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The effects of stereo-elastic packing, as additional bio-carriers, on nitrogen removal in enhanced ecological
floating beds (EFBs) are evaluated. Enhanced EFBs with additional stereo-elastic packing was demonstrated to
enhance maximum TN removal efficiency (65.8%) over that of EFBs with plant and ceramisite only (54.9%).
Performance enhancement was attributable to a 40.6% increase in sediment N accretion and intensification of
denitrification by biomass on other carriers in the presence of stereo-elastic packing. Nonetheless, nitrogen
uptake by plants was inhibited slightly. Stereo-elastic packing intensified denitrification rates on plant roots and
ceramisite by increasing the attached biomass and enhancing the biomass activity, albeit to different extents. The
increase in denitrification rate on plant root by 25.7% was significantly higher than that of 4.6% on ceramisite
via increased NO2-N removal. Moreover, bacterial diversity on the carriers was significantly altered, and the
enrichment of genera such as Aridibacter, Hyphomicrobium and Gemmobacter promoted denitrification processes.

1. Introduction

Excessive nitrogen (N) pollution, originating primarily from non-
point sources such as farmyards and urban runoff, may cause severe
environmental problems in surface and landscape waters, such as

eutrophication, resulting in harmful algal blooms and habitat dete-
rioration (Chang et al., 2013). Therefore, for many years, N removal has
been studied by various technologies and methods including ecological
approaches such as constructed wetlands (CWs) and ecological floating
beds (EFBs). However, compared with CWs which requires a large land
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area in addition to the water body in question, the EFBs provide an
innovative ecological treatment method. Thus, besides having no re-
quirement for an additional land area, EFBs are widely used for or-
ganics and N removal in urban water due to low cost and esthetic values
(Gao et al., 2017a).

EFBs consist of plants growing hydroponically in buoyant frames
floating on the surface of water bodies (Li et al., 2010). In general, the N
removal in EFBs is accomplished mainly by plants, whereby the plants
not only assimilate N pollutants directly into their tissues, but also the
roots provide extensive surface area for the growth of attached biofilm,
where entrapment of suspended material and microbial N transforma-
tion occur (Olguin et al., 2017). In other words, part of the removed N is
assimilated by plants and microorganisms, while the rest are seques-
tered in the organic debris accumulating below the EFB. However,
because of the limited growth of plants and the attached biomass, N
removal performance of traditional EFBs can be unstable and un-
satisfactory in landscape water treatment. Because less than 10% of N
removal can be achieved by direct plant uptake in EFBs (Hailiang and
and Xianning, 2014), enhancing the attached biomass development
could be vital for performance improvement. Many studies have ad-
vocated for the incorporation of microbial carriers to EFBs as enhanced
EFBs to enhance performance (Gao et al., 2017b). Wu et al. (2016)
tested EFBs with plastic filling, and recorded mean removal efficiency
increases of 65.43%, 39.38% and 10.98%, respectively, for TN, NH4-N,
and NO3-N. Also, Li et al. (2010) reported a TN removal efficiency of
52.7% for additional carriers, Ipomoea aquatica and Corbicula fluminea
in a mesocosm experiments of EFBs at the shore of Meiliang Bay, in the
north part of Lake Taihu, China. However, previous research was aimed
at only evaluating the performance of these enhanced EFBs. Thus, to the
best of our knowledge, except for providing additional substrate surface
for the attachment of microorganisms, the detailed evaluation of the
effects of additional carriers on N removal mechanisms of EFBs such as
plant uptake, biotransformation and sediment accumulation remain
unknown, even though some enhanced EFBs have been constructed at
field-scale experiments (Liu et al., 2016). Further studies to provide an
in-depth understanding of the impacts of additional carriers could be

helpful in improving the development of enhanced EFBs.
With the development and application of EFBs, the microbial

community of enhanced EFBs had been reported in some studies. The
microbial population is vital to determining the biological N removal
pathways in EFBs (Sun et al., 2018). Therefore, with the development
and application of EFBs, previous studies have sought to explore the
microbial community of enhanced EFBs (Zhang et al., 2014). Wu et al.
(2016) demonstrated profound differences in the bacteria diversity of
conventional EFBs and enhanced EFBs with fiber filling, whereby the
filling collected the most bacteria species. However, detailed insights
into the effect of additional carriers on microorganisms’ development,
including the microbial community composition and activities, are not
explored. Limited data is available on the quantitative analysis of the
variations of functional microorganisms, microbial community com-
position and microbial activities in original carriers of these enhanced
EFBs. Furthermore, different operational conditions could impact the
reduction of NO3-N and NO2-N could during the denitrification process
(Du et al., 2017b). The incorporation of biomass carriers may lead to
alteration of microscopic N metabolic processes in denitrifying bacteria,
thereby affecting the removal of various forms of N. Nonetheless, de-
tailed information on the transformation processes of N in enhanced
EFBs, including the microbial mechanisms or kinetic parameters, is not
yet reported.

