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ARTICLE INFO ABSTRACT
Handling editor: Y Yeomin Yoon The presence of dissolved organic nitrogen (DON) in stormwater treatment processes is a continuous challenge
because of the intertwined nature of its decomposition, bioavailability, and biodegradability and its unclear
Keywords: molecular characteristics. In this paper, 21 T Fourier transform ion cyclotron resonance mass spectrometry (FT-
iﬁema.lty adsorbent ICR MS) in combination with quantitative polymerase chain reaction was applied to elucidate the molecular
iltration

change of DON and microbial population dynamics in a field-scale water filtration system filled with two spe-
cialty adsorbents for comparison in South Florida where the dry and wet seasons are distinctive annually. The
adsorbents included CPS (clay-perlite and sand sorption media) and ZIPGEM (zero-valent iron and perlite-based
green environmental media). Our study revealed that seasonal effects can significantly influence the dynamic
characteristics and biodegradability of DON. The microbial population density in the filter beds indicated that
three microbial species in the nitrogen cycle were particularly thrived for denitrification, dissimilatory nitrate
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reduction to ammonium, and anaerobic ammonium oxidation via competition and commensalism relationships
during the wet season. Also, there was a decrease in the compositional complexity and molecular weight of the
DON groups (CyHmOpN1, ChHpOpN2, CiHmOpN3, and CyHyyOpNy), revealed by the 21 T FT-ICR MS bioassay,
driven by a microbial population quantified by polymerase chain reaction from the dry to the wet season. These
findings indirectly corroborate the assumption that the metabolism of microorganisms is much more vigorous in
the wet season. The results affirm that the sustainable materials (CPS and ZIPGEM) can sustain nitrogen removal
intermittently by providing a suitable living environment in which the metabolism of microbial species can be
cultivated and enhanced to facilitate physico-chemical nitrogen removal across the two types of green sorption

media.

1. Introduction

Dissolved organic nitrogen (DON) is an important component of the
dissolved nitrogen pool in stormwater that contributes to the eutrophi-
cation of surface water. DON can affect stormwater quality via a com-
plex fate and transport process of organic pollutants (Akkanen and
Kukkonen, 2003) partially driven by microbial growth acceleration in
the flow field (Berman and Bronk, 2003). DON groups are not inert
matters and can be utilized by microbiological processes with sophisti-
cated linkages. The role of DON in primary productivity was recognized
as far back as the 1980s (Antia et al., 1991). Moreover, the turnover time
of DON and the easy decomposition stage of DON are 21 days and 17
days, respectively (Jackson and Williams, 1985). The DON growth rate
for Castle Lake in California was fast in early summer, reaching 0.31 pM
N/d (Zehr et al., 1988). It was also found that the decomposition rate of
DON in the euphotic zone of Lake Kizaki, Japan, reached 8.6% with a
turnover time of about 12 days (Takahashi, 1981). However, the resi-
dence time of DON in Lake Kizaki ranged from 1.4 to 21 days, and the
corresponding concentrations ranged from 3.5 to 10.4 pmol/L (Haga
et al., 2001). In Lake Mendota in Wisconsin, at the surface, the con-
centration of DON was 44.7 uM N, whereas at 20 m deep, the concen-
tration of DON was 44.2 uM N (Wetzel, 2001), confirming that Lake
Mendota is a highly eutrophic lake. In some freshwater ecosystems, the
concentration of DON is higher than 50% of total dissolved nitrogen
(TDN) and 5-10 times higher than that of particulate organic nitrogen
(Wheeler and Kirchman, 1986). Microorganisms directly use 10-70% of
DON (Watanabe et al., 2014), confirming that DON and its components
can affect water quality. All the above studies have shown that DON is
one of the important factors in eutrophication and is constantly being
produced and used by microorganisms. DON properties are also affected
by different uptake and consumption for growth, energy storage,
metabolism, excretion of secondary compounds, and cleavage products
(Kujawinski et al., 2004; Stibal et al., 2012; Koch et al., 2014; Dittmar
and Stubbins, 2014; H. Xu et al., 2020). The microbial community is
shaped to some extent by DON characteristics (Douterelo et al., 2014)
that complicate the design of some stormwater treatment processes
(Emtiazi et al., 2004). However, the fate of DON in stormwater treat-
ment has not been fully studied. Thus, a better understanding of the
interactions and linkages between DON molecular characteristics and
diverse microbial communities in stormwater may help predict the fate
of DON and optimize the treatment efficiency of stormwater.

Two different bioassay procedures were used to measure DON uti-
lization, including the bioavailable DON (ABDON) approach (algal
growth and bacterial growth) (Pehlivanoglu and Sedlak, 2004) and the
biodegradable DON (BDON) approach (bacterial growth) (Khan et al.,
2009; Osborne et al., 2013; Lusk and Toor, 2016). Previous research has
suggested that the bioavailability and biodegradability of DON
(ABDON/DON or BDON/DON) are related to the chemical composition
of DON. Studies have shown that low molecular weight (<1 kDa) DON
(LMW-DON) can more easily stimulate algal growth, causing a more
significant impact on the water environment than high molecular weight
(>1 kDa) DON (HMW-DON) (Eom et al., 2017). Some forms of DON,
such as free amino acids, are readily bioavailable for direct algal uptake,
whereas some forms are bioavailable after bacterial degradation

(Pehlivanoglu and Sedlak, 2004; Bronk et al., 2007). DON can become
more bioavailable to algae through hydrolysis or degradation and
mineralization by bacteria (Simsek et al., 2013; Alimoradi et al., 2020).
In this study, because of the role of microorganisms in degrading DON
(the fraction of DON that can be mineralized by mixed bacteria), the
BDON protocol fits better.

We developed a novel field-scale study to compare the performance
of nitrogen removal via two specialty adsorbents aiming to link pattern
shifts of DON decomposition in relation to microbial species population
dynamics in the nitrogen cycle under wet and dry climatic conditions in
South Florida. Whereas the former runs from May till September, the
latter starts runs from October till April of the next year. The two spe-
cialty adsorbents (a.k.a. green sorption media) are CPS (clay-perlite and
sand sorption media) and ZIPGEM (zero-valent iron and perlite-based
green environmental media). The components of these two green
adsorption media, such as sand, ZVI, and perlite, are sustainable because
they can be used as raw materials in cementitious and geopolymeric
concretes (Dong et al., 2021) or for environmental remediation by
increasing the effectiveness and efficiency of purification of soils or
groundwaters (Zhang et al., 2022). Therefore, our field-scale study
emphasized not only nitrogen removal but also material sustainability.

