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Abstract

The effects of various combinations of iron compounds on the contaminant removal performance in constructed wetlands (CWs)
were explored under various initial iron concentrations, contaminant concentrations, different hydraulic retention time (HRT),
and different temperatures. The Combo 6 (nanoscale zero-valent iron combined with Fe**) in CW treatments showed the highest
pollutant removal performance under the conditions of C2 initial iron dosage concentration (total iron 0.2 mM) and 12 initial
contaminant concentration (COD:TN:TP =60 mg/L:60 mg/L:1 mg/L) in influent after 72-h HRT. These results were directly
verified by two different microbial tests (Biolog test and high-throughput pyrosequencing) and microbial community analysis
(principal component analysis of community-level physiological profile, biodiversity index, cluster tree, relative abundance at
order of taxonomy level). Specific bacteria related to significant improvements in contaminant removal were domesticated by
various combinations of iron compounds. Iron dosage was advised as a green, new, and effective option for wastewater treatment.

Keywords Combinations of iron compounds - Multiple contaminants - Oxidation-reduction - Microbial community optimization

Highlights

* Ferrous ions produced by nZVI and ferric ions realized the longer and

higher performance in CWs.

* Produced ferrous ions rearranged the microbial abundance and diversity
in CWs.

« The direct microbiological evidence of iron-driven contaminant removal
was given.

 Produced iron ions promoted TP removal through precipitation and
optimizing microbial conditions.
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Introduction

Contaminants in surface water have become a big environ-
mental problem. Contaminants from domestic sewage, ag-
riculture, and industrial wastewater affect the quality of
surface water in rivers and lakes. In contaminated surface
water, the main pollutants were excessive nitrogen and
phosphorus [1]. Ammonia nitrogen can kill fish and other
creatures in water and nitrate/nitrite may cause cancers,
malformations, and mutations in human body. Phosphate
largely affects the water quality in many ecosystems via
eutrophication [2]. These pollutants are discharged into
surface water and threaten both human beings and the en-
vironment. Therefore, it is necessary to remove these con-
taminants from the environment.

In order to improve the removal performance of pollutants,
iron is used in many water treatment processes because iron
has variable valence states [3]. Different iron compounds (Fe’,
such as iron powder and nanoscale zero-valent iron (nZVI);
Fe2+; Fe3+) were used in water treatment for contaminant re-
moval (Table 1). Iron-based ecological wastewater treatment
technologies are suitable options for improving the removal
performance of contaminants.
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Table 1  Iron used in water treatment

Compounds Contaminants Removal (%) References
nZVI Organic matters >68 [4, 5]
nZVI Heavy metals >98 [6, 7]
nZVI Nitrogen >71 [8,9]
nZVI Phosphate >57 [10]

Fe** Nitrogen >73 [11, 12]
Fe*t Nitrogen >89 [12, 13]
Fe** Phosphate >60 [8]

Under an oxidation environment, ferrous iron can be easily
oxidized into ferric iron. Under a reduced environment, ferric
iron is also easily reduced into ferrous iron. Theoretically, zero
valence iron and ferric iron can produce ferrous iron:

Fe + Fe' "o Fe?t (1)

It is assumed that iron powder or nZVI reacts with Fe** to
produce Fe** under reduction conditions. It is probably an
economic way to add iron ion in the treatment system because
Fe (0) is easily oxidized into ferrous ion in air.

Constructed wetland (CW) is a kind of water treatment
system with significant advantages [14]. CW is a multiple-
contaminant removal system involving physical, chemical,
and biological processes [15]. Nitrogen removal depends on
nitrification and denitrification reactions, and phosphorus re-
moval depends on adsorption and biochemical reactions [16].
In CWs, there are multiple redox zones for contaminant re-
moval [17]. These oxidation—reduction zones promoted iron
ions to trigger the contaminant removal in CWs as mentioned
above. Iron used in CWs was a suitable option for improving
the removal performance of contaminants.

Previous studies focused on the improvements in the re-
moval performance of contaminants driven by iron, but the
effects of different iron ions on the removal performance of
contaminants were not compared. In water treatment, iron-
triggering improvements in the removal performance of con-
taminants involved about only one type of contaminants, such
as heavy metals, nitrogen, phosphorus, or organic matters. In
wastewater treatment processes, multiple contaminants were
found in water. The iron-intensified treatment performance for
multiple contaminants or the synergistic mechanism of differ-
ent contaminants in the purification process was not reported
yet. It is proved that iron affects the microbial community
indirectly. However, the structure or evolution of the microbial
community in the iron-driven wastewater purification treat-
ment was not reported.