In this study, two EFBs with either plants and ceramisite as buoyant
carriers or an additional stereo-elastic packing, were developed and
evaluated for the enhanced removal of N from the landscape water. The
objectives were to (1) assess the performance of two EFBs with different
biomass carriers over one full year of operation; (2) quantify the in-
fluence of stereo-elastic packing on various nitrogen removal pathways
including plant uptake, sediment accumulation and denitrification; and
(3) comparatively assess the microbial community development on
plant roots and ceramisite carriers.

Fig. 1. Schematic of the EFBs planted with Myriophyllum aquaticum and ceramisite with either stereo-elastic packing as biomass carriers.
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2. Materials and methods

2.1. Experimental setup and operation

Two parallel laboratory-scale EFBs were operated for 414 days,
from September 17, 2017 to November 7, 2018. The experiment period
was evaluated over four distinct periods, classified by ambient tem-
perature: stage1 (0–30 days), stage2 (31–197 days), stage3
(198–389 days), and stage4 (390–414 days). The size of the reactors
was 0.6 m × 0.5 m × 0.6 m (length × width × height), with an
effective depth of 40 cm. The reactors were divided into four corridors
by three baffles. Two EFBs were placed in the second and third corri-
dors. Ceramisite of 2–4 cm diameter was placed in each EFB as a
floating bed. The size of each floating bed was
50 cm × 10 cm × 10 cm. Each EFB was planted with Myriophyllum
aquaticum. One EFBs, namely EFB-A with ceramisite and Myriophyllum
aquaticum, whereas the second, EFB-B had an additional stereo-elastic
packing added as biomass carriers (Fig. 1). The weights of plants and
ceramisite on each EFB were equal at the beginning of the experiment.
Two stereo-elastic packing of length 20 cm and diameter 10 cm hang on
each floating bed of EFB-B. The inflow entered the reactors from the
bottom of the first corridor by a peristaltic pump and the outflow was
overflow from the last corridor.

The reactors were fed continuously with river water spiked with
sodium nitrate (KNO3) and glucose to maintain and influent total ni-
trogen (TN) concentration of about 8 mg/L and a C/N ratio of 7.0. The
main form of N was nitrate-nitrogen (NO3-N), and low concentrations
of ammonia-nitrogen (NH4-N) and nitrite-nitrogen (NO2-N) were ob-
tained. The hydraulic retention time was 5 d. The influent quality for
the two reactors was the same.

Water samples were collected in triplicate from both the inflow and
outflow of each reactor with glass bottles (500 mL) at least every five
days at the stage 1 and stage 3 of the experiment, and at a lower fre-
quency at the stage 2 and stage 4. All of the water samples were
transported to laboratory and analyzed within 6 h.

At the end of experiment, all plants, sediment and various carriers
including ceramisite and stereo-elastic packing in EFB-A and EFB-B
were collected. All samples were stored in a sterile sealing bag at 4 °C
and transported to the laboratory for analysis (Zhang et al., 2018).

2.2. Analysis methods

The pH, dissolved oxygen (DO) and temperature of each reactor
were measured on-site by HORIBA U-50 series multi water quality
checker. The parameters including TN, NO3-N, NH4-N and NO2-N were
measured according to Standard methods (APHA, 1998). TN was
measured by the alkaline potassium persulfate digestion ultraviolet
spectrophotometer method, and NH4-N was detected according to
Nessler's reagent spectrophotometry. NO2-N was determined by N-(1-
naphthyl) ethylenediamine dihydrochloride, and NO3-N was detected
in 0.45-μm filtered samples by ion chromatography with conductivity
detection. The removal efficiencies for each EFBs were calculated from
the differences in concentration at the inflow and outflow of the EFBs.
Statistical relationship between variables were determined by Pearson’s
correlation analysis with a p < 0.05. All statistical analyses were
carried out using IBM SPSS statistics 19 (IBM Corporation, Armonk, NY,
USA).