The objectives of this study are to (1) link DON decomposition and
microorganism population dynamics (e.g., AOB, NOB, nirS, nrfA,
Anammox, Comammox, and IRB) with microbial ecology implications,
(2) evaluate the influence of varying wet and dry climatic conditions on
the nitrogen removal from a microbiological perspective, and (3)
explore the impact of microbial communities on DON composition and
bioavailability under wet and dry climatic conditions. The study aims to
address the following research questions: (1) How do the microbial
ecology implications differ from ZIPGEM to CPS in terms of nitrification,
denitrification, and dissimilatory nitrate reduction to ammonium,
anaerobic ammonium oxidation, and complete ammonia oxidation? (2)
How can DON composition and concentration as well as the biode-
gradability of DON be affected by wet and dry climatic conditions? (3)
How does seasonal change affect microbial species development in
terms of population dynamics, metabolic rate, and cell conditions that in
turn affect DON decomposition? We applied negative-ion electrospray
ionization 21 T Fourier-transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS), quantitative polymerase chain reaction (qPCR),
and bioassays to answer these questions. Therefore, this study links DON
decomposition, ammonification, nitrification, and denitrification pro-
cesses under the climatic impact to investigate key scientific issues in-
tegral to stormwater treatment. To our knowledge, this is the first
endeavor to explore the molecular composition and biodegradability of
DON in relation to microbial communities based on real-world condi-
tions via a field-scale surface water filtration system with new specialty
adsorbents (a.k.a. green sorption media). These green sorption media
are sustainable because they are mixed with recycled and natural
material.

2. The field-scale surface water filtration system with green
sorption media

The construction of our field-scale water (filtration system
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commenced in the early days of September 2022, following the acqui-
sition of the right-of-way permit (site access permit) from the South
Florida Water Management District and Army Corps of Engineers. Then
a series of steps were taken for site clearance, accurate site surveys,
excavation, liner positioning and welding, installation of pumping sta-
tions and a piping system, wiring for the control box, wireless commu-
nication and data storage, and setting up drainage boxes. The mixing
and installation of the two green sorption media (i.e., specialty adsor-
bents) concluded the construction in January 2023. On January 27,
2023, samples of raw and mixed green sorption media were collected by
the UCF research team for material characterization. The team validated
the efficacy of media preparation and mixing in the field by generating
mixed media gradation curves by utilizing on-site sieve analysis driven
by a generator. As of February 17, 2023, the entire construction project
had reached completion. Ultimately, four filtration cells (i.e., two for
CPS and two for ZIPGEM, Fig. 1a and c) were built, each measuring 6.7
m (22 ft) in width, 13.3 m (43.5 ft) in length, and reaching a maximum
depth of 1.2 m (4 ft), aligned with the C-23 canal in Port St. Lucie,
located to the east of the primary north-south Interstate Highway (I-95)
in South Florida (Fig. 1a).

ZIPGEM media were used to fill cells 1 and 2 at a depth of 0.6 m (2
feet), whereas cells 3 and 4 received CPS media for the same depth.
Situated in the South Florida Water Management District, the engi-
neered C-23 canal receives the stormwater runoff from the upstream
agricultural field and drains to the St. Lucie estuary and then to the
Atlantic Ocean, transporting over 160.1 million tonnes (42.3 billion
gallons) of water annually. This location is situated at latitude
(27°12'19.8'N) and longitude (80°23'47.8'W). Programs for total
maximum daily load (TMDL) and the associated basin management
action plan have been established at the waterbody identification
number tier to diminish nutrient levels in the St. Lucie River Basin. The
desired TMDL concentrations are 0.72 mg L~ for total nitrogen (TN)
and 0.081 mg L™! for total phosphorus (TP).

Filled with ZIPGEM and CPS (Fig. 1c), the filtration system uses two
green sorption media made up of mixed recycled and natural compo-
nents including sand, ZVI, and perlite. Opting to repurpose the depleted
ZIPGEM and CPS as a soil amendment for local agricultural fields, rather
than disposing them once they are fully utilized, offers greater benefits
because it simultaneously aids in achieving the United Nations Sus-
tainable Development Goals for enhancing soil quality. The chemical
element compositions of the used ZIPGEM and CPS (EV 3 and EV9) are
presented in Table S5 and Table S7, respectively; the increasing P per-
centage in spent media compared to raw media is especially important,
varying from 3.76% (raw ZIPGEM) to 4.42% (spent ZIPGEM) in EV3 and
then to 4.78% (spent ZIPGEM) in EV9. This observation confirms that
the reuse of the spent media as a soil amendment is feasible, because it
can lower the cost and environmental impact in a circular economy,
thereby reducing the ecological effects of phosphorus mining and
maintaining the limited phosphorus resource in the St. Lucie River
watershed adjacent to the Indian River Lagoon, which is a nutrient-rich
water body.

This study shows that the exploration of interactive connections
between DON and microspecies in the nitrogen cycle becomes feasible
with an integrated DON characterization and qPCR analysis. Nitrogen
mineralization involves transforming organic nitrogen into its inorganic
variants through a dual-step process starting with aminization and then
proceeding to ammonification. Aminization involves microorganisms
decomposing intricate proteins into basic amino acids, amides, and
amines (proteins — R-NHj, where R is a carbon chain). Ammonification
denotes a chemical process in which NH; groups transform into
ammonia or its ionic variant, ammonium (NHJ). The degree of miner-
alization and ammonification can be detailed through the examination
of DON’s concentration, composition, and structure. The process of
nitrification involves the oxidation of ammonia or ammonium ions into
nitrite (NOz) by AOB, followed by their conversion to nitrate (NO3) by
NOB. Denitrification refers to the biochemical process in which
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microbes transform the nitrate nitrogen (NO3) into nitrogen gas (Ns)
through a series of intermediate products, specifically nitrite (NO3),
nitric oxide (NO), and nitrogen oxide (N2O). In denitrification, the
second step involves converting NO3 into NO via nirS, a crucial step that
restricts the rate of denitrification. Consequently, examining the pop-
ulations of AOB, NOB, and nirS can elucidate the degree of nitrification
and dentification processes. The flowchart of this experimental study
can be seen in Fig. S1.

3. Material and methods
3.1. Sample collection and analysis

From March 1 to July 3, 2023, 10 manual sampling and monitoring
events took place at a frequency of approximately every 2 weeks and are
summarized in Table S1. Each sampling event included collecting water
(influents and effluents, Fig. 1a and b) and media samples from each of
the filtration cells (Fig. 1c); manually recording basic water quality
parameters; and maintaining in situ automated water quality sensors. All
field water sampling events were conducted according to the Florida
Department of Environmental Protection Standard Operating Proced-
ures (FDEP SOP: FT1000, FS1000, FS2000 and FS2100). Nutrient pol-
lutants were analyzed by Eurofins Environmental Testing Southeast
Laboratories (formerly Flowers; Table S2). The collected media sample
were stored at —80 °C in the bioenvironmental research laboratory at
UCF until gene extraction.

3.2. DON and its biodegradability determination

DON, the N-bearing organic component, was obtained with solid
phase extraction (SPE) as described by Dittmar et al. and Stubbins
(2014). The concentration of DON was calculated as the difference be-
tween TDN and the sum of inorganic nitrogen species (i.e., NHZ, NO3
and NO3; eq (1)). The concentration of BDON was determined by a 5-
day bacterial growth cycle described by Osborne et al. (2013) and
Lusk and Toor (2016). The bioassay studies were initiated by mixing
200 mL of effluents and 75 mL of inoculum (canal water) in a conical
flask (designated as T() and filtrated through a 0.45 pm filter and
refrigerated (4 °C) until analysis. The samples labeled Ty were analyzed
for TN and inorganic nitrogen species (i.e., NHZ, NO3 and NO3) via
Hach kits. Subsequently, the differences between TN and the sum of
inorganic nitrogen species (i.e., NHf, NO3 and NO3) were cataloged as
dissolved organics. The samples in another batch of flasks, labeled Ts ,
underwent a 5-day incubation period following a light-and-dark cycle of
12:12. Following a period of 5 days, the samples that had been incubated
underwent filtration and were examined by the same way as the T
samples. The calculation of DON’s biodegradability was based on the
variation in DON levels between the Ts and T samples (eq (2)) (Lusk
and Toor, 2016). DON degradability was calculated according to eq (3)
(Hu et al., 2016).