In this study, CW treatment with different iron compounds
under different iron dosages, different initial pollution concen-
trations, different temperatures, and different hydraulic reten-
tion time (HRT) for the removal of multiple contaminants

were explored. Microbiological experiments were performed
to demonstrate the variations of the microbial community.

Materials and Methods
Establishment of Laboratory-Scale Units

A laboratory-scale vertical subsurface flow CWs (Fig. S1)
with an inner size of 0.5 m (diameter) X 1.1 m (height) was
built. The filter medium in CWs was quartz sand, and Canna
was planted as well. In each CW, two PVC outlets were set up
for sampling (0.1 m and 1 m high; one for sampling influent
and the other for sampling effluent). Four layers of quartz sand
with different diameter ranges as substrates in CWs were set
(diameter ranges of quartz sand from top layer to bottom layer:
10~15 mm, 5~8 mm, 1~3 mm, and 10~15 mm). The bottom
layer was 0.1 m deep, and the other three layers were 0.3 m
deep. During the experimental period, the water level should
be kept at 1 cm above the surface of the substrate.

System Operation

The division of the experimental period in this study is shown
in Fig. 1. Air temperature and relative humidity are 0~35 °C
and 45~85% (Air Quality Measure Meter, PRANUS, China)
during the whole experimental period. The systems were built
in Shanghai Ocean University in the east of Shanghai, China.
Initially, the CWs were normally operated with synthetic
wastewater for 1 month.

Synthetic wastewater was prepared with tap water, organic
matters (two glucose concentrations 30 and 60 mg/L), nitro-
gen (437.14 mg/L NaNOj; equivalent to 60 mg/L TN), phos-
phorus (6.032 mg/L KH,PO, equivalent to 1 mg/L TP), and
other micronutrients. According to Environmental Quality
Standards for Surface Water of China (GB 3838-2002), syn-
thetic wastewater was prepared in plastic tank and intermit-
tently fed to the systems with different HRT during the exper-
imental period.

During the experimental period, six different iron addition
combinations (iron powder, nZVI, Fe**, Fe**, iron powder
and Fe**, nZVI and Fe3+) for contaminant removal were ar-
ranged and respectively named Combo 1~Combo 6. The con-
trol without addition was named Combo 0. Three initial total
iron dosages (0.1 mM, 0.2 mM, and 0.3 mM) were arranged in
this study and respectively named C1~C3. Iron powder, nZVI,
Fe** (FeSO,), and Fe’* (FeCls) were bought from Sinopharm
Chemical Reagent Co., Ltd.

Totally, 114 CW systems were built. In 57 systems, syn-
thetic wastewater was added in influent according to the initial
concentrations of contaminants (COD:TN:TP =30 mg/
L:60 mg/L:1 mg/L), and then, six combinations of iron com-
pounds were added according to three initial total iron
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Fig. 1 Division of the OCT 2017 NOV 2017 ~ APR 2018 May 2018 ~ AUG 2018
experimental period in this study I l I I
System stabilized Exgeciments Experiments
operation approached under low approached under high
temperature temperature

dosages. One system without iron addition was used as the
control. In the other 57 systems, synthetic wastewater was
added into influent according to the initial concentrations of
organic compounds (COD:TN:TP =60 mg/L:60 mg/L:1 mg/
L), and then, six combinations of iron compounds were added
according to three initial total iron dosages. One system with-
out iron addition was used as the control (Table 2).

After the systems were stabilized, the experiments were
launched in treatments under different HRT (HRT =12, 24,
48, and 72 h) and low/high temperature with different initial
contaminant concentrations (COD:TN:TP =60:60:1 and
COD:TN:TP =30:60:1, unit mg/L). In all experiments, treat-
ments were arranged in triplicate.

Water Sampling

Water samples were taken for testing at the beginning and the
end of each experimental batch and triplicate samples were
collected from each system. Samples were collected in a clean
glass bottle and filtered by glass-fiber filters (0.22 pum) for
analysis.

Water Analysis
Water temperature, pH, DO, and ORP (HI 9143, HANNA,

Italy; HQ40d, HACH, USA) in influent and effluent were
analyzed immediately after sampling.