The collected plants were separated into leaves, stems and roots and
washed with distilled water. The fresh samples were oven-dried at 80 °C
for at least 48 h and to determine dry weights. The dried plant materials
were pulverized to passed through a 0.25 mm sieve and digested with
H2SO4-H2O2 at 260 °C and TN content was measured by the Kjeldahl
method (Bao, 2000).

The sediment samples were oven-dried at 105 °C to a constant
weight. The dry sediment samples were then allowed to cool, ground
with a mortar and pestle and then sieved through a 0.5 mm sieve. To

examine the N contents in the sediments, sub-samples with appropriate
weights were taken and digested in a block using a concentrated sul-
phuric-salicylic acid mixture with selenium as catalyst. The N content
was then determined in accordance with standard methods (Mayo
et al., 2018).

The contents of the attached biomass were described by total solids
(TS) and volatile solids (VS) in triplicate, which were measured ac-
cording to Standard Methods for the Examination of Water and
Wastewater by the Ministry of Environmental Protection (MEP of
China, 2002), and expressed as mg TS or mg VS per g of the bio-carrier.

2.3. Denitrification experiment

The denitrification characteristics of the carriers, including the
ceramisite, plant roots and the stereo-elastic packing, was carried out
by batch experiments according to Zhong et al. (2014). In brief, the
carriers and 0.6 L nutrient solutions were placed in sealed conical flasks
of 1 L and incubated at 33 ± 1 °C. Nutrient solutions (1 L) were
prepared with 377 mg glucose, 400 mg KNO3, 0.5 mg NaH2PO4, 72 mg
KCl, 180 mg MgSO4·7H2O, 10.6 mg CaCl2, 225 mg NaHCO3 and 1.2 mL
microelement. The mass of ceramisite, plant roots and stereo-elastic
packing used in the batch experiments was 70 g, 2 g and 1.5 g, re-
spectively. The concentrations of, TN, NO3-N and NO2-N were mea-
sured at least per 12 h. The batch tests were replicated in triplicate. The
specific NO3-N and NO2-N reduction rates were determined by the fit-
ting of curves for variations of NO3-N and NO2-N concentrations with
time. According to the changes in NOx-N(NO3-N + 0.6NO2-N) and
COD, the denitrification rate and denitrification potential of various
carriers was calculated by the following equations (Sage et al., 2006):

=

−V
d(C )

XdtDN
NO Nx

(1)

=

−P
d(C )

d(C )DN
NO N

COD

x

(2)

where, VDN is denitrification rate, mg-NOx-N/g-Car/h or mg-NOx-N/
mg-VS/h; CCOD is the concentration of NOx-N and COD (mg/L); X is the
wet weight of the carriers (g) or the VS of the carriers (mg), PDN is
denitrification potential, mg-NOx-N /mg-COD.

2.4. PCR amplification and sequencing

2.4.1. DNA extraction
Samples of the carriers including ceramisite, plant roots and stereo-

elastic packing were collected in triplicate from the beds and homo-
genized, which were then refrigerated at 4 °C in the laboratory. The bio-
carriers were eluted by TE for 12 h to obtain the DNA. Total community
genomic DNA extraction was performed using a E.Z.N.A.Soil DNA Kit
(Omega, USA), following the manufacturer’s instructions. The con-
centration of the DNA was tested by using a Qubit 2.0 (life, USA) to
ensure that adequate amounts of high-quality genomic DNA had been
extracted.

2.4.2. Sequence analysis
High-throughput sequencing was adopted to analyze the bacteria

abundance and community structure on different levels of orders, fa-
milies, and genera. In this research, the 16S rRNA V3–V4 amplicon was
amplified using KAPA HiFi Hot Start Ready Mix (2×) (TaKaRa Bio Inc.,
Japan). Two universals bacterial 16S rRNA gene amplicon PCR primers
(PAGE purified) were used: the amplicon PCR forward primer (CCTA-
CGGGNGGCWGCAG) and amplicon PCR reverse primer (GACTACHV-
GGGTATCTAATCC). Sequencing was performed using the Illumina
MiSeq system (Illumina MiSeq, USA), according to the manufacturer’s
instructions. Paired-end reads were filtered firstly and high-quality se-
quences were processed to generate operational taxonomic units
(OTUs). Then the representative OTU sequences were classified against
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the RDP database (http://rdp.cme.msu.edu/misc/resources.jsp). The
redundancy analysis (RDA) were conducted using Vegan Package in R
software

