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Abstract: To effectively strengthen the nitrogen removal efficiency of wastewater

treatment plants (WWTPs), a novel deep denitrification device (Tubular bio-reactor

device, TBD) was developed. Four kinds of solid materials (loofah, palm fiber, bagasse,

and fibrous fillers) were used as fillers for the TBD. The best filler type was determined

by comparing the denitrification performance of TBDs with different fillers. Then, high-

throughput sequencing results of the matrix biofilm were used to analyze the denitrification

mechanism. The results showed that the best removal rate of nitrogen from water was

achieved with the TBD filled with bagasse. For this TBD, the removal rates of NH+
4 -N,

NO−

3 -N, NO−

2 -N and TN were 72%, 64%, 97%, and 82%, respectively, and NH+
4 -N and TN

concentrations both attained Grade 1-A of the Chinese-National discharge standard for

WWTPs (GB 18918−2002). TBD filled with bagasse had a high abundance and diversity

of microbial species with a Chao1 index of 9 743.55 and a Shannon index of 6.37, and the

denitrification-related genus in the microbial community structure was dominant (23.75%).

In addition, nitrification (7.73%) and anaerobic ammonium oxidation (2.0%) related genera

were detected in the biofilm sample. The results suggest that the internal environment of

TBD filled with “bagasse” was good for the enrichment and growth of denitrifying-related

bacteria. This study was aimed at providing a scientific basis and parameters for TBDs

used in engineering applications.

Keywords: domestic wastewater treatment plants; upgrading and reconstruction;

enhanced nitrogen removal; in-situ purification; tubular bio-purification devices

0 Ú ó

��3/LYN¥�LþÈ\®E¤·IÜ©­:�o�ÑÚY¥�YNLE�z[1],


/LYN¥��È\�­��Ï��´¢	)¹ÀY��Y�Lþ�ü�[2]. �d, 5I

Ö�'u<uYÀ/�£1ÄOy�Ï�6(Iu [2015]17Ò) �¦¯a�¥6��¢	À

Y?n��Au 2017 cc.c�¤JIUE, �YY����?Aü�IO[3], ùÃ¦é·

I¢	ÀY�JIUEJÑ
�p�¦. â��, ÏLé 2013c�I 11�¢½ 122[ÀY

��Y� NH+
4 -N Ú TN ßÝiÿuy, � 1/3�ÀY��Y TN ßÝ±9� 1/6�ÀY��

Y NH+
4 -N ßÝ�U÷v�? A ü�IO[4]. ÀY�?Y"y%
E¤���zØv±9$

§^�Úå��zÚ��z�Çeü´yk¢	)¹ÀY��Y NH+
4 -N 9 TN ßÝØ�I

�Ì��Ï[5-7]. Ïd�Ié·I¢	)¹ÀY�JIUEL§¥�ø��Ç?1rz.

�k�)ûþã¯K, �ïÄïu
�«#.� rzø�C�——+ª)ÔÀYC

� (Tubular bio-reactor device, TBD)[8]. TBD±yk¢	)¹ÀY��Y�ÉBYN��¢

��m?1� Àz, ¿nÜ|^ÙSÜW¿Ä��ÔnLÈ!zÆáNÚ�)Ô)z�

^±9 TBDþ-��Ô�áÂ�^¢yÀY�rzø�. ^u¢	)¹ÀY�JIUE�

DÚrzø�ó² (X��z)ÔÈ³!<ó�/Ú)�2K�)¥W¿Ä��áN!!�

9º%A5éuø��J�3wÍK�[9-11]. j�ä���)Ô��Aì9��z)ÔÈ

³�W¿Ä�, éÀYäkûÐ�ø�Ø��J[12-13]; kj���«~�U,0�á�, é

LE�zYN�Àz�JwÍ[14]; [øUÏÙûÐ�º%5U, �y²´rzø��n�á

�[15-16]; 
zÆn�W�äk�$��N{å!��'L¡ÈÚNÈKÖ, ¿�¢�y¢

äkûÐ�r?)Ô�zÚ��z��^[17]. ,	, )è��~�Ìè¬«ÏäkE�´
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L!^å2�!�Ç�p�A:, ÎÜ;.)�?E��¥“�ÔAäk2�^å½²Ld

�p”�ÀJA^�K[18-19].

