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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 NHI-N7
NOj;-N, NO;-N and TN were 72%, 64%, 97%, and 82%, respectively, and NH}-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 Chaol 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
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A e G 436 I i 28291,
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WK R ISR RN RE, 19t F e R RE 0, 45 6 L I AR M R 11 vl By 45 2R
AT TG SEOL R, DU DA 12 I 55 T IR AR i v K T RAR 5 Y R AR N TSR A 0 A
ZH.

1 #M#E57H*

L1 RBRKELHETEME

AR T 20154 5 AWITFIE, R E T 440FAT 0/ MRIBEH TBD, HHis i 1 57
7. 441 TBD 40 ITHCE T 4 AR AR , ACHE b 16 A PR (S0 8 SR Ak s T ),
1fi 55 TBD P BKI7K A JEAS Be. RF4H TBD 34 sk AT . A R K T, ik
YL VKA B K B 12 my ELAR 7.6 em. JEE 0.3 mm [ PE OB FIE 37
R 8, ML B IR (BLARZY 65 om) JFRLE TR0k L. 7RSSR BRI K A
D7 BS54 36 N 1 em PRIV FIRIFL, A3 T 35t Rl 7 2K SR TR T
VKA I TR TBID I 98K o i 34 A0 T A K A S K 1, K
S ACHE 1 EH K T HE . 4 21 SRR M AR B SRR R N B A IR 2R kR
2o H IR RIS LT EBORL, IO NV g0 5 40 B0 T1. T2 T3, T4. T1—T4 Frif 7 IR
HIFR I Ny 33%. T1— T4 FiFs BURH A KA 88 . CODe, S TN A ¥ Hh ok 3¢ 25 3
EN: LA TIESV/E

w1 KA, 2 VRIR, 3 WOKAEMIEE, 4 fY, 5 3K, 6 HiKD
1 TBD #i&
Fig.1 The structure of a TBD

F 1P HURHY CODe, & TN ¥ H 3R (v) I 2 ik . BRELS g HURHRON 4 5
9 T1s T2 T3H1T4 1500 mL HEJEH A, [ HETE I 43 5 N 400 mL 2 &K, & L
6, AR S HE T P K, HURE I TAD (¢) S B 1 d UREI . SR A O R EURE, £ AL 1R
3 pm [ 5E SR AT J5 W 5 R CODey M TN WK B, FF 22 I 15 d. Oy a4 0l 4]
W (~3 QBRI G HEEY R RKEFESRE LR, AT 5T T4 E
() 52 B3z 47 %5 B, BT DLERCEECRE <% 52 2B 117 (4~15 d) I CODey M TN SE BB (C), 1% 28
Xv=C/t (mgl1-d™) WHHIEEHE CODe, A TN % g%
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F* 1 T1—T4MARERBERBLMER
Tab. 1 Basic physical and chemical properties of the fillers in T1—T4

- FRE I COD, ¥t 4 TN %
EN3c kL -3 —1.4-1 —1.9-1
/% /(g-em™?) /(mg-L™+.d71) /(mg-L™"-d™1)
T1 22 %% 1.19 1.13 11.46 0.96
T2 kriez 1.38 0.73 2.49 0.19
T3 H s 2.53 0.43 23.94 1.33
T4 {25 2T YR - 0.86 1.81 0.08

TBD 3k K& (Q) ¥4 3 L/h, KI5 INa] (HRT) 4% 8.5 h, /K Jy ifif % (HLR) ¥
70.22 m?/(m2d). SEEGHEAKR [ 3 AT Kl BRI 50 ke 1 R K, HoK IR, A (NHY -
N) % FE 12.1~27.2 mg/L, i R £k A0 (NO3 -N) ¥k Ji 3.7~20.4 mg/L, WA IR & % (NO; -N) ¥
£ 6.9~8.4 mg/L, B 5 (TN) #KE 35.4~45.5 mg/L, 2E T A & (CODc;) N 45.6 ~63.1 mg/LI120.
A TBD 7RIk BUA W5 V5 /K ) R /K 2 K AR 1 SE Briz A7 4, 50 R 40 R L A AR HE 57
AP ARG T R iztr 14N A )G 830, T TBD 35 oK H A A4S 2R 2.