Table 2 Devices used in the experiments

According to the standard methods described by the
American Public Health Association (1998), TN (NH, N,
NO; —N), TP, COD, Fe**, Fe**, and total iron (TI) in water
samples were spectrophotometrically analyzed with a spectro-
photometer (DR900, HACH, USA; SpectroQuest,
UNICOSH, USA).

DNA Extraction and Microbial Test

Quartz sand (20 g from each system) from bottom layers was
gathered and mixed from triplicate systems. Microorganisms
were collected on the surface of quartz sands by vibrating for
30 min and centrifuging twice. Soil DNA kits were used to
extract DNA from microorganisms. DNA samples were
stored at —20 °C until use.

Biolog EcoPlates

Biolog EcoPlates can be used to explore microbial community
function based on the community-level physiological profile
(CLPP) calculation results. Microorganisms in sample solu-
tions were extracted and then inoculated on the Biolog
EcoPlates. Normally, the function of microbial community
was explored based on the consumption of each single carbon
source by microorganisms in a certain period. There are a total
of 31 available carbon sources in Biolog EcoPlates, and trip-
licates were set for the data analysis. Metabolic fingerprints of

114 systems (in triplicates) Parameters

Initial concentration in influent (COD:TN:TP, mg/L)

11 =30:60:1 12=60:60:1

Iron dosage (mM) Iron dosage (mM)

C1=0.1, C2=0.2 C3=03 C1=0.1, C2=0.2 C3=03
Combo 0 (without iron addition) — — — - — —
Combo 1 (iron powder) C1—Combo 1 C2—Combo 1 C3—Combo 1 C1—Combo 1 C2—Combo 1 C3—Combo 1
Combo 2 (nZVI) C1—Combo 2 C2—Combo 2 C3—Combo 2 C1—Combo 2 C2—Combo 2 C3—Combo 2
Combo 3 (Fe**) C1—Combo 3 C2—Combo 3 C3—Combo 3 C1—Combo 3 C2—Combo 3 C3—Combo 3
Combo 4 (Fe**) C1—Combo 4 C2—Combo 4 C3—Combo 4 C1—Combo 4 C2—Combo 4 C3—Combo 4
Combo 5 (iron powder and Fe*h) C1—Combo 5 C2—Combo 5 C3—Combo 5 C1—Combo 5 C2—Combo 5 C3—Combo 5
Combo 6 (nZVI and Fe**) C1—Combo 6 C2—Combo 6 C3—Combo 6 C1—Combo 6 C2—Combo 6 C3—Combo 6
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microbes were used to indicate the microbial characteristics
based on data analysis.

The diluted solution was separately added into each well of
Biolog EcoPlate, which was placed at 25 °C in darkness. The
absorbance of the wells at 590 nm and 750 nm was measured
every 24 h.

High-Throughput Pyrosequencing

In this experiment, the V4 and V5 regions of 16S rRNA were
amplified with the following primers: forward 5'-AY
TGGGYDTAAAGNG-3'" and reverse 5'-
TACNVGGGTATCTAATCC-3". DNA ligase was used to
connect the extracted DNA fragments from each sample.
DNA library (10 nM) was amplified by PCR. An Illumina
MiSeq machine (2 % 250 bp reads) was used in the DNA se-
quencing with DNA library. High-quality sequences from
each sample were classified as operational taxonomic units
(OTUs), which were taken from the database [18].

Data and Statistical Analysis

Pollutant removal performances and physico-chemical index-
es were calculated with measured water flows. The values of
triplicate samples of influent and effluent were averaged. The
results of triplicate experiments were used to plot standard
error bars. The figures in the paper were plotted by Origin
Pro 9.0. All experimental data were analyzed in SPSS 20.0.

In Biolog plate wells, the average well color development
(AWCD) of each sample was used to indicate the microbial
activity [19]. AWCD value at 72 h was assigned to measure
carbon source utilization in different samples [20].

The Shannon index (H'), Pielou index (J), and Simpson’s
reciprocal index (1/D) were used to evaluate the functional
diversity of microorganisms. Simpson index indicates the as-
semblage from the same species in the community, and the
other two indexes indicate the species diversity richness and
evenness in the community [21]. The calculation methods of
the three diversity indexes were respectively from previous
reports [11, 13, 22].

Principal component analysis (PCA) was performed with
the Biolog EcoPlate data. In the PCA diagram of all the sam-
ples, the distance of each spot indicates the similarity of
AWCD in each sample and the higher similarity suggests the
shorter distance of each spot [23].

