Pinery Plant) treats domestic
wastewater from a service area located south of Parker Colorado, and
the treatment processes include primary treatment, BNR secondary pro-
cess (5-stage Bardenpho), followed by a multi-stage tertiary filtration
process. The two effluents (grab samples taken at one time) were desig-
nated as Loudoun and Pinery effluent samples in this paper, respectively.
All the effluent samples in this study were collected prior to UV disinfec-
tion. The wastewater effluent samples were filtered through a polycar-
bonate membrane filter (Millipore, 47 mm, 0.45 μm) immediately once
shipped to the lab in coolers and then stored at 4 °C prior to use.

2.2. Separation of hydrophobic and hydrophilic fraction in wastewater
effluent

The scheme of resin separation for effluent fractionation was shown
in Fig. S1 and more details of the separation protocol were given by Liu
et al. (2012). All the wastewater effluent samples were first acidified to
pH of 2.0 with HCl and then pumped through Amberlite XAD-8 resin
(now Supelite XAD-8 resin, Sigma-Aldrich) with flow rate of 1 mL/min.
The eluents were collected as hydrophilic fractions that contained hydro-
philic DON, DOP, inorganic nitrogen species (NH4

+, NO2
−, NO3

−) and phos-
phates. The hydrophobic fraction retained on XAD-8 resin was later
eluted by 0.1 M NaOH at flow rate of 1 mL/min in reverse direction. To
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remove dissolved inorganic nitrogen (DIN) species and dissolved inor-
ganic phosphate (DIP) from the hydrophilic eluents that passed through
XAD-8 resin, the samples were passed again through anion exchange
resin (Dowex Chloride form resin, Sigma-Aldrich) to obtain the hydro-
philic DIN-free and DIP-free fraction. No DIN or DIP was detected in
these fractions.

2.3. Chemical analysis

Concentrations of nitrate and nitrite were determined by Dionex
ICS-5000 ion chromatography system along with known standards.
Concentrations of ammonium were measured in a UV mini-1240 spec-
trophotometer following the manual phenate method (Clescerl et al.,
1998). Total dissolved nitrogen was measured with the persulfate oxi-
dation method (Clescerl et al., 1998) and DON concentrations were ob-
tained by the difference between total dissolved nitrogen and dissolved
inorganic nitrogen according to other studies (Arnaldos and Pagilla,
2010; Liu et al., 2012). Concentrations of dissolved organic carbon
(DOC) in various fractionated effluent samples were measured using a
carbon analyzer (Shimadzu TOC-5000). The DOP in wastewater samples
was determined according to Standard Methods (4500-P) which sub-
tracts dissolved acid hydrolysable P (sAHP) and dissolved reactive P
(sRP) from total dissolved acid-digested P (sTP) (Clescerl et al., 1998;
Gu et al., 2014). Accuracy and reproducibility of low DON and DOP mea-
surements were discussed in the previous reports (Gu et al., 2011, 2014;
Li and Brett, 2013) and the detection limits of the DON and DOP in this
study were 0.05 mg N/L and 0.005 mg P/L, respectively. The organic
carbon-to-nitrogen (C:N) and carbon-to-phosphorus (C:P) ratio of the
samples was calculated as DOC/DON and DOC/DOP, respectively.

