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ABSTRACT

To investigate the effect of biochar on coupling migration-biodegradation of total nitrogen (TN) during
river-based groundwater recharge with reclaimed water, lab-scale columns were used to simulate
the recharging process. The packing medium of the three columns was mainly composed of biochar
amended soil (BCS), silty clay (SC) and sterilized soil (SS). The results showed that the attenuation
effect of TN was ordered as BCS > SC >SS, which showed that biochar could improve the decay rate.
The migration trends of NH,'-N and NO,—N were different because of the biotransformation among
organic nitrogen, NH,'~N and NO,-N. The main removal mechanism was sorption and biodegradation
for NH,'-N, whereas it was denitrification for NO,—N because the negative charge prevented sorption
of NO,—N into negatively charged aquifer soil. The key removal pathway was biodegradation in the
recharge process, especially for the BCS system, because biochar amended improved the removal rate
of nitrogen as well as denitrification enzyme activity. The 454 pyrosequencing 16s rRNA gene analysis
showed that the ranking of the largest five relative abundances at the phylum level evidently changed
and that the phylum related to denitrifying significantly increased with the biochar addition. Except for
common and coexisting denitrifying bacteria, such as Pseudomonas and Bacillus, specific bacterial gen-
era, such as Caenimonas, Helicobacter, Halomonas, Lactobacillus and Flavisolibacter, and the archaeal genus
Woesearchaeota_DHVEG-6 had previously been detected in the BCS system, which might be involved
in nitrogen removal and should be studied in future research. Biochar has an intensification effect on
denitrification by changing microbial living environmental factors, such as oxidation-reduction poten-
tial, pH and C/N, and providing a better biological attachment condition. These findings might provide
a useful method to improve nitrogen biotransformation in groundwater recharge areas and could facil-
itate the prediction of different types of nitrogen in underground aquifers.

Keywords: Nitrogen migration and biodegradation; Biochar; Reclaimed water; Groundwater recharge;
Microbial community and diversity; Indoor test

1. Introduction

In the face of water shortage and pollution, the reuse of
reclaimed water has become a long-term and important strat-
egy in the management of water resources in China. In 2016,
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nearly 716.2 x 10°® tons of wastewater was treated and 85% was
discharged into the river in China, and approximately 10 x 10
tons of wastewater was treated and 60% was recharged through
river utilization in Beijing [1,2]. Many cities began to use recy-
cled water to supplement rivers and lakes to alleviate the prob-
lem of drought. However, there were organic pollutants and
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inorganic nutrients, such as endocrine disrupting chemicals,
nitrogen and phosphate, in reclaimed municipal wastewa-
ter, which could impact groundwater quality [3,4]. The total
nitrogen (TN) concentration was between 15 and 20 mg L7,
which was became effluent from the secondary wastewater
treatment plant [5], and the concentration of nitrogen, even in
the tertiary-treated reclaimed municipal wastewater, was also
appreciable (approximately 5-15 mg L™). Therefore, the high
content might cause nitrogen pollution, especially in the form
of nitrate, which could be soluble in soil pore water and in artifi-
cially river-based recharge aquifers in this area and might pose
a potential public health problem in the areas where drinking
water comes from groundwater, such as northern China.

The transportation and transformation of nitrogen in
the soil vadose zone is shown in Fig. 1, which indicated that
ammonia absorption, nitrogen fixation, nitrification and
denitrification occurred during the percolation process [6].
The main processes of nitrogen removal were denitrifica-
tion and sorption. Among them, denitrification was medi-
ated by denitrifying bacteria under anaerobic conditions [7].
However, recently, archaeal nitrification has been discovered
[8]. Moreover, molecular biology technology and genome
analyses provide new insights into the ecology of micro-
organisms responsible for the conventional denitrification
process [9,10]. Thus, compared with the previous under-
standing, researchers are beginning to recognize that various
microorganisms are involved in the nitrogen cycle.