DON (mg-L™") = TDN — (Ammonianitrogen — Nitritenitrogen

— Nitratenitrogen) 1)

BDON (mg-L™") =DON, — DON; 2
BDON

DON degradability (%) = DON * 100% 3

DONj and DONs are DON before (at Ty) and after (at Ts) incubation.

3.3. DON molecular composition

Negative-ion electrospray ionization FT-ICR MS was used to analyze
the molecular composition of DON at the National High Magnetic Field
Laboratory in Tallahassee, FL. DOM extracts were analyzed with a
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Fig. 1. (a) Panoramic view of four filter cells with influent and effluent sampling locations; (b) effluent water sampling locations next to the drainage box; (c)
sustainable filtration materials and technologies of the surface water filtration system.
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custom-built hybrid linear ion trap FT-ICR mass spectrometer equipped
with a 21 T superconducting solenoid magnet (Hendrickson et al., 2015;
Smith et al., 2018). Peaks with a signal magnitude greater than 6 times
the baseline root-mean-square (RMS) noise at m/z 500 were exported to
peak lists, and molecular formula assignments and data visualization
were performed with PetroOrg software [Corilo,Y.E. PetroOrg Software;
Florida State University, Omics: Tallahassee, FL, 2014]. Molecular for-
mula assignments with an error >0.5 parts per million were discarded,
and only chemical classes with a combined relative abundance of
>0.15% of the total were considered. Based on formula assignments, the
molecules detected by FT-ICR MS were categorized as lipids (O/C =
0-0.3, H/C = 1.5-2.2), proteins (0/C = 0.3—-0.65, H/C = 1.5-2.2,
N/C > 0.05), carbohydrates (O/C = 0.65-1.2, H/C = 1.5-2.2),
lignin-like (O/C = 0.1-0.65, H/C = 0.7—1.7), tannin (O/C = 0.65—-1.1,
H/C = 0.5-1.5), or condensed aromatics (O/C = 0.1-0.65, H/C =
0.1-0.7) and unsaturated hydrocarbons (O/C = 0-0.1 and H/C =
0.7—1.5) (Antony et al., 2014; Feng et al., 2016). For all mass spectra
presented herein, 21,894-31,929 peaks were assigned elemental com-
positions with a root-mean-square mass measurement accuracy of
54-64 ppb, an achieved resolving power of 1,000,000 at m/z 200, and
with an achieved resolving power of 2,000,000 at m/z 400.
Table S3shows the number of assignments and RMS errors for all spectra
presented herein.

3.4. Material characterization

The chemical characterization of these media mixes was further
examined to better understand their effects on nitrogen removal
mechanisms. XRF elemental composition was performed with the
PANalytical Epsilion. XRD spectroscopy was performed with a PAN-
alytical Empyrean X-ray diffraction instrument. FE-SEM spectra were
carried out via a Zeiss ULTRA-55 electron microscope operating at an
accelerating voltage of 10 kV.

3.5. Quantitative PCR analysis

Microbial organisms play an important role in the nitrogen cycle and
can provide continual treatment in a nitrogen-polluted water system.
We anticipate that the inclusion of biological nitrogen removal coupled
with physicochemical adsorption can provide a long-term capacity for
total nitrogen removal, which includes removing the nitrogen species of
nitrate, nitrite, ammonia, and organic nitrogen. DNA was extracted from
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the collected media samples with a DNeasy PowerSoil Kit with Power-
Bead tubes, Solutions C1 to C5, MB Spin Columns, and 2 mL collection
tubes, followed by denaturation, annealing, extension, and DNA
amplification. In the media bed of this study, the common microbial
species involved in the nitrogen-cycle include anaerobic ammonium
oxidation (Anammox) (Snoeyenbos-West et al., 2000; Tsushima et al.,
2007), ammonia-oxidizing bacteria (AOB) (Rotthauwe et al., 1997),
nitrite-oxidizing bacteria (NOB) (Dionisi et al., 2002), dissimilatory
nitrate-reducing bacteria (DNRA) and NADPH-flavin reductase A (nrfA)
(Yin et al., 2017), denitrifiers (Azziz et al., 2017), complete ammonia
oxidation bacteria (Comammox) (Xia et al., 2018), and iron-reducing
bacteria (IRB) (Stults et al., 2001). The microbiological specie target
gene, primer information, and running method are listed in Table S4.

4. Results
4.1. Nitrogen removal

Fig. 2 displays a detailed, event-based performance comparison be-
tween the two types of green sorption media. In the case of ZIPGEM, the
efficiency of TN removal remained under 50% in just three instances:
event 6, event 9, and event 10. In the case of CPS, the efficiency of
removing TN remained below 50% across 7 sampling instances. In the
case of sampling event 9, ZIPGEM and CPS recorded the minimal TN
removal percentage, amounting to 15.39% and 3.49% respectively.
Nonetheless, ZIPGEM outperformed CPS significantly in the overall
elimination of TN (Fig. 2a).

The efficiency of ZIPGEM in removing TKN surpassed that of CPS
(Fig. 2b). Additionally, ZIPGEM experienced a single sampling occur-
rence where the removal efficiency was under 50%, in contrast to CPS,
which had two such events with a removal efficiency below 50%. The
fifth sampling event showed minimal elimination of TKN in both ZIP-
GEM and CPS, potentially linked to seasonal variations. Seasonal
changes impacted how effectively ZIPGEM and CPS eliminated
ammonia. During the first four sampling events, CPS appeared to
remove slightly more ammonia than ZIPGEM, but the difference was
small. Starting with the fifth occurrence, ZIPGEM and CPS demonstrated
reduced effectiveness in ammonia removal (Fig. 2c). Nonetheless, this
fails to demonstrate the ineffectiveness of ZIPGEM and CPS in ammonia
elimination. The negative figures could stem from the lower ammonia
nitrogen levels in influents compared to effluents, owing to the ongoing

release of ammonia from photoammonification, bacterial
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Fig. 2. Removal percentages of (a) TN, (b) TKN, (c) ammonia nitrogen, and (d) DON by ZIPGEM and CPS.
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ammonification, and DON mineralization (Davis et al., 2006; Liu et al.,
2010; Shrestha et al., 2018). Nonetheless, ZIPGEM seems to exhibit
superior adaptability to seasonal changes compared to CPS, because the
removal percentage is less negative than CPS in the wet season.

