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a b s t r a c t
The performance of immobilized bacteria by waterborne polyurethane in treating steel wastewa-
ter with nitrate nitrogen was investigated. It found that the optimal C/N ratio was 5.0 using glu-
cose as an electron donor and the hydraulic retention time was set to 6 h could meet the needs of 
denitrification in this study. The removal efficiency of immobilized denitrifying bacteria on nitrate– 
nitrogen in steel wastewater reached 80%, and the nitrate concentration in the effluent was less than 
5 mg/L, indicating that microbial immobilization technology has a better treatment effect on steel 
wastewater. High-throughput sequencing shows that steel wastewater has a domesticated selec-
tion effect on the evolution of the immobilized bacteria, making the bacteria which adapt to the 
quality of the steel wastewater to be dominant bacteria. Through this study, we believe that steel 
wastewater can be treated in a targeted manner to achieve accurate decontamination by microbial 
immobilization technology.
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1. Introduction

The steel industry is an important source of industrial 
wastewater discharge [1], and the steel wastewater contains 
a variety of pollutants which is highly biotoxic [2] such as 
phenol, ammonia, nitrogen compounds, etc [3]. Nitrogen 
compounds in steel wastewater can cause environmen-
tal problems such as eutrophication [4–6], and nitrate has 
been known to be hazardous to human health [7]. While 
conventional methods are inadequate for complete treat-
ment, the advanced treatments, like membrane separation, 
remains relatively untapped in steel wastewater treatment 
[3]. At present, the steel wastewater is often treated bio-
logically by microbial life metabolic processes to degrade 
toxic substances [8,9], commonly used microorganism 
carriers including activated sludge and biofilm [10–12]. 

Nevertheless, microorganism in these treatment methods 
is easy to lose and affect wastewater treatment efficiency 
[13,14]. Therefore, an alternative treatment technology for 
efficient steel wastewater treatment is urgently needed.

Microbial immobilization technology uses physical or 
chemical methods to limit free cells to a certain space area 
[15–18], which is a nutrient removal technology developed 
in recent years [19–23]. Microbial immobilization technol-
ogies have been proven to be used in biological wastewa-
ter processing to remove nitrate [24–26]. However, there 
are few reports [3] on using microbial immobilization 
technology for steel wastewater treatment.

The present study uses immobilized bacteria by water-
borne polyurethane for treating steel wastewater, investi-
gated the performance of denitrification bioreactor with 
immobilized bacteria. It investigated the feasibility of immo-
bilized bacteria in the steel wastewater treatment, and the 
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optimal bioreactor operation parameters were obtained 
from denitrification batch experiments. This research would 
provide a new method for steel wastewater treatment and 
promote the application progress of microbial immobiliza-
tion technology in wastewater treatment.

2. Materials and methods

2.1. Immobilization procedure

According to our previous reports [27], we use cul-
tured sludge [28] as microbial strains and waterborne 
polyurethane as immobilized material. Added 1% (w/V) 
potassium persulfate solution and 0.5% (w/V) N,N,N′,N′-
tetramethylethylenediamine solution to induced polymer-
ization. The mixture solidified for 5~10 min at 27°C ± 2°C 
and formed a solid jelly-bean-shaped block of hydrosol, 
then cut it into 3 mm × 3 mm × 3 mm cubes and obtain the 
immobilized bacterial particles.

2.2. Reactor setup

The schematic of the denitrification bioreactor is shown 
in Fig. 1, the bioreactor was made of a Plexiglas cylinder 
with an operating volume of 85.0 L. Added 17.0 L (20%, 
v/V) immobilized bacterial particles into the reactor. In this 
study, a peristaltic pump was used to control the hydrau-
lic retention time (HRT), and the bioreactor was operated 
by continuous water inflow and outflow. Glucose was used 
as an external carbon source for the denitrification process. 
In batch experiments, set the HRT to 8 h, and set the C/N 
ratio to 2.0, 3.0, 3.5, 4.0, 5.0, and 6.0, respectively. During 
the long-term experiment, set the C/N ratio to 5.0 and 
the HRT was set to 8h for the first 15 d and 6 h after 15 d. 
The operation temperature was controlled 25°C ± 2°C.