Results and Discussion
General Performance

The pH of influent in treatments with/without iron dosage was
6~6.3 and 6.5~7, respectively. The pH of effluent in all

treatments was 6.5~6.8. The DO values of influent and efflu-
ent in all treatments were 7.83~10.18 mg/L and
1.51~2.31 mg/L, respectively.

The contaminant removal performance was improved ob-
viously at different temperatures (P < 0.05), indicating that the
higher temperature promoted the microbial activity in treat-
ments [24, 25]. The higher contaminant removal efficiencies
were found after longer HRTs (P <0.05), demonstrating that
denitrification driven by microbes and phosphate adsorption
by substrate both depended on longer HRT [26]. Initial con-
centrations of organic matters in influent significantly affected
TN and TP removal efficiencies [27, 28].

The relationships between temperatures, HRTs, initial con-
centrations of contaminants in influent, different combinations
of iron compounds, and different initial total iron dosages
were also studied (Tables 3 and 4). Contaminant removal in
CW treatment was not only determined by environmental fac-
tors, such as temperature, but it was also influenced by system
parameters, such as HRT [29]. Therefore, it is necessary to
explore the interactions between these environmental factors
and operating parameters.

The contaminant removal efficiencies with different com-
binations of iron compounds were higher than that without
iron addition because iron ion promoted the TN and TP re-
movals in treatments [30]. The better removal performances
were obtained in Combo 5 and Combo 6, indicating that Fe?t
ion was produced in CWs and promoted the denitrification
process.

Initial Concentration of Pollutants in Influent

Water quality affects the removal performance in treatment, so
it is necessary to explore the influences of iron ions on the
pollutant removal performance in CWs.

Figure 2 shows the relationship between total iron concen-
tration and TN/TP. Higher initial concentration of pollutions
in influent corresponded to the better pollution removal per-
formance (Table S1 and S2), and more significantly, positive
correlations, indicating that iron ions promoted pollutant re-
moval in the presence of organic matters. If TP removal per-
formance was considered, this positive correlation was more
obvious because the R? value was higher under the high initial
pollutant concentration in influent. It may be ascribed to the
precipitation between ferric ions and phosphorus [31].

Iron Dosage in Influent

Iron dosage affects iron ions in CWs, and an optimal dosage of
iron in influent might contribute to the high performance of
the system and low cost.

The linear fitting results between nitrogen/phosphorus
concentration and initial total iron dosage are shown in
Fig. 3. The better linear fitting result between nitrogen
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Table 3

Multivariate ANOVA results for the effects of HRTs, temperatures (Ts), different iron dosage applications (As), different initial iron dosage

concentrations (Cs), and different contaminant concentrations in influent (Is) on the contaminant removal performance

Interaction Parameters (Sig.)

HRTs Ts As Cs Is HRTs xTs Cs x Is Ts x As HRTs x As x Cs xIs HRTs x Ts x As x Cs x Is
As Cs Is HRTs As Is As Cs Cs Is Ts As HRTs

cop(®) - - - 0001 - - 0.017 0.027 - - - 0.017 0.031 - -

TN (%) - - - 0.021 - - 0021 0.001 - - - 0.025 0.019 - -

TP (%) - - —= 0013 - - 0042 0.023 - - - 0.001 0.024 - -

En dash means that the interaction existed between the factors, but the difference was not significant (P > 0.05)

concentration and initial total iron dosage was found in
C2, and the better linear fitting result between phosphorus
concentration and initial total iron dosage was obtained in
C3. Iron addition could complement electronic donors
during denitrification by continuously generating Fe** in
the system [32]. However, an excessive iron dosage was
not good for the operation or microbial activity [33].
Considering the nitrogen removal performance, C2 was
determined as the optimal iron dosage concentration
(Table S1 and S2). Meanwhile, experimental results
proved that the high iron dosage promoted phosphorus
precipitation [34]. However, considering the operation
cost and the problem of system blockage [35], C2 was
selected as the optimal iron dosage in the whole treatment
process.

Different Iron Compounds in Influent

Contaminant removal in CWs depended on the microbial ac-
tivity in denitrification, indicating that organic matters were
related to nitrogen/phosphorus removal. Adding different iron
compounds in influent would result in different contents of
iron ions (ferrous or ferric ions) in CWs. Ferrous ions could
work as donor suppliers in the denitrification process when the
carbon source concentration was limited. Therefore, the rela-
tionship between contaminant concentration and iron concen-
tration with different iron compounds in influent should be
explored.