2.4. Bioassay protocols

To examine the bioavailability of different effluent fractions to algae
growth, the hydrophobic andhydrophilic fractions ofwastewater effluent
samples were investigated using algal bioassay (Clescerl et al., 1998).
Pseudokirchneriella subcapitata (formerly Selenastrum capricornutum, ob-
tained from the Culture Collection of Algae at The University of Texas at
Austin) were chosen as test algae culture in this study (Clescerl et al.,
1998). The bioavailability of DON and DOP was assessed in two groups,
respectively. In the first group, the algae were pre-suspended in N-free
medium (supplied with NaCl instead of NaNO3) for a week before the
DON bioavailability bioassays. The nutrient medium described by Miller
and Greene (1978) was used to maintain P. subcapitata algal cultures.
To start the bioassay, nitrogen starved algae stock was incubated in frac-
tionated wastewater effluent samples (ionic exchange treated DIN and
DIP-free hydrophilic fraction and hydrophobic fraction) that were
amended with all necessary macronutrients and micronutrients except
NaNO3 (Clescerl et al., 1998). Nitrogen-free media were used as negative
control. To test if therewas any potential toxic or inhibitory substances in
hydrophobic fraction, an additional control of hydrophobic fraction plus
0.7 mg/L nitrate was included. The initial algal cell count of the samples
was around 2 × 105 cells/mL. Samples were incubated in flasks in a hori-
zontal shaker (speed of 11 rpm) at 25 °C under continuous fluorescent
lighting of 4300 Lm for 14 days. The 14 day incubation periodwas chosen
based on previous study for maximum growth potential of algae in labo-
ratory conditions (Miller and Greene, 1978). Standard media with series
of limited NaNO3 (0, 0.25, 0.5, 1, 2.5, 5 mg N L−1) were also incubated
to obtain standard curve for algal growth yield versus nitrogen concentra-
tion. A linear calibration curve of algal cell counts as a function of nitrogen
concentrationwas obtained (Fig. S2(A), R2=0.99). The bioavailable DON
in different fractions of effluent samples was then determined based on
the stimulated algal growth according to the growth versus bioavailable
N standard curve (Fig. S2A) according to the similar approach used by Li
and Brett (2013). As mentioned earlier, this method of nutrient bioavail-
ability assay overcomes the difficulty in direct measurement of DON
consumption due to the interferences of algae-produced DON during
the bioassay.

In the second group, the algae were pre-suspended in P-free medi-
um (which used KCl instead of KH2PO4) for a week before the DOP bio-
availability bioassays and later incubated in effluent samples amended
with all essential algal nutrients except for KH2PO4. To start the bioas-
say, phosphorus starved algae stockwas incubated in various fractionat-
ed wastewater effluent samples (anion exchange treated DIP-free
hydrophilic fraction and hydrophobic fraction) that were amended
with all necessary macronutrients and micronutrients (Miller and
Greene, 1978) except phosphorous. Samples were incubated in flasks
in horizontal shaker (speed of 11 rpm) at 25 °C under continuous fluo-
rescent lighting of 4300 Lm for 14 days. Phosphorus free medium was
used as the negative control and hydrophobic fractions spiked with
0.1 mg/L P of phosphate were used as the positive control. All the
treatments were conducted in triplicates in this study. Standard
media with known concentration series of KH2PO4 (0, 25, 50, 100,
150, 200 μg P L−1) were also incubated in triplicates to create the lin-
ear standard curve of algal growth yield as a function of available
phosphorus (Fig. S2(B), R2 = 0.981). The bioavailable DOP was final-
ly calculated based on the algal cell density in effluent samples at day
14 according to the algal cell count versus phosphorus concentration
standard curve (Fig. S2B) similar to the approach used by Li and Brett
(2012).

2.5. Characterization of wastewater effluent DOM with fluorescence
spectrometry

Wastewater effluents before bioassay as well as the effluent filtrates
at the end of bioassay tests were subjected to fluorescence analysis
using a Varian Cary Eclipse Fluorescence Spectrometer. The Bandwidths
were set to 5 nm for both excitation and emission scans. A series of
emission scans (240–600nm in1nm increments)were collected over ex-
citation wavelengths ranging from 220 to 450 nm by 5 nm increments.

The fluorescence spectra were then Raman calibrated by normaliz-
ing to the area under the Raman scatter peak (excitation wavelength
of 350 nm) of a Milli-Q water sample in Raman units (R.U., nm−1)
(Stedmon et al., 2003). To remove Raman signal, Raman normalized
Milli-Q EEMwas then subtracted from sample EEM. Rayleigh scatter ef-
fects were removed from the data set where emission equals excitation
wavelength and emission equals twice the excitation wavelength. The
parallel factor analysis (PARAFAC) was carried out in Matlab R2009
with the DOMFluor toolbox (www.models.life.ku.dk; Stedmon and
Bro, 2008). The PARAFAC model with 2–6 components was computed
here and the best component numbers were determined based on re-
sidual analysis and split half analysis (Stedmon et al., 2003; Stedmon
and Bro, 2008). After determining the optimal component numbers
for the data set in this study, thefluorescence intensities of each compo-
nent in each sample could be calculated by DOMFluor toolbox to reveal
the qualitative differences of component fluorescence among samples.

