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Activated sludge from the A2/O process in a wastewater treatment plant (WWTP) was used as the seed
sludge for enrichment to achieve faster growth of nitrifying bacteria and higher nitrification efficiency
of the filler made by nitrifying bacteria. The bacterial community was enriched in a self-circulating
bacteria culture tank by a continuous ammonia feeding mode. The study found that the nitrifying
bacteria community was enriched in 38 days with the ammonia oxidation rate of approximately
275.58 mg (L h)~. High-throughput sequencing demonstrated that Nitrosomonas belonging to
ammonia-oxidizing bacteria (AOB) was predominant in the sludge after 38 days at a ratio extending
from 0.43% to 61.91%. The enriched sludge was used as the bacterial source and the immobilization
was carried out with polyvinyl alcohol (PVA). After the recovery culture, the ammonia oxidation rate

of the filler was up to 44.61 mg (L h)~! for the treatment of municipal wastewater, and the effluent
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Accepted 29th March 2020 ammonia was below 1 mg L -, indicating that the immobilized filler is effective for municipal
wastewater nitrification. Scanning electron microscope (SEM) observations showed that immobilized

DOI 10.1035/d0ra01498b fillers were highly porous and bacteria adhered to the network structure, demonstrating that the
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1. Introduction

Traditional nitrification is a two-step process performed by
ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing
bacteria (NOB) with long generation time, slow growth rate,
high sensitivity for change of environment and susceptibility
to loss in the reactor.™” The existing activated sludge method
is a single sludge system, and various functional bacteria are
in the sludge system, which cannot sufficiently perform
nitrification. For the treatment of a relatively complicated
wastewater such as industrial wastewater, the nitrification is
still a limiting step in the biological nitrogen removal
process.?

Studies have shown that the concentration of nitrifying
bacteria in sewage is proportional to the rate of nitrification.* A
high cell concentration can be retained within the treatment
system via immobilization, thus improving the reaction speed
and reducing or eliminating the occurrence of side reactions.’”
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filler provided a good growth microenvironment for microorganisms.

At present, immobilization technologies have been successfully
applied to nitrifying bacteria.>®° Most of its bacteria sources are
activated sludge or sludge with low nitrification efficiency,
which makes the concentration of nitrifying bacteria low in the
immobilized filler and the efficiency of filler poor, and it is
difficult to solve the tricky nitrification problem. Therefore, it is
necessary to perform activated sludge screening and enrich-
ment culture to improve the bacterial concentration and nitri-
fication efficiency. Moreover, the enriched nitrifying bacteria
can also be used in bioaugmentation or aquaculture to improve
the nitrification function of biological treatment systems.'*™> At
present, nitrifying bacteria can be enriched with a relatively
high initial ammonia concentration (e.g. about 500 mg L") for
a relatively long cultivation period (e.g. over 90 days).”* Few
reports were available regarding rapid enrichment of nitrifying
bacteria with high nitrification efficiency.™

Therefore, the objectives of this study were to: (1) explore
a method for enriching the nitrifying bacteria community
quickly that have high nitrification efficiency to guide the rapid
culture of nitrifying bacteria, (2) design nitrifying immobilized
fillers and investigate their nitrification performances for
treatment of the simulated wastewater and municipal waste-
water and (3) provide theoretical basis and technical support for
solving the problem of nitrification.

This journal is © The Royal Society of Chemistry 2020
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2. Materials and methods

2.1. Continuous-flow operation

2.1.1. Seed sludge and synthetic feed. Nitrifying sludge was
obtained from the return sludge in the Gao Bei Dian WWTP in
Beijing, China. Details of the synthetic feed stock solution are
shown in Table 1.