Ïd, �ïÄÀ�j�ä!kj![øU9zÆn�W�� 4«�Ná�©O�

� TBD �W¿Ä�, ¿À�)è��Ù-��Ô, ÏLé'ØÓÄ�a.� TBD é¢	)

¹ÀY��Y�rzø�5U, �ÑÙ�ZW¿Ä�, ¿(ÜÄ�)Ô��pÏþÿS(J

)ÛÙø�Ån, ±Ï�TC�ÑÖu¢	)¹ÀY�JIUE�ó§zA^Jø�âÚ

ëê.

1 á���{

1.1 Á�C��$1^�

�Á�u 2015c 5 �ÐmÐ, Á���
 4|²1��Á5�� TBD, Ù�EXã 1 ¤

«. 4 | TBD ©O��u 4 ��Ó�Yø¥, Yø¥�YN=�+ª)ÔÀYC�Jø2å,


� TBD SÜ�YNÃ��. z| TBD þdÀY)Ô�+!2N!�Ô9?Y�!ÑY�

|¤. ÀY)Ô�+þd�Ý 12 m!�» 7.6 cm!þÝ 0.3 mm � PE N�^+Ú+SW¿

Ä��¤, Ù��7¤�G (�»� 65 cm) ¿�½u2Nþ. 3�7¤.�ÀY)Ô�+þ

�þ!©Ù 36��» 1 cm ��Ô«��, �ÔÀ^)è¿ÏLÂ«�ªò)è«f«�u

ÀY)Ô�+�Ä�¥. TBD �?YÏLUÄ"!�"\ÀY)Ô�+�?Y�, ÑYÏ

LYøþ�ÑY�üÑ. 4 |+ª)ÔÀYC��+ª)Ô�AìS©OW¿: j�ä!k

j![øUÚzÆn�W�, ÙéA?Ò©O� T1!T2!T3!T4. T1—T4 ¤W¿W��

W¿Çþ� 33%. T1—T4 ¤W¿W��¹YÇ!�Ý!CODCr 9 TN ¤©�MÑ�Ç�Ä

�nz5�XL 1¤«.

4
5

3

6

1

2

5: 1 Yø, 2 2N, 3 ÀY)Ô�+, 4 �Ô, 5 ?Y�, 6 ÑY�

ã 1 TBD �E

Fig. 1 The structure of a TBD

L 1 ¥W�� CODCr 9 TN MÑ�Ç (ν) �ÿ½�{Xe. ¡� 5 g W��\?Ò

� T1!T2!T3Ú T4 � 500 mL I/´¥, �I/´¥©O\\ 400 mL �lfY, Xþ´

X, zU��I/´S�Y, ���m (t) �z� 1 d ��ÿþ. æ^5�ì��, ²�»

3 µm �½þÈ�L�ÿ½EÑ�¥ CODCr 9 TN ßÝ, ±Yiÿ 15 d. �;�iÿÐ

Ï (1∼3 d) W�L¡´M5Ô��þMÑéÁ�(J�K�, Ó��
� T1—T4 C�

�¢S$1éA, ¤±�W�“­½�ºÏ”(4∼15 d) � CODCr 9 TN ²þßÝ (C), Uú

ª ν = C/t (mg·l−1
·d−1) O�W�� CODCr 9 TN MÑ�Ç.
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LLL 1 T1—T4 ¤¤¤WWW¿¿¿WWW������ÄÄÄ���nnnzzz555���

Tab. 1 Basic physical and chemical properties of the fillers in T1—T4

C� W�
¹YÇ �Ý CODCr MÑ�Ç TNMÑ�Ç

/% /(g·cm−3) /(mg·L−1
·d−1) /(mg·L−1

·d−1)

T1 j�ä 1.19 1.13 11.46 0.96

T2 kj 1.38 0.73 2.49 0.19

T3 [øU 2.53 0.43 23.94 1.33

T4 zÆn�W� – 0.86 1.81 0.08

TBD �?Y6þ (Q) þ� 3 L/h, YåÊ3�m (HRT ) þ� 8.5 h, YåKÖÇ (HLR) þ

� 0.22 m3/(m2
·d). ¢�?Y5g,)¹ÀYÕ�[Á�C���Y, ÙY��, R� (NH+

4 -

N) ßÝ 12.1∼27.2 mg/L, ��í� (NO−

3 -N) ßÝ 3.7∼20.4 mg/L, æ��í� (NO−

2 -N) ß

Ý 6.9∼8.4 mg/L, o� (TN) ßÝ 35.4∼45.5 mg/L, zÆI�þ (CODCr) � 45.6 ∼63.1 mg/L[20].