Steel wastewater used in this work was obtained from 
a wastewater treatment plant that treats steel wastewater of 
Anshan Iron and Steel Group (Liaoning Province, China). 
The results of wastewater quality analysis are shown in 
Table 1. The nitrate concentration in steel wastewater was 
about 25 mg/L, and chemical oxygen demand (COD) was 
about 50 mg/L.

2.3. Analytical methods

Samples for water quality measurements were collected 
and analyzed every day. The concentrations of NO3

––N, 
NO2

––N and COD in influent and effluent were analyzed 
according to standard methods for the Examination of 
Water and Wastewater [29]. All tests were repeated more 
than twice and the temperature and pH were measured 
near the midway of the bioreactor by using a WTW analyzer 
(Multi 3620IDS, Germany). The scanning electron micro-
scope procedure of the sample was carried out according 
to the description in Dong et al. [17].

2.4. Microbiological analysis

High-throughput sequencing of 16S rRNA gene frag-
ments was used to analyze the microbial communities in 
immobilized particle samples. Bacterial genomic DNA was 

extracted using an E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, 
Inc., United States) after the samples pretreated follow-
ing the manufacturer’s instructions. The PCR amplification 
used the universal bacteria primers which incorporated the 
Miseq platform the V3-V4 hypervariable regions. The PCR 
products were sequenced on the Miseq 2 × 300bp platform 
by Sangon Biotech, Shanghai, China.

3. Results and discussion

3.1. Effects of C/N ratios and HRT on the denitrification 
efficiency in batch experiments

Fig. 2 shows the changes in nitrate and COD concentra-
tions at different C/N ratios. As shown in Fig. 2, the nitrate 
removal rate was 32.4% when no carbon source was added 
(C/N = 2.0). In this research, the nitrate concentration in steel 

Steel  Wastewater

In�uent

E�uent

Peristaltic Pump

Glucose

 Immobilized  Bacteria

Fig. 1. Schematic diagram of the denitrification bioreactor with 
immobilized bacteria.

Table 1
Water quality analysis of the steel wastewater

Test index Contents

Phenol 60 μg mL–1

Nitrate 25 ± 2 mg L–1

Nitrite 0.02 mg L–1

Ammonia 0.1 mg L–1

Total nitrogen 25 mg L–1

pH 7.2
Total phosphorus 0.2 mg L–1

Iron 1.65 mg L–1

Aluminum 0.52 mg L–1

Manganese 0.028 mg L–1

Calcium 53.91 mg L–1

Cyanide 0.1 mg L–1

COD 50 ± 5 mg L–1

Chroma 10
Turbidity 10
Alkalinity 120 mg L–1

Hardness 450 mg L–1

Dissolved oxygen 1.35 mg L–1
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wastewater was about 25 mg/L, and the COD was about 
50 mg/L according to Table 1. Denitrification requires a C/N 
ratio of more than 2.86 in theory [30], and the COD in the steel 
wastewater cannot meet the requirements of denitrification 
in this study. When the C/N ratios were 3.0, 3.5, 4.0, 5.0, and 
6.0, the nitrate removal rates were 46.0%, 57.6%, 73.6%, 82.4% 
and 89.6%, respectively. When C/N ratio was 5.0, the nitrate 
concentration in the effluent was 4.4 mg/L and the COD 
concentration was 6.65 mg/L, 82.4% nitrate was removed 
and most of the glucose was utilized by denitrification in 
the steel wastewater. Therefore, adding glucose to maintain 
the C/N ratio to 5.0 could meet the demand of denitrifica-
tion and without causing a waste of carbon sources in this 
study, and this is consistent with previous reports [31–33].