3. Results and discussion

3.1. Nitrogen removal performance

As shown in Fig. 2(a), the environmental conditions for EFB-A and
EFB-B were the same as demonstrated by the similar trends in

Fig. 2. Variation of temperature, DO, TN, NO3-N and NH4-N in EFB-A and EFB-B during the study period.
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temperature and DO. Fig. 2(c) and Table 1 indicate strong positive
correlations between the TN removal rate and temperature in the two
EFBs (EFB-A: 0.813, p < 0.01; EFB-B: 0.813, p < 0.01). The main
mechanisms of EFBs for nitrogen removal in EFBs are microbial trans-
formations and plants growth, which are dependent on temperature
(Gao et al., 2017b). The higher the temperature, the stronger the mi-
crobial activity, and the faster the plant growth. Also, influent N is
mainly in the form of NO3-N and the temporal variations in NO3-N
concentrations exhibited similar patterns to those of TN (Fig. 2(d)),
suggesting that the removal of TN is mainly accomplished through the
removal of NO3-N. This finding also demonstrated that denitrification
within ceramisite, plant roots and stereo-elastic packing was the
dominant mechanism for the N removal by EFBs.

Furthermore, DO concentration also had strong correlations with
nitrogen removal in the two EFBs (EFB-A: −0.715, p < 0.01; EFB-B:
−0.690, p < 0.01). In general, denitrification occurs under anaerobic
or anoxic conditions. However, the lowest DO in the reactors was
1.60 mg/L at stage 3, which appears to inhibit denitrification. At DO
concentration of greater than 0.5 mg/L, nitrate reductase is noted to be
inhibited but aerobic denitrification may occur, which may have pro-
ceeded in the reactor within local anaerobic microenvironments sepa-
rated from the aerobic bulk environment (Rittmann and Langeland,
1985; Tong et al., 2018). As reported, even under high DO concentra-
tions, a coupled anaerobic-aerobic biofilm could be formed gradually
by porous carriers and stereo-elastic packing due to the strong micro-
bial enrichment capacity (Feng et al., 2015; Xing et al., 2000).

The TN removal rate in EFB-A and EFB-B ranged between 0.12 and
1.43 g-N/m2/d and 0.13–1.71 g-N/m2/d, respectively, with means of
0.61 g-N/m2/d and 0.76 g-N/m2/d, which were similar to those re-
ported for CWs (Table 2). Also, the TN removal efficiencies in EFB-A
and EFB-B were stabilized at around 46.1% and 56.1%, respectively,
during stage3. By comparison, the average TN removal efficiency in
EFB-A at the various stages showed increases by 16.7%, 23.2%, 21.8%
and 28.3%, respectively, over those in EFB-B, demonstrating that the
addition of stereo-elastic packing was beneficial to N removal in EFBs,
especially the microbial N removal processes. Thus, the stereo-elastic
packing provided a large surface area for microorganisms’ attachment
and growth, while also creating anaerobic microenvironment to en-
hance denitrification. As shown in Fig. 2(b) and Table 1, the removal
efficiency of COD and the TNremoval/CODremoval ratio were both sig-
nificantly positively correlated with temperature (EFB-A: 0.786,
p < 0.01 and 0.308, p < 0.05; EFB-B: 0.779, p < 0.01 and 0.410,
p < 0.01). Thus, not only did high temperatures promote microbial

activity, but it also enhanced the utilization of carbon for N removal by
microorganisms. Furthermore, the TNremoval/CODremoval ratio of EFB-B
was notably higher than that of EFB-A, indicating that the N removal in
EFB-B needed less carbon than that in EFB-A. However, detailed in-
formation about the effect of stereo-elastic packing is not available from
the performance, and further study is needed.