The efficiency of ZIPGEM in removing DON surpassed that of CPS,
even though ZIPGEM’s DON elimination rate was less than CPS’s during
event 5 (Fig. 2d). Nonetheless, the rate of removal varied more during
the dry season than the wet season. Additionally, ZIPGEM can achieve a
3%-15% greater efficiency in eliminating DON compared to CPS.
Compared to CPS, ZIPGEM showed a notably greater efficiency in TP
elimination, ranging from 30 to 60% (Fig. S2a). The efficiency of TP
elimination using ZIPGEM exceeded 70% and was marginally reduced
during the initial sampling occurrence. By contrast, CPS’s elimination
rate was a mere 60% during the 10th sampling. ZIPGEM’s mean TP
elimination rate stood at 79.58%, in contrast to CPS’s mere 15.49%.
During the 10th sampling, ZIPGEM recorded a 96.22% success rate, in
contrast to CPS’s 61.04% removal percentage. In every sampling
instance, ZIPGEM showed a notably greater efficiency (40-60%) in OP
elimination than CPS, averaging a removal percentage of 73.16% for
ZIPGEM and —134.97% for CPS (Fig. S2b). This phenomenon could stem
from the discharge of orthophosphate from basic materials like sand,
attributed to the geological formation of sandy soil (Jasinski, 2013) and
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widespread farming methods (Duan et al., 2021) in Florida. Even though
ZIPGEM outperformed CPS in nutrient removal, both media have an
edge over alternative treatment methods according to a cost-benefit
analysis. More details can be seen in Table S5.

4.2. Material characterization

Silicon is the most abundant element in the raw ZIPGEM (Table S6).
However, in the dry (i.e., when EV3 was selected as representative) and
wet (when EV9 was selected as representative) seasons, the proportion
of silicon showed a significant decreasing trend from 67.01% in the
original to 53.15% in EV3 and again to 42.14% in EV9, in contrast to the
increase in the proportion of the metallic elements, for example, cal-
cium, aluminum, and iron, which are the second, third, and fourth most
abundant elements in the raw ZIPGEM, with calcium rising from 4.60%
in raw to 5.30% in EV3 and again to 6.11% in EV9, aluminum rising
from 8.52% in raw to 9.04% in EV3 and again to 15.53% in EV9, and
iron also rising from 7.47% in raw to 23.39% in EV3 and again to
25.74% at EV9.

Regarding position, the proportion of elements tends to be higher in
the top medium than in the 1-foot samples. This may be because of water
flow direction. From Table S7, silica is the most abundant oxide in the
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pristine ZIPGEM. However, in both the dry and wet seasons, the pro-
portion of silica showed a significant decreasing trend from 80.11% in
the pristine to 55.67% in the EV3, and again to 40.45% in the EV9; in
contrast, the proportion of metal oxides rises. For example, AloOj3 rises
from 9.6% to 14.42% in EV3 and again to 17.30% in EV9, while Fe;03
also rises from 1.87% to 17.29% in EV3 and again to 27.13% in EV9.
CaO also rises from 2.32% to 4.53% in EV3 and again to 5.13% in EV9.
Tables S8 and S9 summarize more details for CPS, confirming a similar
trend in chemical element composition changes to ZIPGEM from the dry
to the wet season.

Additionally, the FE-SEM image (Fig. 3) reveals that during the dry
season, biofilm remains in an out-of-growth stage, whereas in the wet
season, it reaches maturity, particularly in its three-dimensional and
stratified forms. The development of biofilms is intimately linked to the
creation and application of DON molecules. Likewise, a comparison of
the medium’s surface reveals that it maintains a comparatively smooth
appearance during the dry season. Conversely, the surface in the wet
season exhibits a rougher texture, indicating a heightened intensity of
intermolecular activity. According to Fig. S3, SiO3 and O,Si; are the first
two main compounds in ZIPGEM and CPS. However, for ZIPGEM,
FePO4e2H,0 is the third main compound, which demonstrates that Fe3t
from ZVI is plentiful enough to form various forms of Fe oxides with
other elements to remove nutrients.

Notably, the P composition in Table S6 and Table S8, and the P05
composition in Tables S7 and S9, demonstrate that from the dry to the
wet season, both ZIPGEM and CPS experienced a higher percentage of P
and P05 composition in the spent media than in the raw media. This
indicates the potential of spent media for reuse as a soil amendment to
enhance the supply of phosphorus for crops.

4.3. DON composition changes

Based on the number of N atoms in the DON molecule, C;H,OpN1,
CoHmOpN2 , ChHyOpN3, and CHy,OpNy indicated one, two, three, and
four N atoms in the DON molecule, respectively. Basically, the molecular
weight and the complexity of the compound structure of DON in the
CPS-filled cell effluents were higher than that of the ZIPGEM-filled cell
effluents. For example, in the effluents of cell 3 at EV9 (Fig. 4), the
species with the highest relative abundance in C,H;,OpN; and
ChHmOpN were Co1H21011N7 (462.1 Da) and C1H22011N3 (477.12 Da)
respectively, whereas CigHi9010N; (408.09 Da) and CyoHz2010N2
(449.12 Da) were the two species in the corresponding class of cell 1.
The same applies to the dry season. This also indicates that the intensity
of the bacterial metabolism in ZIPGEM is more robust than that in CPS.
Even though more DON is required for the more vital bacterial meta-
bolism in ZIPGEM, at the same time, we cannot ignore the fact that DON
is also synthesized and released by microorganisms and algae. Thus, in
ZIPGEM at EV9, for the class of C,H,OpN3 and C,H,OpNy, the species
with the highest relative abundance in the effluents have a higher mo-
lecular weight and a more sophisticated compound structure than in the
influents (i.e. Cy7H29N3014(618.16Da), in the effluent of cell 1 >
Ca3H23N3012(532.12Da), in the influent of cell 1;
CoeHo9N3013(590.16Da), in the effluent of «cell 2 >
Co3H23N3012(532.12Da), and in the influent of cell 2; this also applies to
CnHiOpNy for cell 1 and cell 2. This can also be seen from the fact that
the species with the lower molecular weight and the less sophisticated
compound structure in C,H;OpN; and C,H,OpN2 in the effluent of
ZIPGEM were more abundant than the influents—i.e. CigH17N1019
(406.08Da) in the effluent of cell 1 < C1gH19N1019 (408.09Da), in the
influent of cell 1; CyoH22N2019 (449.12Da), in the effluent of cell 1 <
Co1H22N501¢ (532.12Da), and in the influent of cell 1; this applies to
CnHiOpNy, and also to cell 2 for ChH,OpN; and C,H,yOpN2). Moreover,
this conversion of C,H,OpN; and C,HnOpN> into C,HnhOpN3 and
CnHmOpNy is more pronounced in the wet than in the dry season. The
impact of specific seasonal effects will be discussed in Section 4.1.
Fig. 54 has a comparative analysis for EV3.
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At EV3 (Fig. 5), for all cells, the proportion of C,H,OpN; in the in-
fluents was higher than in the effluents, though C,H,OpN> remained
essentially constant in the influents and effluents for all cells. The same
applies to C,H,OpN3, whereas for CyH,OpN4, both cell 3 and cell 4
showed a higher proportion of C,H,O,Nj in the effluents than in the
influents, though this was not the case for cell 1 and cell 2.

At EV9 (Fig. 6), the proportion of C,H,Op Ny in both the influents and
effluents was much higher than in EV3. In cell 1 and cell 2, the pro-
portion of C,H,OpN; in the influents was higher than that in the efflu-
ents, whereas in cell 3 and cell 4, the proportion of C;H,zOpN; in the
influents was lower than its proportion in the effluents. The same applies
to ChHyOpN2 and C,HnOpN3; i.e., the proportions of ChHyOpNy,
CoHyOpNy, and C,H,OpN3 in the effluents of the ZIPGEM-filled cells
were all lower than that in the influents. C,H;,,O,Ny, in contrast, showed
a higher proportion in the effluents than in the influents in all the cells.