HRT affects the reaction time of nitrate and denitrifying 
bacteria and affects the removal efficiency of pollutants [34]. 
Fig. 3 shows the changes in nitrate removal rate with HRT. 
According to Fig. 3, it can be seen that the nitrate removal 
rate reached 63.63% after 4 h, 83.79% after 6 h, and about 
88.93% after 8 h. When HRT was too short, the reaction 
was incomplete, while it will waste time when HRT was 
too long. Extending HRT blindly was meaningless and an 
appropriate HRT for denitrification was required, this is 
consistent with other people’s reports [35]. We believe that 
when the immobilized denitrifying bacterial was used for 
steel wastewater treatment, the HRT was set to 6 h could 
meet the needs of denitrification according to this study.

3.2. Performance of denitrification bioreactor with 
immobilized bacterial

Fig. 4 shows the changes of NO3
––N concentration from 

steel wastewater with the immobilized denitrifying bacte-
ria treatment. As shown in Fig. 4, the nitrate removal rate 
in the bioreactor gradually increased in the first 15 d. On 
the 15th day, the removal rate reached 77.87%, it shows 
that the immobilized denitrifying bacteria gradually adapt 
to the steel wastewater quality and become the dominant 
bacterial species [9,36]. On the 16th day, the HRT was short-
ened from 8 to 6 h, and the nitrate removal rate decreases 
temporarily. Nitrate was removed stably from the 19th day, 

the removal rate reached 80% and the nitrate concentration 
in the effluent was less than 5 mg/L. When the HRT was 
shortened, the rapid recovery of the nitrate removal rate 
indicates that the immobilized bacteria in this study have 
a strong ability to resist the impact of water quality load. 
The results of nitrate removal indicated that the immobi-
lized denitrifying bacteria used in this study has a good 
effect of denitrification on steel wastewater, and bacteria 
immobilized technology can be used for steel wastewater 
treatment. Other reports have also proved that the bacterial 
immobilization technology has better effects in wastewater 
treatment, such as Dong et al. [17] reported that waterborne 
polyurethane immobilized activated sludge has a high- 
efficiency denitrification effect for the treatment of acrylonitrile 
wastewater. We believe that different immobilized bacte-
ria can be used to treat different pollutants in steel waste-
water, and steel wastewater can be treated in a targeted 
manner to achieve accurate decontamination. It is hoped 
that this research will lay the foundation for the application 
of immobilized bacteria technology in steel wastewater.

3.3. Analysis of microbial community in immobilized particles

In the research process, the immobilized bacterial par-
ticles in the bioreactor were structurally stable in the steel 
wastewater by visually observing, without breaking or dis-
integration, and have good mechanical stability (Fig. 5). 
It can be seen from Fig. 5, the bacterial flora in the immo-
bilized bacterial particles was densely clustered, and the 
number of the bacterial flora was large. The short rod-
shaped [27] or spherical bacteria were tightly coupled with 
the immobilized material, so the bacterial cells were not 
easy to flow and the adhesion was good. Scanning electron 
microscopy pictures show good growth of bacteria in the 
immobilized bacteria particles, which ensures the efficiency 
of wastewater treatment. This shows that the immobi-
lized bacterial particles prepared by waterborne polyure-
thane have good mechanical strength and suitable for steel 
wastewater treatment.