��[ TBD 3¢	)¹ÀY��YÉBYN�¢S$1^�, TÁ�XÚæ�g,!��

ª[21]. �Á�uXÚ­½$1 1 ���éÄ, d� TBD Ä�®�Ñ)Ô��)è®uÞ.

�âþã�O9$1ëê, TBD [^u¢	)¹ÀY��Y�� rzø�, Ù¢SA^

�{Xe. TBD Ì�dÀY)Ô�+!8Yø!2N9�Ô|¤; TBD ��u¢	)ÔÀY�

�YÉBYN¥; ÀY)Ô�+��u2Nþ, 2N¤2uY¡. òÀY��Y±“­åg6”�

�ªÂ8u TBD �8Yø¥, 8Yø�Y �Ñ TBD �ÀY)Ô�+?Y�Ip�0.5∼

1.0 m; ,�, ÏL8Yø.Ü��6+òþãÂ8��Y±“­åg6”��ª�\ TBD �ÀY

)Ô�+�?Y�, ¦�Y6²ÀY)Ô�+; ÀY)Ô�+nÜ|^+SW��ÔnLÈ!

�3�^!W�þL8�)Ô�=z�^±9W�þ¤«�Ô�áÂ�^é6²�ÀY?1

�ÝÀz; ²�ÝÀz��Y�ªÏLÀY)Ô�+�ÑY�ü\à�. ,	, �ÀY��Y

ü�þØv�, ��æ^“Y"”J,��ªòà�¥�YN� J,� TBD �8Yø, l
¢

y TBD éÀY��YÉBYN�� Àz.

1.2 �¬æ8�uÿ�{

g 2015 c 6 �� 2015 c 12 �, Å�é T1—T4 �?!ÑY�?1Y�æ8�uÿ. Y��

pH �¦^ HANNA HI 98129 . pH O3y|ÿ½, Y�� NH+
4 -N!NO−

3 -N!NO−

2 -N!TN ß

Ý9 CODCr ÿ½u 24 h S3¢�¿�¤. æ�Ïm;mü�, ±;��YéT�/XÚ?!

ÑYY��K�. Y���Iÿ½ëì5YÚ¢Yiÿ©Û�{6(1o�). ÃAO`²	, ¤

^ÁJþ�©ÛX, ¢�^Y�#m�lfY. 3�Á�L§¥, ½ÏP¹)è�uÞÇÚ¿

p. �Á�¥, æ^ HACH HQ30D M�¤iÿ TBD ?ÑY9 TBD cà (å?Y� 20 cm)!¥

m (ÀY)Ô�+¥m) 9"à (åÑY� 20 cm) +SYN�M)� (DO) ßÝ.

¢�(å�éø��J�Ð�TBD �W�)Ô�?1��æ8, �� �3T TBD �

ÀY)Ô�+"à (ålÑY� 20 cm ?). )Ô��¬æ89ý?n�{Xe: ò$1¥

� TBD W��Ñ, �\gµ�¿á=�£¢�¿u4 ◦C eõ; ¯�^¯kO�Ð�I/´CÐ

·þÃÿY��¬, ��, �Ä�L¡NXÔ��øá, ò]Z��\l%+l%, �l%+e

Ü�NÔ, ¿u−10 ◦C òÙeÈ. ±þæ�ìá3¦^cþ²LÃÿ?n, Ó�éX)ó)Ô

ó§ (þ°) �°k�úi¦¯��¿?1pÏþÿS.

1.3 �)Ô+áõ�5©Û

)ó)Ôó§ (þ°) �°k�úiæ^ Power Soil DNA ©lÁJÝJ��¬¥� DNA.