Based on the Van Krevelen diagram, the influents were associated
with lignins, condensed aromatics, carbohydrates, and tannins during
the dry season (EV3, Fig. S5), whereas the effluents were associated with
lignins, carbohydrates, proteins, condensed aromatics, and tannins. The
categories and the abundance of DON compounds in the influents,
especially for lignins, in the wet season (EV9, Fig. 7) was like that in the
dry season. However, the clustering of protein and carbohydrates in the
effluents was denser than in the dry season.

For each cell, even though C;H,OpN; was dominant in the influent
and in the effluent, the proportion of C,H,,O,N4 was significantly higher
in the effluents than in the influents. This could be due to the intensive
microbial metabolism because microorganisms do not only consume
simple compounds but also produce complex compounds.

In the dry season (Fig. 5), effluents had more complex compounds
(CyHpOpNy) than that in wet season. This is consistent with the seasonal
effect because in the dry season, microbial activities were less intense
than in the wet season because of the limitations of energy and food,
along with other environmental factors. Also, in the wet season (Fig. 7),
even though lignins were one of the main components of all the efflu-
ents, simple compounds (C,HOpN1 and C,H,OpN») were dominant in
ZIPGEM, whereas C;H,O,N3 was dominant in CPS. This implies that
microbial activities in aminization were more intensive in ZIPGEM than
in the CPS and they can consume more DON, resulting in the sample
DON compound in the effluents.

Oxygen also played an important role in understanding the filtration
cell conditions that categorized the Krevelen diagrams in three zones
(Bahureksa et al., 2022). These molecules with an O/C ratio <0.3 rep-
resented a low relative abundance of oxygen. Molecules that were 0.3 <
0/C < 0.6 and O/C > 0.6 indicated mid-oxygen and high-oxygen levels,
respectively (Fig. 7 and Fig. S5). The target genes in this study indicated
different metabolic pathways, in which denitrification and DNRA
required DON produced close to anaerobic conditions (van Spanning
et al., 2007).

Carrera et al. (2004) and Ling and Chen (2005) confirmed that an
exponential decrease in nitrification rate was observed when the C/N
ratio increased, especially when C/N was higher than 1.11(COD/N = 3).
In other words, an exponential increase in the nitrification rate was
observed when the N/C ratio increased. Sun et al. (2020) also confirmed
that when C/N was higher than 5, there was no AOB detectable, while
the relative abundance of NOB was also low. Therefore, nitrifiers have a
slow growth rate under N/C (N/C = [0.2, 0.89]), with the growth rate
between this range of N/C being almost stable (0.4 g m 2ed ! or 0.8 g
m~2ed™1) (Carrera et al., 2004; Ling and Chen, 2005). However, when
the N/C is higher than 1, the growth rate of nitrifiers can exponentially
increase as N/C increases. Even so, such an exponential increase does
not mean nitrifiers are comparable to denitrifiers. For example, Sun
et al. (2020) demonstrated that the relative abundance is 10.5% for NOB
and 0.03% for AOB, even when C/N = 0.

Bi et al. (2015) demonstrated that when N/C is lower than 0.3, the
denitrification rate is stable for denitrifiers, which can remove 70% of
TN. When N/C is higher than 0.3 but lower than 0.6, as N/C increases,
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and (d) CPS in cell 4.

the denitrification rate increases while achieving the maximum at N/C
= 0.6, which can remove nearly 95% of TN. When N/C is higher than
0.6, as this ratio increases, the denitrification rate decreases but still can
remove 40% of TN. The above finding is also consistent with Mohan
et al. (2016), in which an N/C ratio of 0.67 was optimal for the deni-
trification of high-strength nitrate wastewater.

For Anammox, Bi et al. (2015) also found that when N/C is lower
than 0.25, the growth rate of Anammox is minimal. When the ratio is
between 0.25 and 0.67, the growth rate of Anammox also increases as
the ratio increases; however, when the ratio is higher than 0.67, as the
ratio increases, the growth rate of Anammox decreases. S. Liu et al.,
(2021) demonstrated that as the ratio of N/C (between 0.08 and 0.5)
increases, the rate of DNRA decreases. Yoon et al. (2015) confirmed that
from an N/C ratio of 0.13-0.22, the rate of DNRA decreases as the ratio
increases. Also, when N/C is higher than 0.33, the growth of DNRA is
minimal. Therefore, the lower the N/C is, the higher the growth rate of
DNRA is given sufficient ammonium (S. Xu et al., 2020). This finding is
also consistent with H. Liu et al., (2021) and He et al. (2022), in which
there is a significant positive relationship between the growth rate of
Comammox and the ratio of N/C. Ye et al. (2024) also confirmed that
with the ratio of N/C between 0.066 and 0.2, the growth rate of
Comammox increases, more rapidly than nitrification.

Fig. 8 and Fig. S6 plot the Van Krevelen diagrams of H/C against the
N/C ratio at EV9 and EV3, respectively. The diagram was edited based
on the experimental data of this study: @ with N/C between 0 and 0.08,
the order of growth rate was nirS > Anammox > Comammox; @ with N/
C between 0.08 and 0.15, the order of the growth rate was DNRA > nirS
> Comammox > Anammox; @ with N/C between 0.15 and 0.2, the
order of the growth rate was nirS > DNRA > Comammox > Anammox;
@ with N/C between 0.2 and 0.3, the order of the growth rate was nirS
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5. Relative abundance of classes of influent vs. effluent for ZIPGEM and CPS during event 3 including (a) ZIPGEM in cell 1; (b) ZIPGEM in cell 2; (¢) CPS in cell 3;

> DNRA > Anammox > NOB > AOB; ® with N/C between 0.3 and 0.67,
the order of growth rate was nirS > Anammox > NOB > AOB; ® with N/
C between 0.67 and 1, the order of growth rate was nirS > Anammox >
NOB > AOB; and @ with N/C between higher than 1, the order of
growth rate was NOB > AOB > nirS > Anammox.

4.4. Biodegradability of DON

According to Fig. S7, BDON’s percentage was approximately 42% of
DON in the influents during the dry season (EV3) and 45% of DON in the
influents during the wet season (EV9), affirming an increase in BDON’s
share in the wet phase owing to heightened DO and nutrient contribu-
tions. Yet, during the dry season, the percentage of BDON in cells 1 and
2, namely those filled with ZIPGEM, fell from 42% in the influents to
30% in the effluents, whereas in the wet season, it fell from 45% in the
influents to 5-10% in the effluents. In the case of cells 3 and 4, specif-
ically those filled with CPS, BDON was eliminated in a mere 1-5%
during the dry season, whereas BDON’s percentage in the effluents
stayed close to 20% in the wet season, a figure just about 25% less than
that in the effluents.

4.5. Population dynamics of microbial species

An assessment of the population density for microbial ecology,
responsible for the nitrogen cycle, was conducted using qPCR for ZIP-
GEM and CPS during EV3 (dry season) and EV9 (wet season). The key
participants, categorized by population densities, included AOB, NOB,
nirS, Anammox, DNRA (nrfA), Comammozx, and IRB. Upon analyzing the
population densities of the mentioned bacteria, the sequence was nirS
(10 million copies/g dry mass) > nrfA (million copies/g dry mass) > IRB
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Fig. 6. Relative abundance of classes for influent vs. effluent for ZIPGEM and CPS during event 9 including (a) ZIPGEM in cell 1; (b) ZIPGEM in cell 2; (c) CPS in cell

3; and (d) CPS in cell 4.