The types and relative abundance of microorganisms 
in the immobilized bacteria particles was analyzed at the 
genus level. After 40 d of steel wastewater treatment with 
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Fig. 2. Changes of nitrate and COD under different carbon– 
nitrogen ratios.
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immobilized bacteria, 30–50 immobilized bacteria parti-
cles were randomly taken from the bioreactor, shredded, 
and 16S sequenced after pretreatment. According to our 
previous reports [28], the sludge used in the preparation 
of immobilized bacterial particles in this study mainly 
consists of Diaphorobacter (relative abundance was about 
34%) and Paracoccus (relative abundance was about 25%). 
The preparation of immobilized bacterial particles was per-
formed in a sterile environment, so it can be considered 
the bacteria in the immobilized bacterial particles when 
the reactor started mainly consist of these two bacteria in 
this study. It can be seen from Fig. 6 that the type and rela-
tive abundance of the predominant bacterial groups in the 
immobilized bacterial particles have changed significantly 
after 40 d in steel wastewater. At this time, the bacteria 
with a relative abundance of more than 10% in the immo-
bilized bacterial particles were mainly Comamonas (42.99%), 
Simplicispira (13.23%), and Paracoccus (10.66%). Although 
the presence of Diaphorobacter and Paracoccus in the immo-
bilized bacterial particles can still be detected, their relative 
abundances have decreased significantly. After 40 d oper-
ations, they have become a non-dominant bacterial group 
in the immobilized particles. We speculate that the activ-
ity of this microorganism was affected by the quality of 
steel wastewater, and its relative abundance has decreased.

The unique constitution of microbial communities 
may play a key role in immobilized particles enhancement 
of nitrate biodegradation in steel wastewater, such as the 
synergistic relationship of Comamonas and Simplicispira 
[37], Comamonas and Paracoccus [38], competition relation-
ship of Simplicispira and Paracoccus [9,39]. Comamonas has 
a good degradation effect on a variety of pollutants. It is 
reported [40,41] that Comamonas degraded not only organic 
pollutants but also inorganic pollutants. In this study, the 
presence of organic substances such as phenol and inor-
ganic substances such as nitrate in steel wastewater was 
beneficial to the growth of Comamonas. The special water 
quality environment of steel wastewater plays a domesti-
cating role in the evolution of Comamonas and making it 
enriched and grown in the immobilized bacterial particles, 
which results in its high relative abundance and becomes 

one of the dominant bacterial groups. Simplicispira has 
a denitrifying effect and can convert NO3

– to N2 [42], it is  
reported that this type of bacteria was suitable for existence 
in an attached form. In this study, the special space envi-
ronment within the immobilized bacterial particles makes 
the bacteria difficult to flow, which is more suitable for 
Simplicispira attachment, and it is conducive to their pro-
liferation. Combining with the removal rate of nitrate in 
Fig. 3, it is known that Simplicispira plays an important 
role in the denitrification of steel wastewater treatment. 
Paracoccus is an important type of denitrifying bacteria, 
which can effectively transform different forms of inor-
ganic nitrogen [43]. It could convert NO2

––N and NO3
––N by 

denitrification. The relative abundance of this bacterium was 
significantly reduced in the immobilized bacterial particles, 
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Fig. 4. The removal efficiency of nitrate in steel wastewater by 
immobilized denitrifying bacteria.

(b)

(a)

Fig. 5. Scanning electron microscopy of denitrifying immobilized 
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from 25% at the beginning to 11% after 40 d of operation. 
In summary, it can be seen that the flora in the immobilized 
bacterial particles has undergone significant changes under 
the action of the steel wastewater through high-throughput 
sequencing, and the bacteria that adapt to the quality of 
wastewater has become the dominant bacteria.

4. Conclusions

This study used immobilized bacteria to treat steel 
wastewater and found that the optimal C/N ratio was 5.0 
using glucose as an electron donor and the HRT was set to 
6 h could meet the needs of denitrification. The removal 
efficiency of immobilized denitrifying bacteria on nitrate 
in steel wastewater reached 80%, and the nitrate concen-
tration in the effluent was less than 5 mg/L, indicating that 
microbial immobilization technology has a better treatment 
effect on steel wastewater for nitrate removal. The steel 
wastewater has a domesticating selection effect on the evolu-
tion of the immobilized bacteria, making the bacteria which 
adapt to the quality of wastewater to be dominant bacteria. 
This research would provide a new method for steel waste-
water treatment and promote the application of microbial 
immobilization technology in wastewater treatment.
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