2.6. Statistical analysis

Student's T-test was performed to determine whether there are sig-
nificant difference in algae growth between hydrophobic or hydrophilic
DON/DOP fractions and theN-free or P-freemediumblank controls. Dif-
ferences were considered statistically significant if the resultant p value
was b0.05.

3. Results & discussion

3.1. Quantification of hydrophobic and hydrophilic fractions of DON and
DOP in wastewater effluents

Fig. 1 shows the distribution of hydrophobic and hydrophilic DON
and DOP fractions, as well as the total DON and DOP measured in the

http://www.models.life.ku.dk
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Fig. 1.Distribution and recovery of hydrophilic andhydrophobic DONandDOP fractions in
wastewater effluents. (A) DON fractions, (B) DOP fractions.
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un-fractionated whole effluents. Wastewater whole effluent from
Loudoun contains 0.33 mg N/L of DON, 2.73 mg N/L of nitrate,
0.054 mg P/L DOP and 0.004 mg P/L phosphate. Fractionation of the ef-
fluent samples yields 0.13 mg N/L DON and 0.035 mg/L DOP in the hy-
drophobic fraction, and 0.23 mg N/L DON and 0.022 mg/l DOP in the
hydrophilic fraction. Wastewater whole effluent from Pinery contains
0.81 mg N/L of DON, 4.11 mg N/L of nitrate, 0.060 mg P/L DOP and
0.018 mg P/L phosphate. Fractionation of the effluent samples yields
0.18 mg N/L DON and 0.046 mg/L DOP in the hydrophobic fraction,
and 0.47 mg N/L DON and 0.011 mg/L DOP in the hydrophilic fraction.
The sum of two different fractions, for both DON and DOP, was close
to the total concentrations in the untreated whole effluent samples
(Fig. 1). Most of the DON and DOP have been recovered during resin
separation process with minor loss of 4.3–14.5%.

DON and DOP showed differences in their fraction distributions: the
majority of DON was present in hydrophilic forms while more DOP
existed in hydrophobic forms. Hydrophilic DON contributed to 64.0%
and 72.2% of whole DON, while hydrophobic DOP accounted for 61.4%
and 80.7% of total DOP for Loudoun and Pinery plants, respectively.
Pehlivanoglu-Mantas and Sedlak (2008) applied Envi-18 SPE resin to
separate hydrophobic DON from wastewater effluent, and also found
that most unidentified DON was relatively hydrophilic. Fractionation
of DOM from the deep ocean with similar XAD materials also indicated
that the hydrophilic fraction is rich in larger series of nitrogenous mol-
ecules by FTICR-MS analysis (Reemtsma et al., 2008). These consistent
results all confirmed that the nature of DON is more hydrophilic.

Unlike DON, DOP inwastewater effluent existed inmore hydrophobic
forms. 31P-NMR spectroscopy from Gigliotti et al. (2002) suggested that
hydrophobic fraction of DOP from sewage sludge primarily consisted of
organic diester phosphorus and organic monoester phosphorus, while
hydrophilic fraction from sewage sludge contained orthophosphate,
organic monoester phosphorus and a little pyrophosphate. Monbett
et al. (2007) showed that 60–95% of DOP in sewage treatment samples
from different treatment stages could be enzymatically hydrolyzed, and
therefore concluded that most of DOP in sewage samples existed in the
forms of phosphate monoesters and phosphate diesters. These studies
support our finding and suggest that the dominant hydrophobic DOP in
these effluent samples is likely comprised of phosphate monoester and
phosphate diester.

3.2. Bioavailability assessment of DON and DOP in effluents

An exemplary algae growth profileswith different fractionated efflu-
ent samples during 14-day bioavailability assay are shown in Figs. S3
and S4. Algal growth in the hydrophobic fraction was assumed to be as-
sociatedwith available hydrophobic DONor DOP, and the growth in the
ion exchange treated DIN or DIP-free hydrophilic fraction was assumed
to be stimulated by the bioavailable hydrophilic DON or DOP.

For DONbioavailability assay, similar resultswere observed for efflu-
ents from the two plants and shown in Fig. S3A and B. Algae grew the
most in both untreated effluent samples and the hydrophilic fractions
due to the relatively abundant bioavailable nitrogen in the form of ni-
trate. The similar algae growth in hydrophobic fraction and the N-free
media, both amended with 0.7 mg N/L of nitrate, suggested that there
was no observable toxicity in fractionated hydrophobic DON samples,
ruling out the possibility that the fractionation process may introduce
some toxicants.