Biochar could improve the utilization efficiency of nitro-
gen in agricultural production as an approach to alleviate
nitrogen leaching [11-14]. Biochar is an organic material with a
high carbon content, mostly an aromatic structure and a great
stability resulting from high temperature thermal conversion
of organic materials under complete or part anoxic conditions
[15]. Because of its large surface area, negative surface charge
and charge density, biochar has an excellent adsorption abil-
ity [16,17]. Some studies have revealed that adding biochar
into the soil reduced the cumulative losses of NH,*-N because
of the high adsorption capacity over the experimental period
[18-20]. The physical and chemical properties of microbial
colonization in the soil can be ameliorated by an attenuation
of biochar and therefore affect soil microbial activity and
community structure, which might be another mechanism for
reducing N leaching because it could influence microorgan-
isms that play an important role in the process of denitrifica-
tion [21]. Therefore, to explore the variation of the microbial
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Fig. 1. A flow chart for nitrogen in the soil.
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community after biochar amended and to study the effect of
leaching into groundwater during the recharge process with
reclaimed water is crucially important.

The purposes of this research were (i) to detect the dif-
ference of nitrogen migration and transformation during the
artificial groundwater recharge process; and (ii) to investi-
gate the effect of biochar on the bacterial community compo-
sition and diversity and nitrogen transformation. To achieve
these objectives, a dynamic experiment was designed to
simulate the recharge process with reclaimed water using
a biochar amended soil (BCS) column, a silty clay (SC) col-
umn and a sterilized soil (SS) column. In the literature, it is
noteworthy because only a few studies have focused on both
the migration process and the shift of the microbial commu-
nity structure throughout the whole denitrification process
in continuous recharge column systems. The results of this
study might reduce the risk of nitrate in reclaimed water
leaching into the groundwater trough by providing practical
information for guiding the exploitation of a novel amended.

2. Materials and methods
2.1. Raw water

Raw water was a tertiary effluent and was used for labo-
ratory experiments from the YinWenJiChao Reclaimed Water
Treatment Plant in Beijing whose coordinates are N 40.12°,
E 116.50°. The processes of this treatment are primarily
constituted by ozone preoxidation, a membrane bioreac-
tor, chemical phosphorus removal, disinfection and a con-
structed wetland. The characteristics of the artificial recharge
water are shown in Table 1.

2.2. Vadose zone soil samples and biochar materials

The filler of the recharge column was mainly composed
of SC, which was collected from the southern section of the
Chaobai River aquifer vadose zone in Beijing of the Huabei
plain. The soil was air-dried before use and then uniformly
distributed through a 2 mm nylon sieve and mixed to obtain
a homogeneous soil sample [22]. The biochar was made from
corn stalk using a furnace through pyrolysis under an N,
environment at 400°C for 1.5 h. The biochar samples were
milled and sieved through a 1 mm nylon sieve and then the
1% biochar was mixed with SC soil to make the BCS filler.
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The physical and chemical properties of the tested soils
and biochar are shown in Table 2.

The cation-exchange capacity (CEC) was determined by
following the methods proposed by Chapman [23]. The total
organic carbon (TOC) content was analyzed using a solid
TOC analyzer (SCSH, TOC-VCPH, Japan) [24]. The Autosorb-
iQ-C (Quantachrome, Boynton Beach, FL, USA) was utilized
to determine the specific surface areas (S5As). The elemental
composition was determined by dry combustion using an
EA3000 CHNS/O Analyzer (EuroVector, Italy).

2.3. Laboratory column replenishment systems” building and the
dynamic experimental process of the nitrogen migration dynamic
experiment

A schematic diagram of the laboratory scale is presented
in Fig. 2. Three columns are contained in the recharge system.
The filler media of the three columns were mainly composed
of a BCS with 1% biochar, SC and sterile soil, which added
200 mg L' NaN, to inhibit the activities of the microorgan-
isms (SS). The flow rate of each experiment that was operated
in triplicates was approximately 0.5-0.7 m d*. The simulation
recharge columns were designed in the same size: a diameter
of 0.30 m and a height of 1.73 m with a water layer height of
0.5 m above the aquifer soil to simulate the water surface, a
soil layer height of 1 m and a supporting layer height of 0.3 m.
The whole system was covered with foil to avoid the light.