æ^ 1% � �0v�>YuÿJ��[ÿoDNA. é 16S rRNA ÄÏ� V3—V4 pC«¡ã

?1 PCR *O, ÚÔS�� 515F(GTGCCAGCMGCCGCGGTAA) Ú 909R(CCCCGYCAAT
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TCMTTTRAGT). ��3Túi� Illumina MiSeq ²�þ?1pÏþÿS©Û, ���©

ã�êâ©�²CASAVA wÄ£O©Û=z��©ÿSS�, (J± FASTQ ©��ª;

�. |^ Mothur é�©S�?1��, �ØS�¥�iÜN, ��`zS�; 3 97% ��

q5Y²þòS�y©�ö�©aü� (operational taxonomic units, OTUs); æ^ RDP

Classifier ��d�{é 97% �qY²� OTU �LS�?1©a©Û, U
O��¬©¥C

XÇ (Coverage)!Chao1�ê9 Shannon õ�5�ê, ¿3áY²þÚOz��¬�+á|

¤[22-23].

1.4 êâ?n

êâÚO©Ûæ^Excel 2016 ^�, ãL±�æ^ Origin 9.1 ^�, ¿^ SPSS 20.0 ^�é

ØÓÄ�a.� TBD �z9��z5U?1 ANOVA ��©Û.

2 (J�©Û

2.1 ØÓÄ�a.�rzø�5Ué'

ã 2 Ð«
 4 |ØÓW¿Ä�� TBD 3 150 d �Á�$1Ï¥ NH+
4 -N!NO−

3 -N!NO−

2 -

N Ú TN �?YßÝ9 NH+
4 -N!NO−

3 -N!NO−

2 -N Ú TN ��ØÇª³.
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2 -N (c), TN (d) removal performance of
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2.1.1 é NH+
4 -N ��Ø5U

d ã 2(a) � �, 4 | TBD ¥ é NH+
4 -N � ØÇ� p � ´T3 (² þ 72%), Ù g ´ T2 (²

þ 57%), T1 (²þ 57%) Ú T4 (²þ 34%). (JL², T3 �ÑY NH+
4 -N ßÝØÁ�$1�

1 30 U	, Ù{�ãþ�÷v5¢	ÀY?n�À/Ôü�IO6(GB 18918−2002)5½�

�? A IO (NH+
4 -N65 mg/L), 
 T1 Ú T2 3Á�$160 d �ÙÑY NH+

4 -N ßÝþ����

? B IO (NH+
4 -N68 mg/L), T4 �ÑY NH+

4 -N KÄ�Ã{���? B IO.

Á � L § ¥, T3 é NH+
4 -N � � ØÇ� T1!T2 Ú T4 é NH+

4 -N � � ØÇä k w Í �

É (p < 0.05), L²W¿[øU� TBD é¢	)¹ÀY��Y¥ NH+
4 -N ��Ø'W¿Ù¦

Ä�� TBD äk²w`³. �)ÔéÀY¥ NH+
4 -N ��ØÌ���YNÐ��¸¥�z[ÿ

��z�^ (ò NH+
4 -N =z� NO−

3 -N) 9YN��½"��¸¥��R�zÿ+���R�z

�^ (ò NO−

2 -N Ú NH+
4 -N Ó�=z��í)[24-25]. �â DO iÿ(J, Á�?Y� DO ßÝ3

Á��§¥þ�u4.0 mg/L, ù�4��Qã�;.)¹ÀY��YDO ßÝ��[26]. T3 �

ÀY)Ô�+�cà+SYN DO ßÝ��´ 4.30∼7.09 mg/L, `²+ST«ã��)Ô?u

Ð�YN�¸¥, ùk|u�z�'ÿ+ (X��ÿÚæ��ÿ) �)�, l
J, TBD ��z

5U. �XYN6²+SÄ�, YN DO Øä�Ä�)Ô�þ�Ð��)Ô�Ñ. ÀY)Ô�

+¥m�+SYN DO ßÝ��´ 0.56∼1.38 mg/L, 
"à�+SYN DO ßÝ��´ 0.17∼

0.49 mg/L. dd��, 3ÀY)Ô�+���ã�+SYNU
/¤"��¸½�����¸,

l
��)Ô3��^�e���R�z�^Jø
�U. Ó�3ÀY)Ô�+÷Y6��/

¤“Ð�—"� (O-A)”©ã.