Wl LR it K247 250, TBD S T3R8 AEiG V5 7K R 7K 1 Js 00 5t Ak o 4, s b v
JiEn . TBD B KAEMBE . A, AR SAEY ALK, TBD 3E T AdEmiEK)
K Z KA K AE B BB TR AR b, YRR KL KvE K] RKBLCE S BT )
75 A4 T TBD HI A KR v, A2 7K R 1R 7K A7 68 HE TBD [ 34 K A 40 380 8 3k 7K 14 51 11 0.5~
1.0 my; KU, I BE/ROR JECHB (1 2 K FaR R 1 R K B B i 77 3N TBD 5K
PEMIELE RORE K 1, A ROKIRZ K RS 1K AE MR S8 5 R AT A BORHI ) B 8
BOBEAEH] . BORL s SRR E P 1 A A A T DA R SEORE B T A e 42 F) RSO FH R R4 1 v 7K 3R 4T
IRPE Ak 20 B 1 A 1) R /K e 20l i 7 K AE A A I K IV HE NI, 34k, 4i57K) K
He AR, 38 AR <K 52 3@ T+ 1 7 2R InT 3 rp ) K AR SR 32 71 43 TBD (4K RS, A s
L TBD X5 7K 7K 52 MK R B AL 54K
1.2 H&EXE SR ®

H 201546 H4 20154E 12 A, B HXF T1—T4 (\HE. /K D7 KRG SR, KAL)
pH {51l | HANNA HI98129 % pH i1 7E L3730 %2, K AE (¥ NH -N. NO;-N. NO,-N. TNk
[ & CODe, Wl 5E T~ 24 h W AE S0 3 58 i, SRAT: S0 1) JRE T [ R, L3R B WY 7K 0T 12080 1 R e ik
HAKIK TR 52 . ZKFE BT AR I8 2 0 R A MR I 23 B 732y (BB DURR). Jods il it B4k, Jir
FHAR T Ny 4 W 48, S0 1 /K by e 25 88 7K. AEASRIG 1L R vy s 3000 S 2B S0 i R 2 R bk
. RIS SR HACH HQ30D % 4 A il TBD ik Hi 7K & TBD i (FEREK 1 20 em).
i) (Ve /K A A T ) B Ao (B HE 7K T 20 em) 8 KPR ISR (DO) K.

S0 25 oI 0] I KR B I () TBD (1 0k} AR W) AT BE AR A2, BUREA & 7E 1% TBD 11
V7K AR B R ity (BE B8 7K 1120 em Ab). AR IR SR AR R WAL B 7 i R B AT
(1) TBD SRR, RN 348 FE 7 B s [a] S50 5 1 4 © C vl DRoidt F 5 26 e 25 LF IR HE T iR e 4
R TCHE K SRR, PR3, A 5ET0 PG DR 9 I %, F B BN B0 B0, GRS T
FOEEAY), IFT —10 °CR A R, DL RAESS MR T AT s 4 Jo AL 21, RN IE 3R A /)
TR (i) B B FRRERE FEHEA T vt 0
L3 A% & A AT

TR TR (L) B 47 B2 ) R Power Soil DNA 43 53R S 42 HURE & 7 1) DNA.
K 1% 1A BEH 5t e Fh A DU B2 1 400 141 5 DNAL 6 16S rRNA LR 1) V3—V4 m 722 X F B
AT PCRY 44, 5147414 515F(GTGCCAGCMGCCGCGGTAA) F1909R(CCCCGYCAAT
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TCMTTTRAGT). Bt i 7€ %2 7 () Tlumina MiSeq - & b 3E 4T v 38 90 )% 20 4, 13 21 8 45
Pl 1% K405 S 1F 28 CASAVA B F5% U 31 40 1T e 46 4 JRUA6 W I 971, 45 SR DL FASTQ ST 4 s =X i
7. ) F Mothur % Jf 46 77 S EAT 1 IE, 258 5 51 mh ik & 1, 13 BI040 % 515 75 97% 1 A
UPE K P ¥ 13 51 &I 43 vT 4 A 2> 28 T (operational taxonomic units, OTUs); X H RDP
Classifier DU 17 53268 97% AHABLZK ST (K1 OTU AR 7 5 REAT 43 240 T, 4k i v 5K i S0 7
i % (Coverage). Chaol ff %} Shannon % 1k F5 50, JF 76 8 7K F bG8 vh 4 AN FF ol 16 18 9 41
52[22-23]'
14 HApuE