The temperature was 20°C + 5°C in the room. Before
starting the dynamic experiment, distilled water dissolved
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with 0.01 mol L™ CaCl, was added in the water layers over a
period of 60 d to create a homogeneously moist environment
in the columns at the riverbed capacity. The water was sam-
pled from each water sample port from day 3 and 7 and then
sampled every 7 d according to the water quality changes.
The total recharge period was 90 d. The information of the
sample collection and nomenclature is shown in Table 3.

2.4. Sample analysis

The leachate water samples were stored in the dark at 4°C
in the refrigerator. After centrifugation at 3,000 rpm for 3 min,
a determination of the TN was conducted by alkaline potas-
sium persulfate digestion ultraviolet spectrophotometry;
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Fig. 2. Schematic diagram of the lab-scale column recharge
system (mm).

Table 1

The characteristics of the artificial recharge water (mg L)
NH,-N 5.0
™ 25.0
NO,-N 15.0
NO,-N 15
Na* 100.0
K* 18.0
Ca,’ 63.5
Mg,* 24.0
Cr 93.3
SO* 69.0
HCO, 317.2

Table 2

Basic physiochemical properties of the soil and biochar attended in the BCS
Soil
Total organic carbon (%) 0.86
Total N (g kg™) 0.54
Ammonijum N (mg kg™) 3.50
Nitrate N (mg kg™) 1.72
CEC (cmol kg™) 8.30
Clay (%) 32.38
Bulk density (g cm™) 2.10
Permeability coefficient (m d) 0.70

Sawdust biochar

Pyrolysis temperature (°C) 400
pH 8.15
C (%) 6.21
H (%) 3.50
O (%) 18.62
Bulk density (g cm™) 0.55
Specific surface area (m, g™') 380.00
Water content (%) 5.90
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Table 3
Soil sample collection and nomenclature information

Sample group Sample nomenclature Soil sample collection
Silty clay (SC) SC1 30 cm depth of the silty clay column
SC2 50 cm depth of the silty clay column
SC3 70 cm depth of the silty clay column
Biochar amended soil (BCS) BCS1 30 cm depth of the biochar amended soil column
BCS2 50 cm depth of the biochar amended soil column
BCS3 70 cm depth of the biochar amended soil column
Original soil (control) Control The original soil samples of the soil collection place

an ultraviolet spectrophotometry method was used for
NO,-N determination; and the Nessler’s reagent spectro-
photometry method was used for the NH,*-N test [25,26].

Measurements of denitrification enzyme activity, pro-
posed by He et al. [27] and Peiffer et al. [28], have been
widely used to evaluate the activities of existing denitrifying
enzymes. A total of 1 g of soil was first placed in a 10-mL cen-
trifuge tube, and then a 1 mL solution containing 10 g L™ glu-
cose and 10 g L' KNO, for 5 mL was added to each tube. The
control sample was added with deionized water. Then, all of
the samples were filled with deionized water to 10 mL. The
samples were shaken at 37°C for 48 h and then the concentra-
tion of NO,—N was measured. An analysis of the water qual-
ity and enzyme activity was performed in the Environmental
Laboratory of Beijing Forestry University.

The bacteria and archaea community structure was ana-
lyzed using 454 pyrosequencing of the 16s TRNA genes. Soil
samples came from the BCS and SC systems from depths
of 30, 60 and 90 cm and the control, which was named BCS
1,2 and 3, SC 1, 2 and 3 and the control, respectively, and
the dry weight of each sample was 0.5 g. The DNA of the
soil samples was extracted by Power Soil DNA extraction
kits (OMEGA, CA, USA). The V4-V8 region’s 16S rRNA
gene was amplified through a broadly conserved primer
set (515F/806R  50-GTGCCAGCMGCCGCGGTAA-30/
50-GGACTACHVGGGTWTCTAAT-30). The primers of poly-
merase chain reaction (PCR) were established similar to the
following: forward primer = 454 Titanium Lib-1 Primer A/5-
base barcode/forward 16S primer and reverse primer = 454
Titanium Lib-1 Primer B/reverse 16S primer [28]. Each PCR
was performed in triplicate using 30 uL reactions with 15 pL
of the Phusion High-Fidelity PCR MasterMix (New England
Biolabs, USA), 0.2 umol L™ of forward and reverse primers,
and approximately 10 ng of the template DNA. The reactions
were cycled with an initial denaturation at 98°C for 1 min,
and followed by 30 cycles of denaturation at 98°C for 10 s,
annealing at 50°C for 30 s, elongation at 72°C for 30 s and
ultimately 72°C for 5 min.