2.1.2 é NO−

3 -N ��Ø5U

dã 2(b) ��, T3 é NO−

3 -N ��ØÇ (²þ 64%) ²w`u T1!T2 Ú T4 Á�| (T1 ²

þ 20%, T2 ² þ−190%, T4 ² þ−75%). T2 Ú T4 é NO−

3 -N � � ØÇÄ � � K �, `

² T2 Ú T4 Ä�)Ô���z�^�u��z�^. �A/, T3 Ú T1 Ä�)Ô����z

�^�u�z�^, u´ÙÑY¥ NO−

3 -N ßÝ�?Y$.

iÿ(JL², Á�?Y� C/N � 0.3∼0.9, áu$%�'ÀY. �dI	\%
��>f

øN, âU�y�)Ô��zL§�^|?1[27-28]. T2 Ú T4 ÑY CODCr ßÝ�?YÄ�±

², 
 T1 Ú T3 ÑY CODCr '?Yp�40%∼80%, �þ��L5¢	ÀY?n�À/Ôü�

IO6(GB 18918—2002)5½��? B IO (CODCr 660 mg/L). [øUÚj�ä®�y²ä

k�Ð�º%5U, �Ù�YNº��kÅÔ�)z5�Ð, Ï
·u��r?�)Ô��z

�^�	\%
[12,16]. 3 TBD �ÀY)Ô�+¥, [øUÚj�äº��´LkÅ��+S

kÅÔü)9=z�'ÿ« (�)É���zÿ«) �L8!)�Ú��Jø
·¨^�, ��

kÅÔü)9=z�'ÿ«�)�Ú���r?
+SkÅÔßÝ�ü$, l
;��gÀ

/. ,	, YN¥�kÅÔßÝ�p, �)Ô�ü)kÅÔ�ÑDO ��ÇB�¯, l
�´u

/¤YN�"��¸[29]. nþ, T1 Ú T3 é NO−

3 -N ��ØÇ�p�Ì��Ï´ÙW¿Ä��

º%�A�ÀY)Ô�+S�)Ô���zL§Jø
>føN, Ó�W�þ�)Ô��áÚ

��L§�Ñ��íEE
��z¤I�"��¸. �'ïÄL², �)Ô���z�^¬�

) OH−, ?
��YN pH ��þ,[30]. ÏLuÿuy, T1 Ú T3 �ÑY pH �©O'?Y²þ

þ,
 0.49 Ú 0.86, ùm��y
W¿j�äÚ[øU�ÀY)Ô�+Su)
��z�^.

2.1.3 é NO−

2 -N ��Ø5U

dã 2(c) ��, T3 3Á��§¥é NO−

2 -N ��ØÇ�Z (²þ 97%), 
 T1 (²þ 62%)!

T2 (²þ 66%) Ú T4 (²þ 48%) 3Á�ÐÏþu)
æ��íÈ\�y�.

YN¥æ��í�È\Ø�é)ÔÚ<NèxE¤î­�³, 
�¬é��zÿ�)Ó
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³�^, ¦��zL§É�î­³�[31] . 
æ��í�)È\¿�X�)ÔéÀY¥���

�z9��z�^Ø��[32] . dd��, �'Ù¦Á�|, T3 ¥�)Ô��z9��z�^

©ª����, L² T3 äkûÐ�rzø�5U. �'ïÄL², ÀY� C/N<3.5 �?nü

�Ò¬�)²w�æ��íÈ\y�[33]. 3 4 | TBD ¥, T1!T2!T3 Ú T4 �ÑY C/N ©O

� 1.80!0.70!8.58Ú 0.19, ���k T3 � C/N>3.5, �¦ÙØ´�)æ��í�È\, l
�

yÙÑY� NO−

2 -N ßÝ�$.