2.1.2. Experimental reactor set-up. A self-circulating
bacteria culture tank (BMET Corp., China) with a working
volume of 108 L was employed to enrich nitrifying bacteria
(Fig. 1) and had three regions from outside to inside, namely
sedimentation zone, diversion zone and agitation zone. The
diversion and the agitation zones including the lower semi-
spherical sphere are collectively referred to as the reaction
zone. The reactor was fed with NH,Cl (nitrogen source), KH,PO,
(phosphorus source), and Na,COj; (pH buffer, alkalinity source)
as well as a mineral stock solution detailed in Table 1. The
temperature and pH were maintained at 24 + 1 °C and 7.40-
7.80, respectively, while the dissolved oxygen (DO) concentra-
tion was monitored through a DO probe (INESA Corp., China)
and maintained at 1.00-1.50 mg L~ * using an air flow meter
(SENLOD Corp., China) during enrichment culture. The actual
pH was adjusted according to the concentration of ammonia
nitrogen and nitrite nitrogen in the reactor to control free
ammonia (FA) and free nitrous acid (FNA) concentration that
can inhibit nitrifying bacteria, and minimize the impact on the
system. The samples were collected through a sampling port on
the top of the reactor and the medicine inlet on the bottom of
the reactor was used for feed addition. Drainage was carried out
above the sedimentation zone.

2.1.3. Experimental procedure. During pre-aeration, the
seed sludge was screened through endogenous respiration
through continuous aeration without nutrient supply. During
endogenous respiration, bacteria used their cell contents for
metabolism, resulting in the death of a large number of
heterotrophic bacteria, which could greatly reduce the inter-
ference to the rapid growth of nitrifying bacteria in the next
stage.">™"’

Then, enrichment culture was carried out using the sludge
by pre-aeration as a bacterial source. With the increase of the
ammonia oxidation rate, the initial concentration was
increased when the effluent NH,*-N concentration was close to
10 mg L. Hydraulic retention time (HRT) was maintained at 4
hours by adjusting the influent flow rate.

Table 1 Composition of the synthetic feed stock solution
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Fig. 1 Schematic diagram of experimental setup: (1) NH4Cl feeding
container, (2) feeding pump, (3) Na,COs3 feeding container, (4) valve,
(5) air pump, (6) annular tube aerator, (7) agitation zone, (8) diversion
zone, (9) sedimentation zone, (10) outlet, (11) sampling port, (12) stirrer,
(13) pH probe, (14) temperature probe, (15) DO probe, and (16) oper-
ation interface.

2.2. Immobilized fillers

2.2.1. Preparation of immobilized nitrifying bacteria. After
the enrichment of nitrifying bacteria, 65 L mixed liquid was
centrifuged to prepare immobilized fillers. Other materials
included calcium carbonate (CaCOs, 150-200 mesh); powdered
activated carbon (100-200 mesh); boric acid (H;BO,) and PVA
(degree of polymerization 2200, degree of alcoholysis 20-
99%)."® All the above materials were of analytical purity.

PVA powder was dissolved in 95 °C water and mixed to form
a 15% (w/w) PVA solution. After cooling to 35 °C, the PVA
solution was mixed with the sludge with 95% water content
after concentration, where sludge concentration (dry weight)
accounted for 4% of the total mixture. Meanwhile, CaCO;
(38.30 g L") and powdered activated carbon (18.32 g L") were
added.* The encapsulating solution was evenly coated on the
cylindrical polypropylene mesh tube (length 50 cm, diameter 1
cm) and then put into a saturated boric acid solution to
complete the cross-linking. Finally, the barrel immobilized filler
was cut into small cylinders with a growth degree of 2 cm, and
was filled in a suspension ball with 100 mm diameter. The
active volume of the reactor was 150 L, filling with 10% of
immobilized filler. The experimental parameters such as pH,
DO, and temperature were controlled online using a Program-
mable Logic Controller (PCL). Specific parameters can be seen
in the experiment operation.

Compound Concentration (mg L") Trace element stock Concentration (g L™")
NH,CI 191-4286 ZnS0,-7H,0 0.50
KH,PO, 38-857 Na,MoO,-H,0 0.12
Na,CO; 2000 CoCl,-6H,0 0.20
MgSO, - 7H,0 3 MnCl,-4H,0 0.50
CaCl, 2 NiCl,-6H,0 0.70
Trace element stock 1mgL™" CuSO,-5H,0 0.60
FeCl,-6 H,0 0.80

This journal is © The Royal Society of Chemistry 2020
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2.2.2. Experiment operations to immobilized fillers.
Reactor was operated at 24 £ 1 °C. The immobilized filler tests
were divided into the filler recovery experiment and the
comparison experiment. In the recovery experiment, DO and pH
were monitored using a DO probe (INESA Corp., China) and
a pH probe (INESA Corp., China), and maintained at 4-5 mg L ™"
and 7.30-7.50, respectively. HRT was maintained at 1 h. With
the increase of the ammonia oxidation rate, the initial
concentration was increased when the effluent NH,-N
concentration was close to 10 mg L™".