The algae growthwith both hydrophobic and ionic exchange treated
DIN-free hydrophilic effluent fractions exhibited slightly but statistically
significant higher rates (p b 0.05) than theN-freemedium control group
(Fig. S3, Table S1). These results showed that both the hydrophobic and
hydrophilic DON stimulated algae growth relative to N-free medium
control and similar patterns were observed for effluents from both
plants. Similarly, stimulated algal growth was also observed with both
hydrophilic and hydrophobic effluent DOP fractions from the two plants
(Fig. S4, Table S1). Compared to P-freemedium control treatment, algae
grew significantly faster in both hydrophobic and hydrophilic DOP frac-
tions. Unlike the DON bioavailability results, the hydrophobic DOP frac-
tion was more prone to stimulate algae growth than hydrophilic DOP
fraction during the 14-day assay.

3.3. Distributions of bioavailable DON and DOP

The amount of bioavailable hydrophobic and hydrophilic effluent
DON fractions was determined based on the algae growth at day 14 ac-
cording to the biomass versus nitrogen concentration standard curve
(Fig. S2), and the results are shown in Fig. 2. The non-bioavailable frac-
tionswere calculated as thedifference between themeasuredDON frac-
tion concentrations and the bioavailable DON concentrations. As shown
in Fig. 2, approximately 60.5% and 27.9% of the effluent DON was bio-
available for Loudoun and Pinery effluents. About 78.2% and 5.6% of
the hydrophobic fraction of effluent DON were bioavailable, and about
48.7% and 36.3% of the hydrophilic DON fraction were bioavailable for
the effluents in Loudoun and Pinery plants, respectively.

Liu et al. (2012) studied the bioavailability of DON in wastewater
effluents using the same bioassay but with the presence of bacteria,
and found that 40–85% hydrophilic DON of effluents was consumed,
indicating that hydrophilic DON fraction is more bioavailable than hy-
drophobic DON fraction. While in this work, both hydrophobic and hy-
drophilic DON stimulated a relatively low level of algal growth with
wastewater effluent from the two plants studied. Note that the activat-
ed carbon adsorption process employed at Loudoun might remove a
fraction of hydrophobic organic substances, which consequently affect-
ed the fraction composition. Given the fact that similar bioassay algae,
TN, and DON-level effluent were used, the introduction of bacteria to
the bioassay in their study (Liu et al., 2012) likely contributed to the en-
hancement of hydrophilic DON bioavailability, because there are great

Image of Fig.�1


0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Loudoun Pinery

D
O

N
(m

g 
N

/L
)

bioavailable hydrophilic
DON

non-bioavailable
hydrophilic DON

bioavailable hydrophobic
DON

non-bioavailable
hydrophobic DON

Fig. 2. Bioavailability of DON in fractionated effluent samples from Loudoun and Pinery
plants.

10

15

20

25

30

C:
N

 m
ol

ar
 ra

tio

whole effluent

hydrophobic

hydrophilic

(A)

51C. Qin et al. / Science of the Total Environment 511 (2015) 47–53
differences in the DON utilization mechanisms between algae and bac-
teria. The phytoplankton could either break down large DON polymers
into smaller molecules for easier utilization or take up DON molecules
as whole through enzymatic release, pinocytosis and phagocytosis pro-
cess (Bronk et al., 2007); while natural indigenous bacteria separated
from river water can help to break downDONvia extracellular enzymes
and thus enhance algae uptake of DON (Pehlivanoglu and Sedlak, 2004).
The processes and factors in the natural environment that may affect
the bioavailability of effluents are therefore of interests, but beyond
the scope of this study.