Certified DNA-free PCR water was used in all dilutions.
Pyrosequencing was performed at the Genome Center,
Novogene, Beijing. A GeneJET Gel Extraction Kit (Thermo
Scientific, USA) was used for mixing and the PCR products
were purified and quantified on an Agilent Bioanalyzer 2100
system using an Agilent high sensitivity DNA assay. The
QIIME software package was used for the analysis of the
sequences [29], and both a- and p-diversity metrics were

analyzed using in-house Perl scripts. In every soil sample the
UniFrac distance metrics for comparing bacterial community
diversity and structures by means of principal coordinate
analysis and unweighted pair group method with arithmetic
was used. Redundancy analysis (RDA) was selected and the
significance of the total physicochemical factors was tested
with the Monte Carlo permutations (permutations = 999).
SPSS version 10.0 was used for data analysis and involved an
analysis of variance (SPSS Inc., Chicago, IL, USA).

3. Results and discussions

3.1. Effect of biochar on spatial variation of nitrogen migration
during the laboratory dynamic recharge process

3.1.1. TN migration in different depths of the three
recharge systems

The concentration of TN in the leachate from different soil
sampling ports showed high variance among different depths
in the three recharging systems (Fig. 3). The concentration of
TN gradually decreased with increasing depth, and the atten-
uation rates varied greatly in these three columns. The concen-
tration of TN increased first and then decreased with recharge
time in the SC and BCS system because the sorption capacity
decreased with time and the microbial degradation ability grad-
ually increased and stabilized. The TN content increased with
increasing recharge time in the SS system because the NaN,
inhibited the biodegradation effect. These results showed that
biodegradation played an important role in the removal of TN.
It is significant that biochar has a positive effect on nitrogen
removal because biochar process has alarge SSA and pore chan-
nels, which could enhance the adsorption capacity and provide
a good living conditions for microbes. The concentration of TN
in effluent was stable at 0.5 mg L™ from every water sample
port of the BCS column when the influent concentration was
25 mg L. However, it gradually reached the saturated state at
4 mg L™ on average in the SC system. TN includes ammonia
nitrogen, nitrate nitrogen, nitrite nitrogen and organic nitrogen
[26]. Therefore, the transformation between the different forms
of nitrogen needs to be studied in detail.

3.1.2. NH =N migration at different depths in the three
recharge systems

The variation of NH,*-N concentrations in the leachate
during the recharge experiment is shown in Fig. 4. Compared
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Fig. 3. Distribution of TN over time at different depths in three
recharging systems: (A) SS, (B) SC, and (C) BCS.

with the BCS system, the NH,~N concentration was higher
in the SC system, which showed that biochar could reduce
the chance of NH,*-N migration into groundwater because
the biochar possesses higher affinity force and competition
sorption sites than SC. The NH,*-N concentration in the SC
system increased first and then decreased with the increasing
recharge time because of the conversion from organic nitrogen
to ammonia nitrogen under the activity of microorganisms.
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Fig. 4. Distribution of NH,'-N over time at different depths in
three recharging systems.