(above 10 thousand copes/g dry mass) > Comammox (below 10 thou-
sand copies/g dry mass) > Anammox (thousand copies/g dry mass) >
AOB or NOB (hundred copies/g dry mass; Fig. S8). Consequently, the
primary nitrogen (N) cycling mechanisms in the filtration system were
denitrification and the conversion of dissimilatory nitrate to ammo-
nium, proving the robustness of NO3 respiration (where NO3 is con-
verted to NO3).

Denitrification denotes the biochemical transformation in which
nitrogen in nitrate (NO3) is converted into nitrogen gas by microbes via
a sequence of intermediary products, namely nitrite (NO3), nitric oxide
(NO), and nitrogen oxide (N20). Consequently, the denitrification pro-
cedure is composed of four distinct modular phases, each facilitated by
nitrate reductase, nitrite reductase, nitric oxide reductase, and nitrous
oxide reductase, in that order, with the respective coding genes nar (eq.
(4)), nir (eq. (5)), nor (eq. (6)), and nos (eq. (7); Fig. 9) (Sun and Jiang,
2022):

- Nar,

2NOj +4e” +4H">2NO; + 2H,0 4
2NO; +2¢~ +4H32NO + 2H,0 (5)
2NO +2¢ +2H" SN0 + H,0 O]
N,O 42 +2H" SN, + H,0 )

The second step in the denitrification process is the reduction of NOy
to NO, which distinguishes denitrification from other nitrate metabo-
lisms and is an essential rate-limiting step of denitrification (Jiang et al.,

10

2017; Maria et al., 2020). Here, the population of nirS was exceptionally
high (more than 10 million copies), proving the denitrification rate was
very high. DNRA consists of two steps (NO; —NO, —NH4), even though
it shares the same first step with denitrification; however, under
anaerobic conditions, in the absence of O, DNRA has an advantage over
denitrification because it transfers eight electrons compared to only five
during denitrification (eq. (8) and eq. (9)) (Pandey et al., 2020). At
lower C/N ratios (the proportion of C atoms in the electron donor to N
atoms in the electron acceptor), denitrification was the primary process
(i.e., electron donor-limiting growth conditions), in contrast to DNRA,
which was the main outcome at higher C/N ratios (i.e., electron
acceptor-limiting growth conditions) (Yoon et al., 2015; S. Xu et al.,
2020; Pandey et al., 2020).This may explain why nrfA was the second
largest group in the filtration system. This could also partly explain why
the removal percentage of ammonia nitrogen was negative in the wet
season. After comparing nirS and nrfA, it seems nrfA prefers CPS, and
nirS prefers ZIPGEM,; this can be explained by adding ZVI in the ZIPGEM
cells. Ma et al. (2021) demonstrated that Fe** could stimulate denitrifier
metabolism and growth, elevate denitrifying gene abundance, and in-
crease denitrifying enzymes. However, for CPS, even though the popu-
lation density of nirS was still higher than that of nrfA, the population of
nrfA in CPS was higher than that in ZIPGEM cells. This is consistent with
algal growth and the ratio of C/N. Drift algae’s emission and breakdown
serve as sources of organic carbon (C) for processes like denitrification
and DNRA. Furthermore, the buildup of decomposing substances may
prevent oxygen from entering the filtration system, thus fostering an
environment conducive to the reduction of heterotrophic nitrate. It is
well known that the high ratio of organic carbon to nitrate usually favors



J. Cheng et al. Chemosphere 357 (2024) 142042
(2) C1-EV9-INF BCH.ON, BCH.ON, BGHON, BGHON, ) 1 EVO-EFF ECH,ON, MCHON, BCHON, BCH,ON,
25 : HIC vs. O'IC - H/C vs. OIC
' ° ' L - R
' ' [ v % % o & & °
- . RN NE N B
Lipids Carbohydrates Lipids o Proteins i o ® CwcbIMydrites o° © °
20 * 20 o} e o mews o wmoem oo
. . R B
HE® . HEER R L
. MR e ° o
15 e, B 2
. 1 o H 1 .
1 < ° 1
N ! g T2 (ot 1
1 Es * 1
] 104 52 - |
1 a3 1
1 =5 .
1 L, .3 * : :
Tannins ' - . Tannins '
———————————— 0.5 S e e
’ LSt 1.0 12 ' . ' 08 1.0 1.2
ongen H ongm O | onge exygen ) g OC ! ::;a
density ' y ' density density N density N density
(¢) C2-EV9-INF BCH,ON, BCHON, BCH.ON, NCH.ON, (d) C2-EV9-EFF WCH,ON, WCHON, BMCHON, HCH,ON,
25 H/C vs. O/C 25 H/C vs. O/IC
H H H
' . L 1
e Lipids Proteins i‘ ) Carbohydrates o Lipids
' o .
. N .
. o |
' b L
15 i ~ , 15 F————
g 1§ 4 %} 2Ed s oS0 o
it ! z | FEL L ey
104 2% EEP omam,
s : 123 %
5 X £z
- g Tannins : o
05 i R i s € 41 <~ e
¥
e
H
0.0
low 1.0 12
oxygen
(€) C3-EV9-INF NCH.ON, BCHON, BCHON, BCHON, (¢ 3 EVO.EFF
H/C vs. O/C
25 T T 25
' ' ° .
Ll . -
Lipids Proteins H Carbohydrates
20 . - . e 20
\
H
15 H - 15
¢ |3} ¢ |z}
10f £ 104 £
:5 28
=3 % E
o 7" pmny
0548t o .
‘h.. 05
i
B
0.0 0.0
12
(8) C4EVO-INF NCH.ON, BCH.ON, MCH.ON, NCH.ON,  (h) C4-EVI-EFF WCH,ON, MCH,ON, BCH.ON, HCH.ON,
28 H/C vs. O/C 25 H/C vs. O/IC
: : ° : . o %% ° N b -
e i ' a 4 ' o . ® . -
Lipids Proteins ' Catvohydrates * Cdmohydrales © 9
20 ’ 20 o o e o ® o
. . o - | I °e
] . . -
15 H - : T -
= 1 PR - :
104 2 oo - 10 £ % . -
i i 23 *e )
= ' - a [
Tannins ' o Tannins '
_____________ ' 054828 cececcccc ==
Y )
8’..-;
high 10 12 °° high 10 12
oxygen oxygen
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Fig. 9. The nitrogen cycle in the media bed affected by the seasonality effect.

DNRA over denitrification (Jiang et al., 2023). Compared to CPS, ZIPEM
was better at removing nutrients. Therefore, more organic carbon is kept
in CPS; therefore, higher C/N favors DNRA. In a word, this highly
organic and eutrophic canal water system favors DNRA.

NO; + 10H* + 8¢~ — NH + 3H,0 ®

2NO;J + 12H" + 10e~ = N, + 6H,0 ©)

Almost every type of bacteria increases significantly in the wet sea-
son; however, Comammox is the only one that gains a better population
density in the dry season, especially in nitrifiers. Therefore, Comammox
bacteria were the main driver of nitrification in the filtration system.
This can be explained by the fact that common bacteria have a wider
ecological niche than other nitrifiers (AOA, AOB, and NOB) (Ye et al.,
2024), enabling them to survive in environments with limited nutrient
conditions. This may explain why Comammox was dominant in the
nitrifiers.