3.2. Effects of the stereo-elastic packing on nitrogen removal pathways

3.2.1. Assimilation by plants
In EFBs, aquatic plants play a crucial role in N removal. The growth

of plants varies depending on environmental conditions, such as nu-
trient supply and available growth space (Wang et al., 2014). The total
dry weight biomass of plants in EFB-A and EFB-B were 60.22 g and
51.32 g, respectively, whereas the N removal rate by plants uptake of
32.75 and 27.37 mg/m2/d, respectively, were recorded. Moreover, the
total plant root biomass in EFB-A was 1.39 times higher than that in
EFB-B, indicating that stereo-elastic packing had limiting effects on
plant biomass production, especially for the root system. Plant growth
is highly dependent on the maturation zone of the root (Liu et al., 2016)
and the primary contact points between plants and the stereo-elastic
packing demonstrate that the stereo-elastic packing constricted the
available space for root system development. Consequently, root
growth in EFB-B was strongly inhibited. Although the N removal by
plant uptake in EFB-A and EFB-B account for only 5.39% and 3.60%,
the total removed load, respectively, thus, curtailment of plant roots
growth may lead to significant reductions in the root zone denitrifica-
tion rates. As shown in Table 2, the plant uptake in CWs also account
for a little proportion of the TN removed.

3.2.2. Sediment storage
To assess the sediment storage rate, it was assumed that the stored N

was inert, and none of it was converted after the sediment storage
(Chen et al., 2014). The dry weight of sediment in EFB-A and EFB-B
over the 414 days of experiments was 75 and 94 g, respectively. The N
content in the sediment from EFB-B was 1.34 times higher than that
from EFB-A. Overall, the N sediment storage rates of 57.03 mg/m2/d in
EFB-B was higher than that of 33.88 mg/m2/d in EFB-A. This notable
difference suggested that biomass from the stereo-elastic packing was
one of the main sources of sediment accretion and N storage. The
structure of the stereo-elastic packing is conducive to the growth of
microorganisms and the more microorganisms there are, the higher the
sediment accretion. Even so, the N sediment storage rates in this study

Table 1
Characteristics of inflow and outflow in EFB-A and EFB-B at different stage.

Stage 1 Stage 2 Stage 3 Stage 4

days 30 167 192 25

EFB-A EFB-B EFB-A EFB-B EFB-A EFB-B EFB-A EFB-B

Temperature °C 23.52 ± 2.45 23.24 ± 2.60 12.96 ± 4.90 12.01 ± 5.11 26.90 ± 3.30 26.53 ± 3.49 17.74 ± 0.98 16.80 ± 0.94
DO mg/L 4.06 ± 0.29 3.97 ± 0.26 4.21 ± 1.81 4.25 ± 1.60 1.64 ± 0.56 1.60 ± 0.51 1.97 ± 0.40 1.81 ± 0.29
COD in inflow mg/L 57.54 ± 1.75 55.97 ± 3.10 55.24 ± 2.45 54.07 ± 1.49
TN in inflow mg/L 8.56 ± 0.15 8.54 ± 0.17 8.55 ± 0.15 8.70 ± 0.08
COD removal

efficiency
% 41.59 ± 3.11 44.72 ± 3.78 30.35 ± 14.66 31.31 ± 12.61 71.19 ± 8.22 74.35 ± 8.05 64.67 ± 9.35 66.78 ± 6.64

TN removal efficiency % 14.53 ± 9.47 16.97 ± 9.84 7.81 ± 3.27 9.64 ± 3.17 44.34 ± 7.60 54.02 ± 10.99 20.22 ± 2.42 25.95 ± 2.60
NO3-N removal

efficiency
% 17.12 ± 9.55 19.31 ± 8.62 7.39 ± 3.05 8.52 ± 5.02 44.26 ± 8.47 54.44 ± 11.75 18.53 ± 4.53 23.32 ± 2.74

NH4-N removal
efficiency

% 30.23 ± 24.22 41.08 ± 17.72 28.83 ± 21.19 33.27 ± 21.44 43.18 ± 22.01 55.78 ± 21.06 76.44 ± 20.01 90.59 ± 12.82

NO3-Nremoval/
TNremoval

0.86 0.84 0.77 0.76 0.90 0.91 0.85 0.83

NH4-Nremoval/
TNremoval

0.14 0.16 0.23 0.22 0.09 0.09 0.15 0.17

TNremoval/CODremoval 0.050 ± 0.031 0.061 ± 0.031 0.036 ± 0.013 0.043 ± 0.017 0.094 ± 0.024 0.109 ± 0.028 0.051 ± 0.008 0.063 ± 0.008
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were less than that of 213–237 mg/m2/d reported in various CWs
(Gabriel et al., 2009), indicating a lower risk of sediment pollution.