The NH,-N concentration in the BCS system decreased in the
whole process because of the high sorption capacity of biochar,
and the high microbial diversity in the soil profile prevented
NH,"-N mitigation. The NH,~N concentration in the SS sys-
tem decreased in the whole process because NaN, inhabited
the biotransformation of organic nitrogen and the aquifer soil
medium has a high adsorption capacity for ammonia nitrogen.
This result agreed with the research of Chen et al. [26] who
proposed that the nitrogen removal rate improved by adding
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peat in the deep soil of the subsurface wastewater infiltration
system. Therefore, other forms of nitrogen removal, such as
TN and NO,—N, are worth considering.

3.1.3. NO,;—N migration at different depths in the three
recharge systems

The variation of the NO,—N concentration in the leach-
ate during the recharge period is shown in Fig. 5. The TN
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Fig. 5. Distribution of NO,—N over time at different depths in
three recharging systems.

and NO,—N concentration in the recharge water was 25 and
15 mg L7, respectively. The decay rate of the three recharge
system was BCS > SC > SS because the BCS system demon-
strated stronger adaptability than the SC column. The
NO,—N concentration increased first and then decreased
with the recharge depths, which might be because organic
nitrogen and NH,*-N was transformed into NO,—N under
the aerobic condition by the microorganisms. The variation
trend of NO,—N was similar with TN, which proved that
the key removal mechanism of TN might be denitrification
of nitrate or nitrite to nitrogen gas [30]. At first, the NO,—N
concentration in the leachate had no obvious change,
whereas it decreased with recharge time because the long
generation cycle of denitrifying bacteria might influence the
denitrification process. From the result shown in picture A
of Fig. 6, the nitrate accumulation amount in the SS system
increased with the experiment process, which indicated that
the key removal pathway of NO,—N removal was biodegra-
dation compared with soil adsorption and chemical precip-
itation. In addition, the soil microbes played an important
role in denitrification [31].

The enzyme activity of denitrification for different depths
of the SC and BCS systems is shown in Fig. 6. The denitrifi-
cation enzyme activity was higher in BCS than in the SC col-
umn, which might have a close relationship with the change
of nitrate concentration. The denitrification enzyme activity
increased in the middle layer and decreased in the bottom
layer, which directly affected the effect of denitrification.

3.2. Effect of biochar on the change of the microbial community
structure

To analyze the effect of biochar on the change of the
microorganisms, the microbial community structures were
analyzed using 454 pyrosequencing of 16s rRNA genes.
The microbial community structure at the same depths also
greatly changed with the amended of the biochar. A cluster-
ing analysis according to the gene markers indicated that the
soil samples tended to form separate clusters for different
samples, which is shown in Table 4 from different depths of
the different systems (Fig. 7). The most abundant genera were
Graclibacter, Geobacter and unidentified WCHB1-69 in SCl,
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Fig. 6. Denitrification enzyme activity of the SC and BCS systems.
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Table 4
The top 10 denitrifying bacteria and the number of sequences in
the different systems on the genera level

Taxonomy SC BCS Control
Bacillus 1,855 2,684 104
Pseudomonas 725 894 319
Xanthomonas 37 302 0
Bradyrhizobium 356 300 162
Acinetobacter 113 209 117
Rhizobium 163 199 232
Nitrosomonas 35 170 2
Paracoccus 20 123 22
Hyphomicrobium 252 133 76
Azospirillum 33 50 112
[ 1 Group §2 Group
Microvirga 1 BCS
Auorobacter o | oo
unidgr}!iliad_WCHBT -69 -1 se
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Fig. 7. Clustering analysis of the most abundant 35 genera vs.
different sediment layers.

Methylobacter and Sulfuritalea were more abundant in SC2,
whereas there were no significantly abundant genera in SC3.
However, Shingomonas, Haliangium and Lawsonia showed the
most diversity of genera in the control. The status of micro-
organisms in the BCS system was totally different, and the
most abundant genera were Pseudomonas, Xanthomonas and
Opitutus in BCS1, Cupriavidus, Helicobacter and Sphingobium in
BCS2, and Halomonas, Shewanella, Clostridium_sensu_stricto_1
and Terrisporobacter in BCS3. These results show that biochar
probably affected the composition and distribution of the bac-
terial community by means of improving the physicochemical
properties of the soil, and a similar viewpoint was reported
that in an acidic soil biochar impacted the soil microbial com-
munity [31]. Furthermore, biochar might build up biogeo-
chemical interfaces because of various functional groups and
the high porosity. The compositional heterogeneity of bio-
geochemical interfaces could make the niche microhabitats
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Fig. 8. Principal coordinated analysis (PCoA) based on the
unweighted UniFrac metric.