In the comparison experiment, the influent water was the
simulated NH,'-N wastewater in phase I and the municipal
wastewater with fluctuating NH,"-N concentration in phase II.
The experiments were run for 33 days and the DO was

[NOZ -~ 'N] eff [NOZ - 'N]
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where [NH,"-NJ;,r is the influent NH,"-N concentration, [NH, -
Nlegr is the effluent NH,'-N concentration and ¢y is the HRT.

The ammonia removal rate (ARR) was calculated according
to eqn (5):

NH,'-N|. . — [NH,*-
ARR (%) — [ 4 ]lnf [ 4 N]

[NH,"-N]

o % 100%  (5)

inf

The nitrate production rate (NPR) and the nitrite accumu-
lation ratio (NAR) were calculated according to eqn (6) and (7):

[NO;™-N] ; — [NO; -N]

THRT

NPR (mg L' h™') = ot (6)

NAR (%) =

maintained at 4.5-5.0 mg L ". The pH and the temperature of
the municipal wastewater were 7.18-7.43 and 21.70-23.90 °C,
respectively.

2.3. Analytical methods

The influent and effluent samples were collected from the
continuous-flow reactor daily and analyzed immediately for
NH,"-N, NO, -N, NO; -N, and MLSS according to the standard
methods.”* The COD was measured with a COD rapid
measuring instrument (5B-1, Lianhua technology).

The FA and FNA concentrations were calculated according to
eqn (1) and (2):**

17 [NH,"-N + NH;-N] x 1071

-1y
FA (mg L7) = 1% Lot + exp 6344 @)
Py
ay 46 [NO, -N]
FNA (mg L) = 15 % 2300

10PH x exp (—m) (2)

where [NH,'-N] and [NO, -N] are the residual measured NH,"'-N
and NO, -N concentrations, respectively and 7 is
temperature.

The ammonia oxidation rate (AOR) and the specific
ammonia oxidation activity (SAOA) were calculated according to

eqn (3) and (4):
[NH, N, - [NH,N]

THRT

AOR (mg L™ h'') = 4 (3)

NH4+_N]inf — [NHU'N}
fgrT X MLSS

SAOA (mg g' h'') = [ ot (4)
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inf x 100% )

(INO2™N] ;= [NO,™-N],, ) + ([NO:™-N],, — [NO3™-N], )

where [NO, -N;,¢ is the influent NO, -N concentration, [NO, -
Nlegr is the effluent NO, -N concentration, [NO; -NJiy¢ is the
influent NO; -N concentration and [NO; -N] is the effluent
NO; -N concentration.

2.4. High-throughput 16S rRNA gene sequencing

Five sludge samples were collected and analyzed using high-
throughput sequencing to investigate the changes in nitrifying
bacteria population during the continuous-flow phase. The first
sample was collected from the seed sludge whereas the second
was taken after pre-aeration. The third, fourth and fifth samples
were collected from the continuous-flow reactor on days 15, 27,
and 38, respectively. Samples were prepared for the extraction of
DNA, which was subjected to PCR amplification of 16S rRNA in
V3-V4 region. The PCR products were verified by electrophoresis
to generate sequencing libraries, which were sequenced and
assessed by using the Illumina MiSeq sequencing platform
(Illumina, San Diego, USA) to determine the bacterial community
structure. The readings were classified into operational taxo-
nomic units (OTUs) to be used for microbial diversity analysis.