The linear fitting results between nitrogen concentration
and initial total iron dosage in Combo 1~Combo 6 after 72-h
HRT are given in Fig. 4. Better linear fitting results were found

Table 4 One-way ANOVA

results for different iron dosage Dependent Different iron ~ Differentiron  Sig. Different initial Different initial Sig.
applications (As) and different variables dosage dosage iron dosage iron dosage
initial iron dosage concentrations applications applications concentrations (i)  concentrations (/)
(Cs) under different contaminant ® 0]
concentrations in influent on the
contaminant removal COD (%) Combo 6 Combo 0 0.017 C2 Cl1 0.019
performance Combo 1 0.039 Cc3 0.037
Combo 2 0.023
Combo 3 0.037
Combo 4 0.021
Combo 5 0.315
TN (%) Combo 6 Combo 0 0.001 C2 Cl 0.007
Combo 1 0.018 C3 0.012
Combo 2 0.041
Combo 3 0.023
Combo 4 0.035
Combo 5 0.477
TP (%) Combo 6 Combo 0 0.009 C2 C1 0.013
Combo 1 0.011 C3 0.035
Combo 2 0.026
Combo 3 0.038
Combo 4 0.041
Combo 5 0.588
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Fig. 2 Linear fitting results of TN/TP concentration and total iron concentration with 11 and 12 after 72-h HRT in the whole experimental period

in the combinations Combo 5 and Combo 6, indicating that
nitrogen removal was directly related to iron content in
Combo 3, Combo 5, and Combo 6 [36]. It was also proved
that iron ions, especially Fe**, promoted the denitrification
process when the concentrations of organic matters were low
in the treatment. In Combo 5 and Combo 6, Fe** was pro-
duced in multiple oxidation—reduction zones in CWs. The
content of Fe?* was stored and continuously consumed during
the experimental period. Due to nZVI added, iron ions in the
system worked stably [37].

The linear fitting results between phosphorus concentration
and initial total iron concentration in Combo 1~Combo 6 after
72-h HRT are also given in Fig. 5. The better linear fitting
results of phosphorus and iron were found in Combo 4,
Combo 5, and Combo 6 because the precipitation reactions
between contaminants and Fe** happened [38]. Changeable
valences of iron ions in Combo 5 and Combo 6 promoted the
iron ion recycling, which continuously provided Fe** for de-
nitrification driven by microbial activity and Fe** for precip-
itation of phosphorus.

Microbial Analysis

In this study, the influences of different combinations of iron
compounds and different total initial iron dosages on CW
treatment for contaminant removal were investigated. The im-
proved performance under the optimal HRT, temperature, and
initial influent concentration was discussed above. The effects
of different combinations of iron compounds under the opti-
mal initial total iron dosages (C2) and 12 contaminant concen-
tration in influent at high temperature after 72-h HRT on the
microbial community in treatments were discussed below. We
investigated the variations of the microbial community with
two different methods (Biolog test and high-throughput
pyrosequencing).

In this study, a total of 922,098 sequence reads for
bacteria were extracted by pyrosequencing 16S rDNA
fragments from bacterial samples. The high-quality se-
quences were described as OTU mentioned in “High-
Throughput Pyrosequencing.” OTU classification and
identification results were given in Table S3 for further
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analysis. All the sequences were classified. The classifi-
cation results demonstrated that the bacteria in treat-
ments grew well and were adapted to the treatment sys-
tem stably.

According to cluster analysis results, microbial communi-
ties in the treatments with Combo 1~Combo 6 were signifi-
cantly different from those in the treatment with Combo O.
Based on biodiversity indexes of high-throughput
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Fig. 4 Linear fitting results of TN concentration and total iron concentration in Combo 1~Combo 6 after 72-h HRT in the whole experimental period