3.2.3. Microbial transformations
Based on nitrogen balance (nitrogen removal: plants, sediment and

microorganisms), the microbial denitrification was calculated
(Table 2), suggesting that similar to CWs, the microbial denitrification
plays a crucial role in the N removal by EFBs. Results from the deni-
trification experiment for the various biomass carriers in EFB-A and
EFB-B are shown in Fig. 3. Ceramisite from EFB-A showed a delay
period in the onset of the various transformation processes at the be-
ginning because of temperature differences between the ambient en-
vironment and experimental conditions. Nonetheless, after the micro-
organisms adapted to the experimental temperature, the concentration
of NO3-N exhibited gradual decreases, accompanied by increasing NO2-
N concentrations from 0 to 24.1 mg/L in 60 h. Subsequently, NO2-N
was removed entirely in the next 36 h. Overall, a TN removal efficiency
of 90.2% was achieved within 96 h. Similar trends were also found for
the other carriers.

Because glucose served as the carbon source, trends for the gradual
increases in NO2-N concentrations were apparent during the deni-
trification process for the various biomass carriers. For all carriers used,
the maximum concentrations of NO2-N exceeding 24 mg/L were
reached, similar to those reported in previous studies (Ge et al., 2012).
The metabolism pathways of glucose mainly comprise two steps of
oxidation: the oxidation of glucose molecules to obtain ATP and enter
the Krebs cycle through the pyruvate dehydrogenase complex. In ad-
dition to the long oxidation process, the presence of glucose promoted
the recruitment of Alcaligenes faecalis that caused NO2-N accumulation
in the denitrification process (Ge et al., 2012). Alcaligenes faecalis be-
longs to Alcaligenes, which has been detected in different carriers al-
though its abundance was less than 1% (Table 3).

For all three carriers, the specific reduction rate of NO3-N was
higher than that of NO2-N (Table 2), which is consistent with the
finding of previous studies (Baytshtok et al., 2008). It is shown that in
the denitrification process, NO2-N removal is the limiting step. And this
can be accounted for by the higher electron turnover rate of NO3-N
reductases than NO2-N and the reduction of NO3-N releases more free
energy than NO2-N, which contributes to a more rapid reduction of
nitrate when carbon supply is sufficient (Lu et al., 2014). Compared
with the 10% and 17% increase of specific NO3-N reduction rate in
ceramisite and plant roots, the specific NO2-N reduction rate increased
by 35% and 62%, respectively.

Overall, maximum NO2-N accumulation was significantly higher for
carriers in EFB-B than the same carriers in EFB-A. Moreover, the
maximum NO2-N accumulation recorded for plant root in EFB-B oc-
curred significantly earlier than that in EFB-A. In practice, the accu-
mulation of NO2-N is influenced by many factors including microbial
community, DO, pH, carbon source and the ratio of C/N. It is evident
that the addition of stereo-elastic packing enhanced the microbial
community also on other carriers to intensify the denitrification pro-
cess. Moreover, the stereo-elastic packing also showed a higher deni-
trification potential, suggesting less consumption of COD than the other
carriers for the removal of the same mass of N, which may be why the
utilization of carbon source in EFB-B was better than EFB-A.

Compared with the 4.58% increase in the denitrification rate on
ceramisite, the denitrification rate on plant root increased by 25.72%.
These results indicated that the effect of stereo-elastic packing on the
plant root system was much greater than that on the ceramisite. Stereo-
elastic packing, one of the most effective carriers in water treatment,
has a larger surface area for the growth and development of more at-
tached bacteria. Compared with other porous carriers, the plant root is
more open to the external environment but the stereo-elastic packing
intertwined with the plant roots to enhance its resistance to dis-
turbances, which favored the increased formation of biomass. Also,
plant roots could provide additional carbon source via decay or rootTa
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exudates to intensify denitrification on the stereo-elastic packing (Wu
et al., 2017). Overall, the carriers in the two EFBs showed desirable
denitrification rates which were similar or even higher than that of
substrates in CWs. As Hernandez and Mitsch (2007) reported, the de-
nitrification rate of soils in CWs at 25 °C was 0.001–2.449 × 102−3 mg-
N/g/h. Similarly, Hunt et al. (2009) assessed the potential denitrifica-
tion enzyme activity of sludge in CWs and recorded a value of
121 × 10−3 mg-N/g/h.