Anammox mostly thrived in the 1-foot medium. Amazingly, the
Anammox population increased even at the top of the cells from the dry
season to the wet season, proving that oxygen was limited at the top of
the layer. This is why the biofilm has more intensive growth in the wet
season and consumes nitrogen and depletes oxygen at the top. The
population quantity of AOB was significantly lower in EV3 (dry season)
and higher in EV9 (wet season). This phenomenon was discovered and
quantified by qPCR at the top of all the cells. The population of NOB in
ZIPGEM increased more significantly than CPS from EV3 to EV9, with
the highest quantities at the top.

Fe, crucial for microorganisms, has the potential to enhance the ac-
tivity of microbial metabolic enzymes; promote stimulate intracellular,
extracellular, and interspecies electron transfers; and boost the pro-
duction of extracellular polymeric substances in bacteria (Y. Liu et al.,
2023). The exogenous Fe in the filtration system needed to drive the
Fe-N cycle may facilitate an efficient strategy to improve biological N
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removal efficiency. In fact, a variety of biological nitrogen removal
methods for wastewater, including Anammox, nitrification, and deni-
trification, are known to utilize Fe (Chen et al., 2021; Hu et al., 2022; Li
et al., 2023). ZVI can act as an electron donor; pollutants act as electron
acceptors; and a redox reaction occurs. Placing ZVI in the ZIPGEM cells
can reduce the redox potential of the filtration system and spur the
growth of anaerobic microorganisms because ZVI can slowly release
Fe?* into the water, consume dissolved oxygen, and promote the
metabolic growth of Anammox and denitrifiers. In detail, for Anammox,
ZVI can rapidly oxidize to the advantageous ions of Fe>* (eq. (10) or eq.
(11)), which will be further oxidized into Fe(OH)s3 (eq. (12)) (Wang
et al., 2021). The Fe>™ and Fe*" will not only aggregate Anammox but
also increase N removal and create the optimal redox potential envi-
ronment for Anammox growth (Gao et al., 2014). For nitrification and
denitrification, Fe can be used as the active center of functional enzymes
in the nitrification (enzymes include ammonia monooxygenase [AMO]
and nitrite oxidoreductase) and denitrification (periplasmic nitrate
reductase and nitrite reductase) processes, and as an electron acceptor
for electron transport chains and auxiliary groups related to cellular
metabolism to improve bacterial metabolic activity and thus N conver-
sion efficiency by nitrifiers and denitrifiers (Chen et al., 2018). In
addition, IRB such as Geobacter can engage in the Feammox process, in
which NH{ is oxidized to Ny, NO3, or NO3, and Fe*is reduced to Fe?*
as shown in egs. (13)-(15). During this process, IRB can be capable of
utilizing various electron donors to reduce Fe3* (hydro)oxides
extracellularly.

2Fe’ + 0, +2 H,0 — 2Fe*" 4+ 40H"~ (10)
Fe’ +2 H,0 — Fe** +H, + 40H" an
4Fe*" + 10H,0 + O, — 4Fe(OH), + 8H" 12
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3 Fe(OH), +5 H' + NH; =3 Fe*" +9 H,0 + 0.5 N, (13)
6 Fe(OH), + 10 H + NH; = 6 Fe>* + 16 H,0 + NO; (14)
8 Fe(OH), + 14 H' + NH] =8 Fe*" +21 H,0 + NO; (15)

5. Discussion
5.1. Seasonal effect on microbial community

Nitrogen cycling in aquatic systems is not only affected by changes in
climatic conditions but also by the impression of human activities. For
example, changes in climatic conditions not only affect the length and
intensity of the dry and wet seasons (Fill et al., 2019), but human ac-
tivities, especially agricultural production activities, affect the nitrogen
content of the water body and the content of organic matter (Xenopoulos
etal., 2021) as well as habitat factors such as the oxygen and pH changes
with the alternation of the wet and dry seasons (Y. Chen et al., 2022).
Our project is in the South Florida region, where the nitrogen cycle in
surface waters is closely linked to climate, hydrology, and human ac-
tivities. For example, in the St. Lucie Estuary, in addition to discharges
from Lake Okeechobee (south Florida), the N and P enrichment
emanating from septic systems through shallow groundwaters also
contribute to nutrient pollution and harmful algal blooms (Lapointe
et al., 2017).

Warmer water and nutrient-rich runoff in the wet season can lead to
algal blooms. Algal blooms can deplete DO levels, which can favor
denitrification, DNRA, and Anammox. In the dry season, cooler tem-
peratures can result in higher DO concentrations, favoring nitrification
and Comammox, because temperatures are slightly lower than in the
wet season. However, in the dry season, the amount of ammonia is
limited. This corroborates the finding that ZIPGEM and CPS in the first
four sampling events showed positive ammonia removal percentages. As
a result, the increase in the population of AOB bacteria was not signif-
icant, and because NOB is highly dependent on the product of AOB, i.e.,
nitrite, the population of NOB was even less significant than that of AOB.
Comammox is favored among nitrifiers in the dry season, which is
consistent with Zheng et al. (2022) Comammox possesses a unique cy-
tochrome bd-like terminal oxidase, potentially allowing greater oxygen
attraction compared to AOB (Costa et al., 2006). Consequently, the
plentiful presence of Comammox bacteria might mitigate the negative
impact of insufficient dissolved oxygen on the total nitrification effi-
ciency (Liu and Wang, 2013; Roots et al., 2019). Conversely, because of
the arrival of wet season, the decrease in DO and the accumulation of
more nitrate realized a significant increase in the populations of nirS,
DNRA, and Anammox in the wet season.

In summary, seasonal effects were evident in the media of ZIPGEM
and CPS, mainly through the inhibition of denitrification, DNRA, and
Anammox in the dry season because these three processes required an
anaerobic environment. In n the dry season, the dissolved oxygen con-
tent in the water was higher because there were fewer aquatic algae. In
contrast, the exuberant aquatic algae and higher organic matter content
in the wet season depleted the dissolved oxygen in the water, which
further created an anaerobic environment at the top and inside the
media (ZIPGEM and CPS), thus stimulating the growth of nirS, nrfA, and
Anammox. The nitrification process requires oxygen, so in the dry sea-
son, fewer nutrient inputs resulted in higher levels of dissolved oxygen
in the water, which led to a certain intensity of nitrification reactions in
both ZIPGEM and CPS, especially of Comammox. However, in the wet
season, although rainfall increased in frequency compared to the dry
season, thus boosting the oxygen concentration in the water, the
exuberant algal species consumed most of the oxygen, which led to an
insignificant increase in the intensity of nitrification reactions, as is
directly manifested by the fact that AOB and NOB also did not increase
significantly in the wet season. Tables S10 and S11 list dissolved oxygen
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(mg/L) and pH in the influents and effluents between event 2 and event
9, confirming that the concentration of dissolved oxygen in the effluents
in the dry season is higher than in the wet season.