@ Springer



Influences of Iron Compounds on Microbial Diversity and Improvements in Organic C, N, and P Removal... 799
05 y 05 S
. , Combo 1 . Combo 2
. " []
Fig.5 Lir 4 : : o4r " . . tal period
. . i
03} . . 031 . o
" R'=0.19448 - = By
i2k 0zl R“=0.29717
0.1 0.1+
0.0 0.0 ! ’ .
0 5 10 15 5 10 15
0.5
0.5 . Combo 3 . Combo 4
- . . 0.4} . .
0.4} - . .
r_’————/'_,_’ R___f’-,—————"
[ L 03|
%0.3 3 . ] R?=0.25428 =, - . R%=0.50736
E 02} -
S0z}
=}
0.1} OLf
0.0 1 L ) 0.0 ) L N
0 5 10 15 5 10 15
05 0.5
Combo 5 Combo ¢
04 n & i 0.4}
- - -
- L] L]
03+ 5 0.3+ s .
. R =0.61461 2
o2l "= A 02l o . R"=0.89461
8 - . ™ -
-
0.1} 0.1+
0.0 L 1 1 0.0 L L ]
0 5 10 15 0 5 10 15
TI (mg/L)

Fig. 5 Linear fitting results of TP concentration and total iron concentration in Combo 1~Combo 6 after 72-h HRT in the whole experimental period

pyrosequencing test (Table 5), the above results were validat-
ed. Among the treatments with different combinations of iron
compounds, Combo 5 and Combo 6 belonged to the similar
bacteria group. In the classification tree of OTUs (Fig. 6),
various bacteria were marked as different letters (presented
the different bacteria) and colors and the sizes of nodes with
marked colors indicated the bacterial richness (the larger the
node was, the higher the bacterial richness was) [39]. These
results indicated that the dominant bacteria in treatment with
Combo 1~Combo 6 were ACTINOBACTERIA and
PROTEOBACTERIA, which were widely used in wastewater
treatment process and allowed contaminant removal smoothly
[40].

According to the AWCD values obtained in Biolog test
(Fig. 7a), more carbon-consuming bacteria were found in the
treatment with Combo 5 and Combo 6, indicating that the
bacterial activities in the treatment with Combo 5 and
Combo 6 were obviously higher than that in the treatments
with Combo 0~Combo 4. According to the 72-h biodiversity
indexes of Biolog test, similar results were found. The value of
the diversity index of Combo 5 and Combo 6 was higher than
that of other combinations. According to PCA of the CLPP
results by Biolog test (Fig. 7b), two components (PCAL,
88.2%; PCA2, 47.1%) were extracted and the position of
Combo 6 was close to positions of six different carbon
sources. The results indicated that the carbon source

utilization by bacteria in the treatment with Combo 6 was
the highest. It was directly proved that the improved contam-
inant removal performance was triggered by the bacteria ac-
tivity [41]. Bacteria in CW treatment generally utilized the
carbon source of Carbon 1 [42]. However, due to the iron
addition in the treatment with Combo 6, carbon source utili-
zation behaviors of bacteria were changed and they consumed
the carbon source of Carbon 2~Carbon 5, which were com-
posed of various contaminants, such as nitrogen and phospho-
rus contaminants. As a result, the bacteria in the treatment with
Combo 6 were acclimatized to consume nitrogen and
phosphorus.

According to the relative abundance at the taxonomy level
by high-throughput pyrosequencing (Fig. 7¢), FIRMICUTES
was rich in the treatment without iron dosage. The bacteria
might over-assimilate the energy in the treatment [43]. This
behavior possibly led to a waste of energy and increased the
operation cost of the system. BACTEROIDETES can utilize
carbon sources as electronic donor [44]. In the treatment with
Combo 5 and Combo 6, the abundance of this bacteria was
significantly lower than that in the treatment with Combo
0~Combo 4. Higher contaminant removal efficiencies indicat-
ed that iron ion (such as Fe**) worked as electronic donors for
bacteria to remove nitrogen in treatments. Additionally,
PLANCTOMYCETES was considered as a beneficial strain
for pollutant removal and nitrogen cycling [45] and
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Table 5 Biodiversity indexes of

Biolog test after 72-h HRT and Application Indices

high-throughput pyrosequencing

in Combo 0~Combo 6 Biolog test High-throughput pyrosequencing

Pielou Shannon— Simpson Chaol Simpson Shannon
Wiener

Combo 0 0.827a 7.702a 0.827a 1420.01a 0.792a 8.67a
Combo 1 0.932b 11.847b 0.915b 1601.23b 0.898b 13.32b
Combo 2 0.935b 12.926b 0.906¢ 1606.16b 0.887b 14.54b
Combo 3 0.936b 14.244c 0.902¢ 1606.50b 0.902¢ 16.02¢
Combo 4 0.932b 14.848c 0.915b 1599.87b 0.929¢ 16.70c
Combo 5 0.941c 16.508d 0.927d 1616.19b 0.952d 18.57d
Combo 6 0.943¢ 17.555¢ 0.924d 1619.08b 0.979d 19.75d