As shown in Table 2, the VS of ceramisite and plant root in EFB-B
was higher than that in EFB-A. Consequently, EFB-B exhibited only
minimal increases (plant root) or a notable decrease (ceramisite) in the
denitrification rate measured in mg-N/g-VS/h over that of EFB-A. By
contrast, the denitrification rate measured in mg-N/g-Car/h showed
significant increases in EFB-B over EFB-A for both carriers. This result

showed that for plant roots, not only did the attached biomass in-
creased, but also the activity of the biomass increased as well. None-
theless, for ceramisite, the activity decreased with the increase of the
attached biomass, while the biomass on stereo-elastic packing always
showed high activity. The aged biomass in porous media may not fall
off but could easily plug the gore spaces, leading to a reduction in its
denitrification ability. By contrast, the biofilm on plant root and stereo-
elastic packing tend to fall off and precipitate at the bottom of the re-
actors, which was also consistent with the higher sediment content
recorded in EFB-B. However, although the denitrification rate on plant
roots was promoted, the growth of the plant roots was restricted by the
stereo-elastic packing. Overall, based on the weight of plant roots in
EFB-A and EFB-B, the denitrification rates of 0.33 and 0.30 g-N/d, re-
spectively, were deduced, suggesting that the stereo-elastic packing had

Fig. 3. Variations in concentrations of TN, NO3-N and NO2-N of various carriers in EFB-A and EFB-B (a) Ceramisite in EFB-A; (b) Plant root in EFB-A; (c) Ceramisite in
EFB-B; (d) Plant root in EFB-B; (e) Stereo-elastic packing.

Table 3
Denitrification characteristic for different carriers.

Ceramisite in EFB-A Ceramisite in EFB-B Plant root in EFB-A Plant root in EFB-B Stereo-elastic packing

Max NO2-N accumulation (mg/L) 24.10 30.29 28.13 33.83 31.00
Specific NO3-N reduction rate (mg/L/h/g-car) 0.0177 0.0194 0.475 0.557 0.397
Specific NO2-N reduction rate (mg/L/h/g-car) 0.0112 0.0151 0.247 0.369 0.339
VS (mg/g) 0.18 ± 0.03 0.26 ± 0.04 66.5 ± 1.29 73.08 ± 1.33 1.42 ± 0.27
VDN (10−3 mg-N/g-Car/h) 7.20 ± 0.07 7.53 ± 0.11 118.19 ± 3.76 148.59 ± 2.87 207.19 ± 12.97
VDN (mg-N/g-VS/h) 61.78 47.62 62.45 70.25 150.04
PDN (g-N/mg-COD) 0.176 ± 0.002 0.179 ± 0.003 0.179 ± 0.007 0.186 ± 0.004 0.189 ± 0.002
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a net negative effect on the denitrification ability of plant roots. The
reasonable selection and distribution of stereo-elastic packing, in-
cluding the density and the distance from the plant roots, should be
considered carefully to balance its effect on plants, to achieve the op-
timal N removal effect in EFBs.

3.3. Microbial communities on carriers in different EFBs

Hierarchical cluster analysis was performed to visualize the differ-
ences in the bacterial community on the various carriers (Fig. 4). Plant
roots in EFB-B and stereo-elastic packing were clustered together with
similar bacterial communities. These community structures were no-
tably different from those on plant roots in EFB-A. The notable dis-
similarity in microbial communities on plant roots from different EFBs
might be attributable to the existence of the stereo-elastic packing.
Moreover, two samples of ceramisite formed a large cluster, demon-
strating that comparatively, the bacterial community on the plant roots
is more susceptible to the stereo-elastic packing, which is consistent
with the finding of the denitrification rate.

There were thirteen major phyla present in the five samples ex-
amined with a relative abundance of over 1%. Proteobacteria,
Planctomycetes, Acidobacteria, Actinobacteria, Bacteroidetes,
Verrucomicrobi and Chloroflexi, accounted for approximately 80% in all
samples. Proteobacteria, which was also confirmed in different sewage
treatment processes (Liu et al., 2017), was predominant for all samples,
accounting for 44.21%, 52.19%, 46.52%, 38.45% and 45.06% for cer-
amisite in EFB-A, ceramisite in EFB-B, plant root in EFB-A, plant root in
EFB-B and stereo-elastic packing, respectively. Moreover, Acidobacteria,
Actinobacteria, Bacteroidetes and Chloroflexi have been reported as
contributors to the denitrification process in different systems (Chen
et al., 2016; Wang et al., 2016; Yoshida et al., 2012).