2.5. Scanning electron microscope (SEM)

Filler samples were pre-treated using the method proposed in
a previous study.* Specifically, the immobilized filler was cut
into 1-2 mm pieces and mixed with a 2.50% pentanediol solu-
tion for fixation in a refrigerator at 4 °C for more than 12 h. Then
the immobilized filler was washed thrice with phosphate buffer
saline (PBS) and dehydrated with different gradient of ethanol
(50%, 70%, 80%, 90%, and 100%) for 10-15 min each time.
After dehydrating, ethanol was replaced with isoamyl acetate,
followed by thorough dehydration and freeze-drying for 12 h.
Gold spray treatment was carried out, and observation was
performed using a SU8020 scanning electron microscope.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Performance of the activated sludge during the operational
period for the enriched nitrifying bacteria community.

3. Results and discussion

3.1. Continuous-flow reactor performance

3.1.1. Analysis of changes in ammonia and AOR. The
reactor was operated in continuous mode to investigate the AOR
by gradually increasing the influent ammonia from
47.40 mg L' to 1121.94 mg L' (Fig. 2). With the increase of
influent ammonia, the AOR began to increase rapidly, and the
bacterial activity began to increase. From day 1 to day 9, the AOR
was in a slow growth stage, increasing to 49.85 mg (L h)™"; from
day 10 to day 38, the AOR showed a rapid growth stage, even-
tually increasing to 275.58 mg (L h)~". During the cultivation
process, nitrifying bacteria could quickly adapt to changes in
the influent ammonia concentration, and it could be reduced
below 20 mg L™ " in a short time.

3.1.2. Analysis of changes in nitrite, NPR and FNA. As
evident in Fig. 3, the influent nitrite was maintained below
1.5 mg L', During the initial stage of culture (day 1-12), the
effluent nitrite was below 10 mg L' and NPR increased from
17.22 mg (L h) " to 63.25 mg (L h) " because NOB increased in
the process according to the high-throughput sequencing
analysis. From day 13, the effluent nitrite increased rapidly due
to the presence of dissolved oxygen. Studies have shown that
AOB have a stronger affinity and a stronger oxygen utilization
capacity than NOB, resulting in the inhibition of NOB growth
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Fig. 3 Performance of the activated sludge during the operational
period for the enriched nitrifying bacteria community.
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and consequently an increase in effluent nitrite.”® Further, the
accumulation of nitrite could cause the FNA to gradually
increase, which can also inhibit NOB to a certain extent.>* This
explanation is consistent with the results of high-throughput
sequencing, which shows that NOB gradually decreased in the
process.

Several studies reported that the NOB metabolism is
inhibited when the concentration of FNA is higher than
0.02 mg L~ '2* while the AOB growth is inhibited when it is
higher than 0.10 mg L™". Further, the AOB activity is severely
inhibited above 0.40 mg L '.>* The free nitrous acid (FNA)
significantly inhibited NOB and did not inhibit AOB since the
FNA was above 0.02 mg L' after day 15, up to about
0.10 mg L™, resulting in gradual elimination of NOB and
gradually increase of AOB. This finding is consistent with the
results of high-throughput sequencing, which shows that AOB
gradually became the dominant species. However, NOB adapted
to regrowth after a period of inhibition,*® as observed from the
gradual increase of NPR after day 23.

In the enrichment culture process, the FNA in the culture
process was below 0.10 mg L' after adjusting the pH. In
contrast, the influent ammonia concentration was continuously
increased to grow AOB grew rapidly, affecting the NOB growth
due to excessive nitrite in the system. The influent ammonia
was increased to maintain FA at a low level when the effluent
ammonia was close to 10 mg L', At the same time, the effect of
FA on nitrifying bacteria was not considered since the inhibitory
effect of FA gradually decreased as the culture progressed.?”

3.1.3. Analysis of changes in sludge growth and SAOA. As
evident in Fig. 4, with the progress of the enrichment culture,
the sludge concentration gradually decreased and then
increased. SAOA increased rapidly and remained stable. MLSS
decreased from 5580 mg L * (day 1) to 2758 mg L™ * (day 14) and
then showed an increasing trend after day 15 to 7704 mg L™
(day 38). SAOA increased rapidly from 2.02 mg (g h)™" (day 1) to
33.01 mg (g h)~" (day 14) before finally stabilizing at 35.77 mg (g
h)~" on day 38. The continuous increase of SAOA confirmed that
the AOB activity was constantly increasing.