HAR G vk 53 BT K H Excel 2016 81 4F, IR 21K Origin 9.1 84+, I SPSS 20.0 8 A4%)
ANTFHE TR ) TBD A6 B A BEHE1 T ANOVA J5 2253 4.

2 ZR55W

2.1 R 2K BB R AL A AT
Bl 2 R 7 A AR 78 B ) TBD 7E 150 d IR 562 47 17 NHS -N. NO3 -N. NO; -
N RITN FIHEKHE K NHS -N. NOz-N. NO; -N fl TN ffJ LB .
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Fig.2 The NHJ-N (a), NO3-N (b), NO;-N (c), TN (d) removal performance of
the four TBDs
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2.1.1 % NHf-N [ LBrTEfE

1 B 2(a) AT %01, 441 TBD 6 NHT-N 23 B 5 8 & (642 T3 (OF 3 72%), H )& T2 (°F
B)57%), T1(F3957%) F1T4 (P34 34%). 45 LMW, T3 H K NH-N K BRI 5602 17 10
5530 RAh, LR BY T2 TS KA V5 e HEBORE ) (GB 18918—2002) i 5E )
— 4 A br#fE (NH -N<5 mg/L), 1 T1 F1 T2 75X 501217 60 d & 3L 7K NH -N 3 FE 35 ml ik 51—
2 B bt (NH-N<8 mg/L), T4 [ Hi 7K NH}-N MZEA T ILIE B — 2 B ArvE.

G0 B P, T3 NHS-N LB R 5T, T2/ T4% NH-N1) 2 B B # %
5t (p < 0.05), R WIS H FEHE ) TBD 6 388 AL 36 5 7K ) R 7K NH -N ¥ 2: B b3 70 HoA
R TBD HA B B AL SEWx G K NHT-N (923 6 232 SR 5 K U S8 0 85 b g 1k 4
IASACAE (s NH-N #4020 NO3 -N) SR PRA BB A R 5 h PR S04 B 1) R A U 4L
YEH (1 NO, -N FI NH,-N [ i 46 4 200) 2425 M40 DO ME i 46 3, k563K (K DO ¥k % 7
IRE A FE KT 4.0 mg/L, 15 XM RUA 1 SR A 3575 K R /K DO IR EE— 2120, T3 11
VK AL IR S K AR DO IR BE TR 4.30~7.09 mg/L, U W 1% X B A ZE Ak T
TP AR KA R T S A R TR AR G VAR (a8 v R I A IR 1 ) 192K, AT 47+ TBD [ Aif ik
PR, BEAE KA 2B N 5T, 7K AR DO AN W7 4k 58 5T 2R ) 58 1 e S A 0 Y . 1 K AR A
PR A Y ZKAR DO MRS B 0.56~1.38 mg /L, 1M1 A< 5t 45 A ZK AR DO B 3 Bl 2 0.17~
0.49 mg/L. HHICRT L, 781K AR 1R J5 - B N KR BRI T Fi i S PR B Bl DR AU R A 358
NI A B AR AT DRAESRATE T IR DRAR U SEA A/ E FIARAIL T T e, [N AR 750K AR ) B A VR 7K 1) B
J AR (O-A)” 43 B
2.1.2 X NOz-N [ L ErERE

i B 2(b) W] 41, T3 X NO3-N ) 2 Br % (1 64%) W @AL T T1. T2 M1 T4 L5024 (T1-F
$#120%, T2F ¥ —190%, T4V 3 —75%). T2H1 T4 % NO5-N [ 25 B K 3 A 4 1 fH, 3
W T2 R T4 56 57 25 4 (¥ A A KT OB AGAE . A R, T3 A0 T 55 5 A= W JE 1 e it 4
YERR FRIAGIE R, T2 K NOS -N iR FERR HE KA.