As shown in Fig. 4, the community composition at the genus level
showed high diversity in all samples, and the percentages obtained for
each genus was different. Among the 655 genera detected, 23 genera
showed a relative abundance above 1% in at least one sample, and
many of them were related to N removal. As shown in Fig. 5, there were
many pathways for the transformation of various forms of N, including
the denitrification and nitrification processes. The denitrification pro-
cess is catalyzed by four types of nitrogen reductases in sequence: ni-
trate reductase (Nar/Nap), nitrite reductase (Nir), nitric oxide reductase
(Nor) and nitrous oxide reductase (Nos) (Lu et al., 2014). Many of the
bacteria recorded on the carriers have been reported to be related to
different nitrogen-metabolic processes due to their differential enzyme
composition.

Aridibacter has been described as nitrogen degrader and has been
shown to participate in denitrification using nitrate as an electron ac-
ceptor under anoxic conditions (Zheng et al., 2019). Gemmobacter is

found in different environments and has been well known as a deni-
trifying bacterium. Furthermore, nitrate reduction has been detected in
some strains of Gemmobacter (Kampfer et al., 2015). In previous studies,
several strains of Aquabacterium were reported as being capable of ni-
trate-dependent Fe oxidizing, which could serve nitrate as an electron
acceptor under neutrophilic conditions because of the low redox po-
tentials of iron composites (Zhang et al., 2016b). Furthermore, Sac-
charibacteria genera incertae sedis has been mentioned as a keystone
species for transformation of nitrate to nitrite in partial-denitrification
reactors (Xiujie et al., 2019). Also, Gemmatimonas can reduce N2O from
other organisms, chemodenitrification, or other sources (Hallin et al.,
2018). Moreover, there are different enzymes for N removal found
amongst genus, such as Hyphomicrobium, Rhizobium and Rhodobacter. In
the last century, Hyphomicrobium was found to be a dominant organism
in nitrifying-denitrifying wastewater treatment systems using methanol
as an external carbon source (Isaka et al., 2012). Rhodobacter is widely
distributed in freshwater and has been associated with active deni-
trification in the presence of sulfide-free flow water (Gordon-Bradley
et al., 2014). The Rhizobium species was reported as a denitrifying
bacterium as early as 1938 and proved to be capable of the reduction of
different forms of N including NO3-N and NO2-N under anoxic condi-
tions (Delgado et al., 2007; Zablotowicz et al., 1978). In addition to
denitrifying bacteria, there were other bacteria related to nitrogen
metabolism. Pirellula, Gemmate and Spartobacteria genera incertae sedis
have been described as anaerobic ammonia-oxidizing bacteria and are
usually found in wastewater treatment plants (Jia et al., 2016; Yang
et al., 2007). Although the relationships of some strains with deni-
trification were not described, they have also been detected in anoxic
habitats, such as Parcubacteria genera incertae sedis (St-Pierre and
Wright, 2017), further suggesting the existence of an anoxic micro-
environment.

The RDA results suggest an evident correlation between the mi-
crobial community structure and denitrification parameters (Fig. 6).
Axis 1 and axis 2 explained 58.3% and 22.0% of the total variance,
respectively. The variation in the denitrification parameters can be
explained by the presence of dominant genera with an abundance of
more than 1% in the bacterial community composition of samples. The
angle of the vectors indicated that the genera were closely related with
high correlations with NO3-N remove rates, NO2-N remove rates, VS,
and denitrification rates. These findings suggest that these bacterial
communities might contribute to the variations in denitrification on
different carriers. Compared with the VNO3-N, the smaller angle between
VNO2-N and VDN further indicated the importance of NO2-N removal to
denitrification process.

Fig. 4. Relative abundance over 1% of microbial communities of different carriers at the phyla level.
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4. Conclusions

Enhanced EFBs with additional stereo-elastic packing was demon-
strated to increase the TN removal efficiency by 21.4% over that of
EFBs with only plants and ceramisite as biomass carriers. Stereo-elastic
packing impeded plant biomass production but increased sediment N
accretion, and intensified denitrification rates on both ceramisite and
plant roots by increasing NO2-N removal, especially on plant roots. The
enrichment of denitrifying bacteria such as Aridibacter, Hyphomicrobium
and Gemmobacte notably increased denitrification rates. Therefore, the
addition of stereo-elastic packing proves beneficial to enhance the N
removal performance of in-situ remediation technologies such as EFBs
by the enhancement of denitrification.
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