The decline in MLSS at first suggests the existence of
heterotrophic bacteria in the sludge enriched by pre-aeration.
The oxygen consumption by nitrifying bacteria significantly
increased when the influent began to provide ammonia
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Fig. 4 Performance of the activated sludge during the operational
period for the enriched nitrifying bacteria community.
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Fig. 5 Performance of immobilized fillers in the recovery.

nitrogen substrate. And the change in oxygen may cause the
equilibrium state to be broken, and the remaining heterotro-
phic and some autotrophic bacteria that were not suitable for
the environment gradually died.

3.2. Performance of immobilized fillers

3.2.1. Recovery of immobilized fillers. As evident in Fig. 5,
the AOR and NAR of immobilized fillers began to increase rapidly
with the progress of the experiment, indicating that the bacterial
activity began to recover. From day 1 to day 5, the AOR was in
a slow growth stage, increasing to 19.08 mg (L h) ™', and the NAR
reached to 40.02%; from day 6 to day 11, the AOR showed a rapid
growth stage, increasing to 65.10 mg (L h) !, and the NAR
reached to 57.05%; from day 12 to day 20, influent ammonia
nitrogen was controlled at about 100 mg L™ ", and the AOR still
slowly increased, eventually increasing to 85.30 mg (L h)~". At the
same time, NAR was stable at around 70% and the effluent
ammonia was 14.29 mg L. The experiment had a short recovery
period, but the nitrification rate has been greatly improved. The
recovery time of this experiment was short, but the nitrification
rate has been greatly increased.

The initial AOR slowly increased mainly because of the
previous immobilized treatment, which had a negative impact
on the activity of nitrifying bacteria. For example, saturated
boric acid could inhibit bacteria. However, the efficiency rapidly
increased in the later period due to the recovery of bacterial
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Fig. 6 Performance of immobilized fillers in the wastewater.
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Table 2 Variation of sample richness and diversity®
Sample ouTr Shannon Simpson Coverage
WO 6216 6.49 5.9 x 1072 0.93
w1 3249 6.10 7.9 x 1073 0.95
W2 3559 5.02 0.04 0.96
w3 4459 3.68 0.12 0.93
W4 3053 2.45 0.35 0.96

“ WO represented the seed sludge; W1 represented the sludge after pre-
aeration; W2, W3, and W4 were cultivated sludge at days 15, 27, and 38,
respectively.

activity and the continuous proliferation of nitrifying bacteria
inside the filler.

3.2.2. Application of immobilized fillers. In phase I (day 1-
8), the simulated ammonia nitrogen wastewater with the
concentration of about 50 mg L~* was treated with fillers,
which achieved the ARR of over 99% to reduce the effluent
ammonia below 1 mg L™" (Fig. 6). In phase II (day 9-33), the
municipal wastewater with unstable ammonia and COD was
treated by the filler, and the average concentration were
38.22 mg L™ and 154.46 mg L', respectively. At the begin-
ning, the ARR and COD removal rate were 89.56% and 13.98
mg (L h)™, respectively. After day 10, the ARR gradually
increased, effluent ammonia quickly dropped below 1 mg L™,
and the AOR was up to 44.61 mg (L h)™", indicating that the
immobilized filler could quickly adapt to the complex waste-
water environment.

The nitrification efficiency is equivalent to the treatment of
simulated wastewater, and much higher than the nitrification
efficiency of the activated sludge in the wastewater treatment
plant. Therefore, the immobilized filler is feasible for municipal
wastewater nitrification. The main reason for COD removal
could be that the influent contained a small amount of
heterotrophic bacteria. Meanwhile, the network structure of
suspension balls could provide some attachment space for
heterotrophic bacteria, and the attachment growth of bacteria
could lead to a slow increase in removal rate.