In the second group of bioassays, the DOP bioavailability was deter-
mined in the same manner as that for DON bioavailability assessment.
Similarly, the amounts of bioavailable hydrophobic and hydrophilic
effluent DOP fractions were determined according to the biomass ver-
sus phosphate concentration standard curve (Fig. S2) based on algae
growth on day 14 in different effluent samples. As shown in Fig. 3,
about 75.4% of the total effluent DOP from Loudoun plant was bioavail-
able (0.043 mg/L) and 53.5% of which is of hydrophobic nature; about
65.7% of the hydrophobic fraction and 90.9% of the hydrophilic fraction
of the DOP were bioavailable. For Pinery effluent, approximately 73.7%
of the effluent DOP was bioavailable, of which most was distributed to
hydrophobic fraction (0.035 mg P/L, 76.1% of hydrophobic DOP frac-
tion); and only a small amount of hydrophilic DOP (0.007 mg P/L,
63.6% of hydrophilic DOP fraction) was bioavailable. These results
were consistent with the algae growth shown in Fig. S4, where the hy-
drophobic DOP fraction dominates the algae growth during the 14-day
assay.

According to the results shown above, the effluent DOP seems more
labile in nature than theDON components. About 60.5% and 27.9% of the
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effluent DON were bioavailable for Loudoun and Pinery effluents re-
spectively, whereas, 75.4% and 73.7% of the effluent DOP were bioavail-
able for the two effluents we studied.

3.4. C/N and C/P ratios associated with DON and DOP fractions

The C:N ratio is a good indicator to identify the sources of organic
matter in the environment. Usually, high C:N ratio indicates allochtho-
nous input of organic matter and more humic-like DON while low C:N
ratio suggests autochthonous input of organicmatter andmore protein-
aceous DON (Huang et al., 2005; Liu et al., 2012). Fig. 4A shows the com-
parisons of the C:N ratio across different DON fractions, as well as the
original whole effluent sample. The lower C:N ratio of the hydrophilic
DON fraction reflects its higher nitrogen richness in relation to the hy-
drophobic fraction (Fig. 4A). This may explain the differences in the bio-
availability between the hydrophobic and hydrophilic fractions, as the
hydrophilic DON seems to enrich nitrogen and therefore would be
more favored by algae for labile nitrogen use.

C:P ratios in various DOP fractions and the original effluents are
shown in Fig. 4B. In contrast to the patterns for DON, the hydrophobic
portion of the effluent seems to be more enriched with phosphorus
than the hydrophilic proportion, as indicated by its lower C:P ratio.
This is consistent with the fact that hydrophobic DOP is more bioavail-
able, and suggested higher relative abundance of organic phosphorus
in the hydrophobic fraction, such as hydrophobic phosphate monoester
and phosphate diester. Some studies have demonstrated that phyto-
plankton could use organic phosphorus compounds as available P
source (Cotner andWetzel, 1992; Huang et al., 2005). However, the uti-
lization mechanism of DOP is still not clear. The algaemight utilize DOP
after alkaline phosphatase decomposition into inorganic phosphorus
(Hong et al., 1995), and another proposed mechanism is that algae up-
take DOP directly into algal cell membranes first, then decompose and
utilize DOP through alkaline phosphatase located in the membranes
(Huang and Hong, 1999).

The differences in bioavailable DON and DOP distributions between
the two wastewater effluents might be the results from the differences
in effluent compositions. This is reflected by the different C:N or C:P ra-
tios observed for thehydrophilic andhydrophobicDONorDOP fractions
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between the two plants (Fig. 4A, B). As mentioned in section Effluent
sampling, Loudon had more advanced treatment than Pinery with
membrane filtration followed by GAC. GAC process might remove
more hydrophobic organic matters such as humics, and led to different
organic compositions of the effluent.
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Fig. 5.Thefluorescencemaximumof identified organic components in fractionatedwaste-
water effluent samples. (A) Loudoun effluent, (B) Pinery effluent.
3.5. Characterization of dissolved organic matter in wastewater effluents
via fluorescence spectroscopy

EEM fluorescence spectroscopy has become the novel emerging tech-
nique to characterize organicmatter in aquatic ecosystems (Stedmon and
Bro, 2008; Gray et al., 2011). Coupled with PARAFAC, fluorescence spec-
troscopy could decompose the complex fluorescencematrices into differ-
ent fluorescent components and reveal the origin of resolved fluorescent
components by the position of fluorescence maxima. In this study, we
used fluorescence spectroscopy method to (1) characterize wastewater
untreated effluent and fractionated samples, and (2) identify individual
fluorescent components with PARAFAC models and monitor the compo-
nent intensity during algae bioassay.