2.1.4 é TN ��Ø5U

Á�?Y� TN ßÝCz9 T1!T2!T3 Ú T4 é TN ��ØÇª³Xã 2(d) ¤«. (

JL², T3 é TN ��ØÇ�p (²þ 82%), Ùg´ T1 (²þ 42%)!T2 (²þ 14%) Ú T4 (²

þ 13%). T3 ÑY TN ßÝþU��5¢	ÀY?n�À/Ôü�IO6(GB 18918—2002)5

½��? A IO (TN ßÝ���15 mg/L), T1 ÑY TN ßÝþ�÷v�? B IO (TN ßÝ�

�� 20 mg/L), 
 T2 Ú T4 ÑY TN ßÝA�����?B IO. �ùù�òj�ä![øU

��Ná�^u�Ï 50 d �YNø�1g¢�[15], (JL²j�äÚ[øUþä�ûÐ�

ø�5U, Ù¥j�äé TN ��ØÇ� 71%, [øUé TN ��ØÇ�Z, � 94%, ù��©

¥ T3 é TN ��ØÇ�p�ïÄ(J��. ��z´¢y��lYN¥øØ�'�Ú½. 4 |

+ª)ÔÀYC��TN �ØÇ¥yT3 > T1>T2 > T4�5Æ, ÄÙ�Ï, ´ T3 �W¿Ä�[

øU�º%�Ç9­½5�Ð, Ï
�k|u����zÿ��|^%
, r?��zL§�^

|?1; 
j�ä�º%�Ç9­½5$u[øU, kjq$uj�ä, zÆn�W�KA�Ã

º%5U.

Á�L§¥, T3 é TN �ØÇ� T1!T2 Ú T4 é TN ��ØÇþäkwÍ�É (p < 0.05),

L² T3 é)¹ÀY�ÑY¥����Øäk²w`³. DÚ�ÀY��Yrzø�ó²éY

N¥����Øå»Ì��)�)Ô��z!��z�^, W¿Ä���3!áN�^±9�

Ô�X�áÂ�^[34-35], Ù¥�)Ô��zÚ��z�^´Ì��Øå»[36-37]. TN W�þ�

�)Ô��z¤I�%
9"��¸�ÃuT3 ¥[øU�YNº��kÅÔÚ�)Ôü)k

ÅÔ��)� DO �Ñ, dd3 T3 �ÀY)Ô�+¥÷Y6��/¤
“Ð�−"� (O-A)”©

ã, §aqu~5ÀY?n�æ^� Anoxic/Oxicó² (A/O ó²), 
 A/O )zó²®��Ï

�ó§¢�y²äkûÐ����Ø�Ç[38] . ÀY)Ô�+�ù« O-A ©ã´ T3 ä�ûÐ�

z9��z5U�Ì��Ï, Ù�)Ô�^Å��I?�ÚÏLÄ�)Ô��pÏþÿS?1

)Û.

2.2 Ä�)Ô�pÏþÿS©Û

2.2.1 �)Ô+áõ�5

�)Û TBD é¢	)¹ÀY�rzø���)Ô�^Å�, �ïÄéø�5U�Z

� T3 ¥ÀY)Ô�+"àW��)Ô���?1pÏþÿS, ��� 25 908 ^`�S�, ¿

± 97% �qÝy©, ��� 3 947 � OTU ©aü�. �¬©¥�CXÇ (Coverage)� 90.90%,

`²�¬¥ÄÏS��uÑ�VÇép, �gÿS(JU
�LÄ�L¡�)Ô+á�ý¢

�¹.

3�)Ô+põ�5©Û¥, Ï~æ^ Chao1 �ê�NÔ«´Ý, Chao1 �ê�p, L«

ÙÔ«�´L; æ^ Shannon �ê�NÔ«�õ�5, Shannon �ê�p, L«ÙÔ«õ�5�

p[39]. ÏLO���, T�¬� Chao1 �ê� 9 743.55, Shannon �ê� 6.37, T(Jpué!

��$^DÚó²?1YNrzø�ïÄ¥)Ô��¬�Ô«´ÝÚõ�5[40], L² T3 �À

Y)Ô�+¥�)ÔÔ«´ÝÚõ�5�p, Ù�Ï�U´ÀY)Ô�+��é�4(�±9

[øU�º%�^k|u��)ÔJø�é­½�E�¿v�)��¸, l
Jp�)ÔÔ«
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´Ý9+á(�õ�5[34,41].

2.2.2 �)Ô+á(�

�
�« T3 )Ô��¬¥��)Ôÿ+(�, ò 97% �qY²� OTU �LS�3áY

²þ?1©aÚO (�ã 3). ©Ûuy3T�AìXÚ¥ Denitratisoma ÿá�Ì�`³ÿ

á, TÿáÓÿ+oN� 13.4%; Ùg� Thauera ÿáÚ Ignavibacterium ÿá, ©OÓÿ+oN

� 7.7% Ú 5.7%. Denitratisoma ÿáÚ Thauera ÿáþ´;.�É�o5����zÿ, Ù2

�©ÙuÀY�¹5ÀY9<ó�/Ä�¥[39,42] . 
 Ignavibacterium ÿáÏ~ä�1Ü�^

�Ø��, ~�3u1�ûÐ�Ã��¸[43]. Ignavibacterium ÿá�L8lý¡�NÑ�Aì

SÜ/¤
"��¸.