80 |

2
T

3
T

Relative Frequency (%)

20 H

Sample0

Fig. 7 Bacterial community distribution in the seed and cultivated
sludge.
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Fig. 8

3.3. High-throughput sequencing for microbial diversity
analysis

In high-throughput sequencing, a coverage ratio of 0.93 was
achieved in five samples indicating that the result exclusively
represented the microbial components of the sludge samples.
Richness was reflected by the total number of OTUs. The
Shannon and Simpson indices characterized the diversity of
microbial components. The OTUs, Simpson and Shannon
indices in the seed sludge were 6216, 5.9 x 10>, and 6.49,
respectively (Table 2). The values of OTUs, Simpson and Shan-
non after pre-aeration were 3249, 7.9 x 103, and 6.10, respec-
tively. The decline of OTUs indicated that the species richness
of sludge after pre-aeration was less than that of the original
sludge and that there were fewer species totals.

The Shannon index followed a downward decreasing trend
from 5.02, 3.68 to 2.45 during the period for nitrifying bacteria
cultivation on days 15, 27, and 38, whereas the Simpson index
followed a upward increasing trend from 0.04, 0.12 to 0.35. This
could be because the microbial abundance and diversity
declined when enriching the sludge for nitrifying bacteria,
suggesting that the system performance and richness of the
specifically functional population were improved with a reduc-
tion in the microbial diversity.**>*

The bacterial community structure at the genus level shown
in Fig. 7 illustrates the variations in microbial diversity during
the operational period. Seed sludge had high microbial diver-
sity, while the nitrifying bacteria community had a lower
diversity after cultivation. The genus distribution in the original
mud is relatively uniform, and it is a common strain in the
wastewater treatment system.*® Aridibacter, Saccharibacter-
ia_genera_incertae_sedis, Ferruginibacter and Thauera were the
predominant genera in the seed sludge with relative abun-
dances of 5.25%, 3.75%, 2.88%, and 2.85%, respectively. They
belonged to the phyla Acidobacteria, Saccharibacteria, Bacter-
oidetes and Proteobacteria, respectively, which are the main
components of the activated sludge in the wastewater treatment
system.**** The proportion of heterotrophic bacteria were
greatly reduced after pre-aeration. For example, Saccharibacter-
ia_genera_incertae_sedis, Comamonas, and Thauera were
reduced to 1.19%, 0.1%, and 0.17%, respectively.

Nitrosomonas (b-Proteobacteria phylum, called AOB) and
Nitrospira (a distinct phylum, called NOB) were present at 0.43%
and 2.14%, respectively, in municipal wastewater treatment.**>*
These indicated that the abundance of specific functional
species was very low in seed sludge. From the changes in the
ratio of AOB and NOB in the first three samples, it could be seen

This journal is © The Royal Society of Chemistry 2020

Immobilized filler and different magnification of SEM images: (a) the filler during operation; (b) DM = 50 k; (c) DM = 20 k.

that AOB and NOB could quickly reproduce in the system. Due
to the inhibition effect of FA, FNA and DO, NOB was gradually
reducing after day 15, while the AOB that was not affected by the
inhibition gradually increased to 61.91% during the period.
This result is consistent with the outstanding biological nitri-
fication performance of the high ammonia oxidation rate
(approximately 275.58 mg (L h)™%).

3.4. SEM analysis

As evident in Fig. 8, the immobilized filler had a good porosity
with a large number of internal framework structures for
bacterial growth and internal channels for transporting oxygen
and nutrients inside. It has been shown that the ideal gel carrier
should have a macroporous structure to promote unimpeded
diffusion of solutes and gas release.’® In addition, the gel
material should have large pores of 0.1-1 microns.*® In our
study, a pore size of 1-3 pm was observed (Fig. 8(b and c)).
Therefore, the unique three-dimensional network structure of
the PVA carrier provided a good growth microenvironment for
microorganisms.

4. Conclusions

The nitrifying bacteria community was successfully enriched by
continuous-flow operation with a high influent concentration to
improve the ammonia oxidation rate. As a result, the ammonia
oxidation rate reached approximately 275.58 mg (L h) ™" after 38
days of enrichment. High-throughput sequencing at the genus
level indicated that the diversity of the microorganisms
declined during the operational period. Nitrosomonas (AOB)
became the most dominant community after enrichment,
increasing from 0.43% to 61.91%. Additionally, the study found
that the filler made by high-efficiency bacteria has strong
nitrification ability. And the treatment of municipal wastewater
by the filler is equivalent to that of simulated wastewater,
indicating that the immobilized filler is effective for municipal
wastewater treatment.
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