g AR, ARG HEK 1 C/N R 0.3~0.9, J8 TARBRE L5 /K. b I AN /g b v
PR, 7 RS ARUE B AR 4 SR A 3o R R AR 347127280 T2 A1 T4 7K COD ey ¥R 5 1k K FE AR 5
7, 1 T1 AT T3 H7K CODe, EiE/K 840 40%~80%, {HI AR (IS KA FE ) v5 G W kiR
FrE) (GB 18918—2002) HLiE [—2¢ B brif (COD¢, <60 mg/L). H A 22 JN 4% AR A L
A BUF R B R B, HL I 1) ZK AR IR A WL W] A AR L, DRI 3 T4 kR 3k AR ) B v 4K
PE A s 2161 72 TBD 35K AW B rh, H R A0 22 SRR I = & AT WL & Y
AT LA B e S e A DG B R (L S R SO AL R A ) (s B . AR KRR R AL T B 4 i, R
A WL 5 il e 268 e A O B 1) A A R I A (2 0E 7 7 N A WL AR 5 1 AR, DT e S — I
e AN, IR A B BB, TR S B AT IL AE DO 13 A bR, T S 5 T
TE KR I B AR 290 25 B T1 RT3 56 NOZ -N A 2 5 20 4 g 110 2 2 Jid DR L 4B 78 L R 1)
TEB RN Ry 1 K AR SR I SO A I R B A T r b A, R IREEEDR) B A 4 e R IR
AR IR T FE AR UE E T AL BT 75 IR SR AR5, ARG 9 R W, SR SO A /e 25 77
L OH~, #h1fi 3 BUK A pH AE ) ETHE0 a b A & IR, T1 RT3 (¥ H 7K pH {8 5353 Le k7K 734
TFT 0.49 F10.86, IX (A1 IE T 1R A 22 JINAS I H REV (1934 K AR N R ZE T IO A AR .
2.1.3  XF NO, -N (¥ bk

11 2(c) AT 401, T3 AEIREE A2 ot NOS -N ) B de £ (P34 97%), 1 T1 (39 62%)
T2 (V¥ 66%) F1 T4 (V-3 48%) LERIAIII R A T WANR SRR I 5.

IR A PR 6 0 AR R AN EURS A ) A0 A g BRI ™ B 1T HL 2 0] SO A 1R 7 A R
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AR, Al S RS R 52 2™ S B A R R A B B R R M E s K R R R
AR B A A A AN 52 4320 gk ml O, AR B IL AR 3G 4, T3 ik A= Ak & S i Ak A
GREIN SE 4, RT3 HAT RAF I A I e e, A OCHIE ST R W, v5 /K 1) C/N<3.5 I 4b B .
JURL 2 AR W B WA R SR A B B3 fE 441 TBD h, T1. T2. T3 M T4 /K C/N 451
J91.80+ 0.70. 8.58 F10.19, A W4T T3 {1 C/N>3.5, Bl HAR S 7 AL WAHER SR AN 2, Mt f#
EFLH K NOS -N iR BRI

2.1.4 Xt TN LB 1ERE

IR HE K TN IR JEAR b & T1. T2, T3RIT4XF TN (B R @A dn i 2(d) fros. 4
FELW, T3XF TN 2B R i m (P38 82%), Hkig T1 (P8 42%) . T2 (CF-¥) 14%) 1 T4 (°F
%113%). T3 /K TNIRFERREA 2] (kBts K HL s W HE B E) (GB 18918-—2002) #i
SE 2 A ARE (TN KB BRI 415 mg/L), T1 H7K TN ¥ FE 34 ) AL — 2 B v (TN IR E R
fE 24 20 mg/L), 1M T2 1 T4 HK TNIKEJLFRIE R BhsE. £ 8 2582 N8, HiEE
SRR R T 50 A K A4 T B v s 31000 8 L3 B 2 I R H RE T 2 HL 4% LU Y
Jh Sk fig, L 22 g 6] TN [ 2B 364 71%, HIEW X TN [ 2B A O 94%, X 5 AL
o T3 % TN 22 B R dee i OIS 46 0 — B SO A S B S0 38 MOK A b BB () S D R 4 4
B XY KB E )TN LR R S T3 > T1>T2 > T4, 5THJR N, 2 T3 (3 78 5L i H
JREVA FRVRE Bt 28 S R M de i, DRV 5 A R0 T A S S A T P Pl R Y e, AR s A A 3 5 P
FUHEAT; T 22 JINZ% AR ok 6 B R s MEARR T T IREV, A 22 SR T 22 TS, b 22 R e ORI LT 8