0 3 6 9 12 15

/%

unclassified_Gemmatimonadaceae
Nitrosomonas
Pir2_lineage

Pseudospirillum
unclassified_Cytophagaceae

unclassified_Nitrosomonadaceae
Merismopedia
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Alterococcus
Bryobacter

Leptolyngbya
Georgfuchsia
Sphingomonas
Bdellovibrio

unclassified_Hydrogenophilaceae
Escherichia-Shigella

Acidovorax
Phycisphaera
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Hymenobacter

Fluviicola
Ferruginibacter

Candidatus_Brocadia
Nitrospira
Pirellula

unclassified_Ruminococcaceae
Lysobacter

unclassified_Rhodospirillaceae
Ohtaekwangia

unclassified_Planctomycetaceae
Phormidium

unclassified_Comamonadaceae
Nitrosococcus
Blastocatella
Calothrix

Candidatus_Jettenia
Thioalkalispira
Owenweeksia
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5: �Ð«'~�u 0.5% �ÿá

ã 3 T3 )Ô���3á�¡þ�+á|¤

Fig. 3 Bacterial community composition at the genus level of the biofilm sample from T3

Øþã 3 «`³ÿá	, )Ô��¬¥ä���zõU�ÿá�k Azospira ÿá!

Bacillus ÿá!Flavobacterium ÿá!Rhodobacterÿá9 Comamonas ÿá[39,42], Ù¤Ó'~

© O � 1.74%!0.27%!0.36%!0.15%Ú 0.13%. \ þ ` ³ ÿ á ¥ � Denitratisoma ÿ á Ú

Thauera ÿá, äk��zõU�ÿá'~�� 23.75%, L²)Ô��¬¥¹k�´L���

z�'ÿ+. T)Ô��¬¥äk�zõU�ÿáÌ��) Nitrobacter ÿá!Nitrosospira ÿ

áÚ Nitrosomonas ÿá�[44], Ù¤Ó'~©O� 0.96%!1.90%Ú 1.43%, L²�z�'ÿ+�
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'~��, ù�U´duT)Ô��¬��� � u+ª)Ô�Aì�"à, Ù+SYN�

"��¸Ø|u�z[ÿ�)�. ,	, )Ô��¬¥� Candidatus ÿá���R�z�'ÿ

á[45-46], ÙÓ'ÜO 2.0%. �'ïÄL², ��R�zÿÚ��zÿ�±�)¿ÏL�Ó�^

rzéÀY¥����Ø[47].

nþ, W¿[øU� TBD SÜ�)Ô+á(�¥��z�'ÿáÓýé`³ (23.75%), ¿

¹k�½'~��z (7.73%) 9��R�z (2.0%) �'ÿá, L²W¿[øU�TBD SÜ�¸

k|uø�õUÿ+�L8Ú)�.

3 ( Ø

(1) ± [ ø U � W ¿ Ä � � TBD é À Y � ø � 5 U ² w ` u Ù ¦ Ä �, é NH+
4 -

N!NO−

3 -N!NO−

2 -N 9 TN � ² þ � ØÇ© O � � 72%!64%!97%Ú 82%, ² À z � Y

N NH+
4 -N 9 TN ßÝþ�÷v5¢	ÀY?n�À/Ôü�IO6(GB 18918—2002)5½

��? A IO, Ïd[øU´ TBD ��ZW¿Ä�.

(2) W¿[øU� TBD ��)ÔÔ«´ÝÚõ�5�p (Chao1 �I� 9 743.55, Shan-

non �I� 6.37), �Ï�U´ÀY)Ô�+��é�4(�±9[øU�º%�^��)ÔJ

ø
�é­½�E�¿v�)��¸.

(3) W¿[øU� TBD SÜ�)Ô+á(�¥��z�'ÿ+Óýé`³ (23.75%), ¿¹

k�½'~��z (7.73%) 9��R�z (2.0%) �'ÿá, L²W¿[øU�TBD SÜ�¸k

|uø�õUÿ+�L8Ú)�.
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