5.2. Seasonal effect on DON concentration and composition and on
BDON

Dissolved organic nitrogen contained in the inlet stream in the dry
season was lower than that in the inlet stream in the wet season, at
1.748 mg L1 and 2.444 mg L™'L, respectively. This proves that nutrient
inputs in the wet season were greater than in the dry season (Table S12).
Comparing the whole spectrum, we find that, in the influents and ef-
fluents, the number of oxygen atoms, carbon atoms, and carbon atoms in
four classes of DON (i.e. ChHnOpN1, C,HpmOpN2,ChHyyOpN3, and
CnHmOpNy) substances show a decreasing trend from the dry season
(EV3) to the wet season (EV9), which indicates a decrease in the
structural complexity of DON from the dry to the wet season, indirectly
corroborating the common assumption that the metabolism of micro-
organisms is vigorous in the wet season (EV9). Similarly, the molecules
with the highest proportion of DONs in each class of DONs also showed a
decreasing trend; for example, the molecular weight of C,H,OpN;
decreased from [476.12Da, 542.13Da] in the dry season (EV3) to
[406.08Da, 462.1Da] in the wet season (EV9). The molecular weight of
ChHmOpNy4 decreased from [469.09 Da, 571.2 Da] in the dry season
(EV3) to [443.11 Da, 457.13 Da] in the wet season (EV9). Moreover, in
the wet season, all the effluents of ZIPGEM showed lower molecular
weights and less structural complexity than the effluents of CPS, proving
that the bacterial metabolic activities were more intensive in the me-
dium of ZIPGEM in the wet season. In the dry season, DON’s molecular
weight and structural complexity in the effluents of CPS were much
higher than those of ZIPGEM and higher than those of CPS in the wet
season.

During the dry season, proteins and carbohydrates increased in the
effluents, whereas condensed aromatics decreased in the influents in
which the proteins is aliphatic and typically represents the bulk of the
labile DON pool. In contrast to the proteins, the lignins, among the major
components of the semi-labile and refractory DON pools, presumably
have an aromatic nature that limits their degradability. However,
anaerobic heterotrophs can utilize aromatic compounds in the absence
of oxygen as carbon or energy sources for microbes (Gibson and Har-
wood, 2002). T his finding is consistent with our qPCR results because
there was limited oxygen, when many anaerobic microbes were culti-
vated including nirS, nrfA, and Anammox.

During the wet season, the clustering of protein and carbohydrates in
the effluents is denser than that in the dry season. This can be attributed
to photosynthetic microorganisms, which can fix carbon dioxide
through photosynthesis to produce various organic biomolecules
including carbohydrates and proteins (Xu et al., 2008). This finding is
consistent with our observation in the wet season, when dense biofilm
growth is robust because microorganisms metabolize carbohydrates and
produce proteins inside the media, as opposed to the dry season when
biofilms are still in the stage of formation.

5.3. Linking DON decomposition with microbial population dynamics

In the bioactive filtration system (Law et al., 2012), the organic
components of dissolved organic nitrogen, including proteins, amino
acids, and amino sugars, undergo immediate degradation into ammo-
nium (NH$). The decomposition process for proteins entails the hy-
drolysis of peptide bonds, leading to the release of amino acids.
Subsequently, amino acids undergo deamination into ammonium,
facilitated by various enzymes known as deaminases. Various amino
acids engage distinct deaminases, such as glutamate dehydrogenase
(Xian et al., 2020; Z. Chen et al., 2022), serine dehydratase (Kuroda
et al., 2021), threonine dehydratase (Choi, 2021), and alanine deami-
nase (Bei et al., 2023).
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Additionally, the synthesis of urea (CH4N20) and cyanate (CNO™)
occurs through the oxidation of amino acids and ammonia, serving as
substitute electron donors for AOB and NOB in scenarios where free
ammonia is scarce. (Spang et al., 2012; Sonthiphand and Neufeld, 2014;
Mundinger et al., 2019). Besides nitrification, Anammox can break
down cyanate and urea (eq. (16) and eq. (17)) (Palatinszky et al., 2015;
Ganesh et al., 2018), utilizing these substances as an energy source for
metabolic activity. Recent studies have shown urea to be the predomi-
nant LDON (labile-dissolved organic nitrogen) utilized by AOB, NOB,
and Comammox (Q. Liu et al., 2023), which are characterized by their
distinct urea transporter genes (AOB: utp; NOB and Comammox:
urtABCDE and utp) along with the urease genes ureABC. Phytoplankton
(Zumft, 1997; Bradley et al., 2010; Highton et al., 2020) is also capable
of bio-assimilating low molecular weight DON substances such as urea
and amino acids.

cyanase

CNO™ +HCO; +2H" "= 2CO, + NH; (16)

urease

CH4N,0 + H,0 — CO, + 2NH; a17)

Nitrification involves a two-step process of aerobic biological
oxidation. The initial step in the velocity-limiting process involves
ammonia transforming into nitrite, a process executed by AOB (eq.
(18)). The swift second phase involves transforming nitrite into nitrate, a
process executed by NOB (eq. (19)).

NH{ +1.50,"%'NO; +H' + H,0 18)
NO; +0.50, 3'NO; (19)

AOB bacteria initiate the nitrification process, also known as nitri-
tation, involving a two-stage process with hydroxylamine (NH,OH) as
the intermediary. Nitritation begins with the conversion of ammonia
into hydroxylamine, a process facilitated by the membrane anchored
enzyme ammonia monooxygenase that catalyzes the oxidation of NH4
+ to NH0H (eq. (20)). During the subsequent step, hydroxylamine
undergoes additional oxidation into nitrite, facilitated by hydroxyl-
amine oxidoreductase, utilizing water oxygen and extra molecular ox-
ygen as the final electron acceptor (eq. (21)). In this step, two electron
pairs are produced, with one pair being offset to facilitate the initial step
of ammonia oxidation. Conversely, the alternate pair is transferred to
the terminal oxidase through an electron transport chain, creating a
proton motive force (eq. (16)) (Sinha and Annachhatre, 2007).

NH; + 0, +2H" +2¢~ — NH,OH + H,0 (20)
NH,OH + H,0 — NO; +5H" + 4e~ 21
2H" +0.50, +2¢ —>H,0 (22)

6. Conclusion

DON plays an important role in surface water eutrophication.
Because microorganisms are intimately associated with DON trans-
formation, bioactivated green sorption media in this study were
explored at the field scale to remove DON and other nitrogen species.
This novel field-scale study proves the technical feasibility of large-scale
best management practices (BMPs), especially in the environment of
South Florida, where the Everglades—the largest subtropical wilderness
in the United States—is very sensitive to human activities and climate
change. Even though DON’s conversion and biodegradability are
affected by environmental factors and molecular weight size, hydro-
philicity and hydrophobicity, and the charge characteristics of DON, this
water filtration system provides a friendly substrate (hot pot) for mi-
crobial growth. Therefore, given the complexity of DON, the green
sorption media (ZIPGEM) may become one of the BMPs to remove DON
in the future. Through this five-month field study of the application of a
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sustainable technology, ZIPGEM demonstrated better nitrogen removal
than CPS. It is indicative that the material sustainability of the two
filtration media is highly related to their design matrixes, as confirmed
by their material characterizations, and both green sorption media could
be used as soil amendments to increase soil fertility and enhance the
diversity of the microbial ecology in different soils.
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