more diverse and thus support the growth of high diversity
bacterial communities [32], which indicated that the biochar
amended could increase the bacterial diversity. The diversity
of the microbial communities related to nitrogen transforma-
tion increased in the BCS system; therefore, nitrogen trans-
formation was accelerated by nitrifying—denitrifying bacteria
and archaea, which resulted in a lower residual ammonia and
nitrate-N concentration in the leachate. This might be one of
the reasons why the attenuation ratio in the BCS recharge sys-
tem showed a higher similarity than the others. The bacterial
diversity was depicted using a beta diversity analysis (Fig. 8).
Two principal components accounted for 52.55% of the total
variances with 32.96% and 19.59% for PC1 and PC2, respec-
tively. The control was significantly separated from the other
samples, but there was a close distance between BCS1, BCS2
and BCS3, which indicated that there was a lower difference
and a higher similarity in the soil microbial community com-
position. The high removal efficiency of nitrogen and high
enzyme activity of denitrification might be related to these
dominant populations of the bacteria. The variety of different
soil microbial phyla in the different depths had a certain dis-
similitude. The microbial community is mainly composed of
five phyla, including Proteobacteria, Firmicutes, Actinobacteria,
Bacteroidetes and Verrucomicrobia, which accounted for 82%
on average from all of the soil samples. The dominant phy-
lum in the BCS system was Proteobacteria, Firmicutes and
Actinobacteria, which belong to the six major microbial com-
munity phyla in the denitrification process [33]. In Fig. 9,
it is shown that these taxa accounted for more than 75% of
the bacterial sequences. In addition, Firmicutes had a sig-
nificant increase with biochar addition in the BCS column,
whereas Proteobacteria and Actinobacteria had a corresponding
decrease. Firmicutes has been reported as a predominant phy-
lum in those biofilms with good performance in denitrifying
[34]. Therefore, this might be one of the reasons that the nitro-
gen removal capability and denitrification enzyme activity
was higher in the BCS system than the SC.

Many types of genera have been studied and reported in
regard to the denitrification of microorganisms. Compared
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Fig. 10. A comparison of the bacteria of the top 10 genera in each
system.

with the denitrifying bacteria genera summarized in “The
denitrifying prokaryotes” [35], the top 10 genera of denitrify-
ing bacteria in this study and among the SC, BCS and control
systems are listed in Table 4. Bacillus is the largest denitri-
fying genus in the BCS and SC systems, especially for the
BCS system. Most denitrifying bacteria were more numerous
in the BCS column than the other systems as indicated in
Table 3. Maybe these two aspects were also the reasons why
the denitrification effect of the BCS system was better and the
denitrification activity is higher than the other two columns.

The bacteria from the top 10 number of genera detected by
454 pyrosequencing of 16s rRNA genes was chosen for analysis
(Fig. 10). As a result, Pseudomonas was the only genus in com-
mon in the three systems, which had been previously reported
as a popular denitrifying bacterial genus. There was no other
homogeneous genus for the control sample from the top 10
numbers of sequences compared with the other two systems,
which indicated that the shift of microbial community struc-
ture occurred during the long time of the recharge process.
There are four other homogeneous common genera between
the SC and BCS systems, including Bacillus, which had been
mentioned before as the largest denitrifying genus in the BCS
and SC systems. For the BCS system, five uniquely detected

BCS

Control

Weighted Unifrac Distance

T T T
Gl dnututulausulupluuboss 0.25 0.5 0.75
00025005 0075 0.1 0.125 Relative Abundance in Phylum Level

Fig. 11. Hierarchical clustering based on the unweighted UniFrac
metric for archaea.

common species were Caenimonas, Helicobacter, Halomonas,
Lactobacillus and Flavisolibacter, whose distributions with fre-
quency were positively correlated with the biodegradation of
nitrogen and their relative abundances increased compared
with the control. These species might be involved in nitrogen
removal and should be studied in future research.