RIGEEFE A, T3X TN £ERHRE T1. T2 8 T4 %) TN 253 JAT B %25 (p < 0.05),
R T3RATETG K KRR I 22 5R B B B MBS mv5/K) R KSR i 0 T 208K
P R I 2 BRig 4 B AR RE WIS SO AE S IE BR A R . IR FH LA A
YIAR Z A F BA-30) ) H b G A M I S AR AN SRS AR A i A 32 B8 Do i 42 136-37) 0 TN B0R) 1 1)
T SRS A T 5 RV B R B S R B 4525 T T3 v BE R 1) A AR RS T AT WU R 0 e A
LIS =2 1) DO Y KE, B UIETE T3 I35 K AR TR /K J5 T A T U 48 — R4 (O-A) 43
B, e TR S K AR BT B Anoxic/Oxic T2 (A/O TE), i A/O A4k T 2 B K i
(1) TR S R AIE W LT R AP PR3 BRI B KA 3 X P O-A 43 B T3 FL 4% BT
B AR RE IR T2 B DR, L A W P WL 5 3k — 0 30 e 66 5 A= 0 IS P v 208 0 1A T
AT
2.2 H W M I R BT AT
2.2.1 AR A

A A BT TBD 6 3088 A % ¥ 7K ) i A JE S0 00 Bl 2= 0 4 LA, A BIF 00k I 4 1 e e 1
149 T3 Hh 4 7K A= W 45 7 oK i LEURE 18 A W B AR R AT i 10 e, 3545 31 25 908 4L P 41, JF
PLO7% FHBLBER 73, L4331 3 947 /> OTU 432K 0. #F4h SCE 7 75 % (Coverage) 24 90.90%,
IR ol o 35 DR PP B0 4 A H R R AR v, AR I 5 SR i 4% A Q3 ik 0 TR Bk A= W B ) L 52
1.

FERLAE D RE L 2 REPE BT b, T8 H R Chaol #5300 M R 22, Chaol $r B0l &, R
PR E K H Shannon F8 80U WEAIF K 2 411, Shannon F8 208 S, & 7s HP R 2 47 1B
Bl I AT N, %A ) Chaol 5304 9 743.55, Shannon 30K 6.37, %45 B T4 ik
W52 AR 48 1 2 AT /K AR BEAL B URIE 7 rh AR P IEERE & IR 0 R = FE 0 22 A 1401, ) T3 1) 45
I R R = AN 22 R, LR DS T B 1 K AR ) B R A G B P 45 4 DL %
HREA R A E AR T 0 SR P AR AR N Be e HLUE 7R e A AR KBRS, T4 st A= e i
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F B B REVA SR 2 R B4,
2.2.2 EVIRES AR

T 48R T3 AW AT S (TR AR R S5, R 97 % AHALKF 1) OTU AR P 41U 75 J@ /K
AT G (WL 3). b R ILAE 1% R N A R G Denitratisoma W & R EEAL BB
J&, Z 3 e R AR 13.4%; KN Thavera B & Ignavibacterium W &, 4359 i B FEEA
M1 7.7% M 5.7%. Denitratisoma # J&F1 Thauera T &3] /& SLRY (1) S 230 1 R U i tb i,
YA TG K] i Ve N T3 A 3942 T Tgnavibacterium B IR H B4 AR
A4, WARAE Ttk RAF AT SE3A 8543 Tgnavibacterium, B JE & S O THI S ket sz 7 2%
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Fig.3 Bacterial community composition at the genus level of the biofilm sample from T3
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