First, the appropriate number of components for the model was de-
termined by the comparison of the sum of squared differences for 2–6
components. The results suggested that 4 components are sufficient
(the variability explained N95.5%) for interpretation of the data set in
this study (Figs. S5 and S6). Fig. S7 shows the representative contour
plots of identified components in the 4-component PARAFAC model
using all the samples in this study. By comparing the positions of fluo-
rescence peaks with those in other reported studies, the organic nature
of the four determined components was identified (Table 1).

The identified fluorescent components allowed for the characteriza-
tion and comparison of thewastewater effluents and different fractions.
Wastewater effluent fromdifferentWWTPs and their hydrophilic or hy-
drophobic fractions exhibited distinct fluorescence patterns (Fig. S8).
As shown in Fig. 5, the relative abundance of each identified component
in whole and fractionated wastewater effluents varied for different
WWTPs and they providedmore insights into their molecular composi-
tion. Compared to hydrophobic fraction, relatively higher abundance of
component 4withmicrobial humic-like originwas found in hydrophilic
fractions for both plants, which might partially originated from various
soluble microbial products (SMP) of cell lysis (Jarusutthirak and Amy,
2007). The protein-like (tryptophan) substances seem to be higher in
hydrophobic fractions than that in hydrophilic fractions for both plants.

Furthermore, the fluorescence intensity (proportional to concentra-
tion) profiles of components 1, 2 and 4 in different effluent samples
during 14 day algae bioassay were monitored in this study. The statistic
T test results for the comparison of the fluorescence intensity data of re-
solved components onDay 0 vs. Day 10, aswell as Day 0 vs. Day 14were
listed in Table S2. Component 1 of raweffluent and hydrophilic fractions
from Loudoun plants and component 2 of the same two effluent sam-
ples from Pinery plants showed significant differences after 14 days.
No significant changes were observed for component 4 of all effluent
samples during the bioassays. In general, the lack of consistent trends
and the non-detectable changes in the fluorescence components of
the hydrophobic and hydrophilic DON fractions during the 14-day bio-
assay suggested that the fluorescence technique might not be sensitive
enough to capture the slight change of organic matter composition.
Table 1
Fluorescence spectroscopy identified components in the effluent samples.

Component Excitation and emission maxima Description

1 Ex: 254 nm & 360 nm; Em: 450 nm Terrestrial humic-like mate
2 Ex: 235 nm & 275 nm, Em: 354 nm Protein-like (tryptophan) fl
3 Ex b 240 nm; Em = 450 nm Not previously reported, no
4 Ex: 235 nm & 320 nm; Em: 411 nm Humic fluorophore with an

microbial humic-like compo
In summary, 27.9–60.5% of DON and 73.7–75.4% of DOP fromwaste-
water treatment effluent were found to be potentially bioavailable
using algae bioassay test. Considering the coexistence of bacteria in
the wastewater effluent receiving water, which will enhance DON
utilization due to symbiotic effect (Pehlivanoglu and Sedlak, 2004;
Urgun-Demirtas et al., 2008; Liu et al., 2012), the effluent DON and
DOP could bemore bioavailable thanwhat we previously expect in nat-
ural aquatic environment. Therefore, these effluent-derived DON and
DOP should be counted towards the nutrient allocations for WWTP
discharge and not be excluded from wastewater effluent TN and TP
regulations. However, then the WWTPs with stringent nutrient dis-
charge limits will have to adopt more advanced treatment processes
(e.g., reverse osmosis, advanced oxidation, adsorption technique) to re-
duce DON and DOP levels in final discharged effluent (Krasner et al.,
2009; Liu et al., 2012). Note that these observations are based on sam-
ples from a limited number ofWWTPs, further investigationwith larger
and more variety of processes may be desired to obtain more compre-
hensive understanding.

Furthermore, when evaluating or implementing technologies for
dissolved organic nutrient removal, the high and added capital and
O&M cost associated with multi-stage and more complex treatment
processes for removing effluent residual DON and DOP must be bal-
anced with environmental and economic assessments. In other words,
References
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the benefits in potential eutrophication reduction must be weighed
against both the direct cost and other unintended indirect costs associ-
ated with various environmental and health impacts (i.e. carbon foot-
print, greenhouse gas emission, and toxicity) during the life cycle.
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