Moreover, archaea had also been detected in the three
groups, and the diversity of archaeal community was not as
rich as the bacteria (Fig. 11). The archaeal community struc-
ture had some difference in SC and BCS, whereas the main
phylum was Thaumarchaeoca, which has been reported as an
ammonia-oxidizing archaeon [36]. Woesearchaeota_ DHVEG-6
was found to appear with high relative abundance in the
BCS column, which was observed as the predominant uncul-
tured archaeal community in wastewater treatment sludge
related to nitrogen removal [37]. These genera reported that
they might play an important role in the improvement of the
capability of nitrogen removal and denitrification enzyme
activity [38].

These results indicate that the soil environment was
changed with increasing depth in the BCS and SC system
and these four factors affected the community structure of
both bacteria and archaea (Fig. 12). Aquifer depth, oxida-
tion-reduction potential (ORP), pH and C/N (carbon and
nitrogen ratio) were chosen as the major environmental fac-
tors on nitrogen removal [31,36,39,40] and these factors were
analyzed through a RDA plot for the relationship of both
bacteria and the archaeal community composition among the
three groups and on the phylum level. The influence of these
factors on the microbial community structure and the diver-
sity between SC and BCS were different. The result of RDA
for bacteria at the phylum level showed that the first axis
explained 51.35% of the total microbial variance and the sec-
ond axis explained 23.76% (Fig. 12(a)). The RDA plot analysis
at the phylum level indicated that the depth and pH were
important factors for the bacterial community in the BC and
BSC. Moreover, the result of RDA for archaea showed that
the first axis explained 41.19% of the total microbial variance
and the second axis accounted for 31% (Fig. 12(b)). The result
indicated that depth, pH and C/N were all important factors
for the BCS system, whereas depth and C/N were important
factors for the SC system. The archaeal community in both
the BCS and the SC sediment was affected by the ORP but
the influence was not significant. The change of the microbial
community structure was affected by biochar because bio-
char not only improved the physical factors as the SSA and
porosity but also changed the chemistry factors, such as the
C/N, which are growth factors for the microbes.
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Fig. 12. The relationship of the microbial community composi-
tion among the three groups with the major environmental fac-
tors at the phylum level. A redundancy analysis (RDA) plot was
drawn by RDA1 and RDAZ2. (a) For bacteria and (b) for archaea.

4. Conclusions

The attenuation effect of TN was BCS > SC >SS, and the
consequence showed that biochar could improve the decay
rate. The BCS for the BCS column improved the nitrogen
removal capability and denitrification enzyme activity. It
indicated that NO,—N removal is the key pathway for nitro-
gen removal, which is mainly transformed through biological
denitrification. After analyzing the change of the microbial
community structure in the SC and BCS recharging modes,
we found that the reasons of the nitrogen removal capabil-
ity and denitrification enzyme activity’s improvement in the
BCS system and nitrogen transformation microorganisms
related to biochar amended are related to the following four
factors: (i) the relative abundance of the phylum Firmicutes
increased significantly with biochar addition in the BCS col-
umn; (ii) the diversity of denitrifying microorganisms was
very abundant in the BCS column compared with other sys-
tems, especially for Bacillus; (iii) Woesearchaeota_ DHVEG-6
appeared in the largest archaeal abundance in the BCS col-
umn and (iv) five unique common species were detected in

the BCS recharge system and were Caenimonas, Helicobacter,
Halomonas, Lactobacillus and Flavisolibacter, which might
be involved in nitrogen removal and should be studied in
future research. Factors such as depth, ORP, pH and C/N also
proved to be important factors influencing the shift of both
bacteria and the archaeal community composition among the
three groups affecting the change of microbial community
structure in the BCS.
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