Values shown in Table were the mean value of triplicate samples. Combo 1~Combo 6 indicated six different iron
dosage applications, and Combo 0 was as the control without any addition. The same lowercase letters meant that
there was no significant difference among different iron dosage applications (P <0.05)

VERRUCOMICROBIA was reported to be highly adapted to
extreme environments [46, 47]. Both PLANCTOMYCETES
and VERRUCOMICROBIA were rich in the treatment with
Combo 5 and Combo 6, indicating that the combinations of
iron compounds in Combo 5 and Combo 6 promoted the
optimization of the microbial community composition for
wastewater treatment.

Fig. 6 Classification tree of
OTUs under different iron A-Bacteroidetes 2

dosages (combo 1~Combo 6) B-Bacteroidia
with C2 and 12 pollutant C-Bacteroidales
concentrations in influent after D-Actinobateria
72-h HRT in the whole experi- E-Profechecterte

mental period
F-Gemmaproteobacteria

G-Alphaproteobacteria
H-Rhodobaterales
|-Betaproteobateria
J-Nitrosomonadales
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In this study, the Biolog EcoPlate test was performed to
investigate microbial metabolism in CWs and the high-
throughput sequencing of 16S rRNA was used to reveal the
microbial diversity and community structure [20]. The micro-
bial data were extracted with the two methods from the sam-
ples in CWs, and more detailed information was found by the

]
¢ \

92—

|




Influences of Iron Compounds on Microbial Diversity and Improvements in Organic C, N, and P Removal... 801

1.0
0.9
0.8
0.7
0.6
0.5

AWCD

0.4
0.3
0.2
0.1

0.0 1 1 1 1 1 1 1 1 1

24 48 72 96 120 144 168 192 216 240

carbon source (b)

@ = Applications 2r w AS

g

r~

-

N2

~ 1 c1

. A

S A2 )

2 L) A

-]

g L] ! 0 A(‘lf"‘l

S =20 -1 a LA (1( b
6

8 = cs C3

«

2,

K] -1+ A4

]

.: -

= Al

2+

Principal Component 1 (88.2%)

Time ( h)
T (©
A6 T TS aa— |
I
AS Y ey I Minor groups
AS [JVerrucomicrobia
4 [ Planctomycetes
A4 I | Bl Chlorofiexi
I [ Cyanobacteria
[l Nitrospirac
Il — e BE— s i 1 — ey
+ [_IBacteroidetes
AT ] R || [ Firmicutes
il [ Proteobacteria
[ Actinobacteria
Al SS——-—— | mma|
i
A T
| 1 | 1 | | | | | ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative abundance at the order taxonomy level

Fig. 7 Microbial community analysis of different iron dosages with C2
and 12 pollutant concentrations in influent after 72-h HRT in the whole
experimental period. a Average well color development (AWCD) results
by Biolog test. b PCA results by Biolog test. ¢ Phylum and abundance

high-throughput sequencing of 16S rRNA, which was an ad-
visable analysis tool for environmental microbes.

Conclusions

In this study, different combinations of iron compounds were
applied in CWs to improve contaminant removal perfor-
mances. The combination with Fe (0) and Fe (III) in CW
treatments had the higher contaminant removal efficiencies,
and the longer efficacy was obtained with Combo 6 (nZVI
combined with Fe3+). According to microbial analysis results,
Combo 6 of iron compounds in the treatment was the optimal
combination. As a result, the optimal conditions for contami-
nant removal were determined as follows: Combo 6 (nZVI
combined with Fe? ™), C2 initial iron dosage concentration
(total iron 0.2 mM), and 12 initial contaminant concentration
(COD:TN:TP =60 mg/L:60 mg/L:1 mg/L) in influent after
72-h HRT. The effects of iron dosage in open-scale treatments
and different carbon sources in influent will be further ex-
plored in the future.

distribution by high-throughput pyrosequencing. Different types of car-
bon sources are expressed as the following: carbon 1-glucose and its
ramification, carbon 2-amino acids, carbon 3-polymer, carbon 4-
phenolic acids, carbon 5-amines, and carbon 6-carboxylic acids
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