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B2 R, A LS TCHL R AR A RE IR 7
fiifl, L= RE S (Ovez et al, 2006), HIt, 7T
JE A MBS S 2 25 2 B i PR s 0 DG

L5500 SN R 22 0 /K AR o 7 LA A4
WRUR, WIHEE . LR R GHAERAE, 2015), A
X EEHP R AR 5 L 328 5 RV A7 2 2 S5 Il i, ML
ZF, AR AT AL A O3 . — Tl AT A 4 o fi
REWHEAT R AEAL , R 5 5204 AR BRI T L 7E A G
SR EIHET (Luo et al, 2014), 75 —FhJ&F B 5 15
AR SR AR, OO R TE, 0 HEA 5
KRB, EEMAEDNRE LR, R
1) S A A Bl 5 R A P i 2R (Wang et al, 2016). 7K ]
5= 84 ih[A] (hydraulic retention time, HRT)FI#t 7K Al fR
£ ¥ (influent nitrate concentration, INC)FEFEXT s N
Al 1 370 R K AL B AR G I SR A B 7 AR R
Wi (R /NALAE, 2021) 0 24 HRT #ATIE, B s a] Py
AL A% P B S, I s AL AR AT, TR
B, SORH T 20 B R A2 R TR R 2, 3 BB AN 5E
4x(Torno et al, 2018), K% HRT MG, Bt 0540
WAL TE, (Hil KA HRT SRR S THERCR
(Addy et al, 2016), UL, F WX} HRT #7604k
Blackmer 45 (1979)F58 B, INC 25200 - 58 N 1Y )2
GHALPERE, VR BE 6 R 3h A (NOs-N)l i 41 i N,
AR B, T A B NLO RS20 A Ak o Wang 55(2020)
W &K BL, INC 1E 40~200 mg/L LN, LAY K
PERL SRS LA Y ENC U6 RN SR fh s R BBt INC
ARSI G N, X EEIE O INC 424 T L
32, L, S s ) NOs-N Jltht
AHRLIE SN (Liu ef al, 2017), A NO3-N 2% BR i {9 5 i,
NO;-N LFRR (LRI Ih )t kAR,

¥ T (banana stalk, BS)A2 T [ 04 5 b X ULIY)
— RO R ), HETgER | LA RMATEN S
RN 30%~50% . 11%F1 25%, J&—Fh) iz 48 ]
F ] P A RE VR A R (R KA, 2005), BbAk, FHipyER
A 55 S 10 9 I ) ol 114 FL AR 254, 2 — b R A Bk
YRR (L et al, 2010), HET, X THFEFIENFRME
K AR IR, JFHRST HRT H1 INC % H R Al Ak v
RESE 0 O AIF 55 /0 A5 R . ASHIF ST LA FE AT S 70 /K
Ab PR FR G0 B AMMBR TR, ¥RFE AR HRT A1 INC i H %
fili Ak Pk RE A 2 o 38 5 5 &K 7 2 4 T (one-way
ANOVA) FL A 6] 448 T SRS A6 2 88 % 77 8 2 7K P
SR BEE IR R BRECR, X HR A HRT #6474
fbo TRIB, 5 1A fes 3 0 3 R 40 BT S 56 40 30 0 oK 1
SN 78 PR 200 TR TRV 5 R 2 A o AR 5 T R AL R R
VR SR 7K 7 % 58 8 K SR AR B TR ) T 25 AR 4R I B i

1 #RE5FE
1.1 SEIR#FFn{L =8

FREFRET) RE) M HAR, K& EFY
PR 1 em® ZE 47 /B, B ALK Ve 2 3, 60 CHET,
T B A A o RS EDK R 2R 5 B ERTTK
PR T 2 AR TS B R IR e, 2 (16 H)id ik
B B AE A RAEA TS U o A K 7 3R 5 R UK
(synthetic aquaculture tailwater, SAT)¥ & Li £:(2019)
W77 A4k L Hl, 4T SAT A . Bk w s
HANE 17, NO3-N Y BEAR IR A [ 52 90 75 5K #4794
% YRR ER A (NO-N) N 2.5 mg/L, %A (NH;-N)
9 5.5 mg/L, MWE(TP) N 23.88 mg/L, LIk
25 (G Hr ) T 1 i A2 e kA AR R A BR A F

®1 AIAHFHERKEAN

Tab.l Composition of synthetic aquaculture tailwater
.43 Component ¥R E Concentration/(mg/L)

KNO; 360

NH,4C1 21.2

NaNO, 12.3

K,HPO, 78

KH,PO, 44

MgSO,-7H,0 44

KClI 37

T ICER Trace element 0.2% (V/V)

EDTA 640

FeSO,-7H,0 550

ZnS0,-7H,0 230

MnSO,-H,0 340

CuS0,-5H,0 75

Co(NO3), 6H,0 47

(NH4)sM070,4°4H,0 25

LU AL #% . YSI Professional Plus £ 4t (YSI
Incorporated, FEH), EBIIE(WT-600CAS/353Y %,
Jt50), COD & {X(DRB200/DR900, 2£[E), TN
FEAL(LH-25A/LH-3BN, Jt50), fEFR{Y(Multiskan FC,
).

1.2 REBMEIRIEIT

e 1 R, DHRREIE A HLBE RS 2 a4y S il Ak
SV %% (denitrification reactor, DR) (E % 10 cm, &
55 cm), SRHAURHERHEK . THER A sl 1 i K 7 =X,
K O FIRER A L 5 em Ab, K T4 F TS F
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Fe TR A AT K g 5% B ) R A S R kv 2 e AT S B ) [ A S A A P RE T T 25

5 em Abo WSEF T B T 0 B 40 A4 27 4R R
M1(100 cm x 40 cm)VE R HUEYEAR, 5 40 g FH
FFAN 200 mL S flALT5 U8 B AR 2 N, AR RS
(2 800+100) mL, & 3 EE, FTEFLE S0 A ]
HEAR G o R PR S 0 B 1) A5 B v s 1 LA
fbizf7, ARLEaEENIAIT, BERQ22+£2) T, KR
R F1(355431) 1x. BS-DR, /5 A KT 5 i 28 A 1
ARAS , BS-DR 1, Fn W 5 7E HRT 24 20 h 1517 14 d
Je PR o

BS-DR
| {
Ih3hEE
Peristaltic
pump
HK
Effluent

O || emmk
N Synthetic
#E/K Influent tz.,ﬁwater

K1 AR SR R

Fig.1 Schematic diagram of denitrification system

HRT X 52 il Ak 1 BE A0 52 10« ] 5 o7 2% O SAT
(NO3-N=50 mg/L), /KIEAHZ, 4 NO3-N B4 Lfx
HJE NO,-N &R, AL TERL . ZJ54ERE INC
50 mg/L, #&® HRT X 16, 20, 24 F1 28 h, 4> HRT
247 14 d, B 2 d % 17K 9 NO3-N \NO,-N \NH,-N
TN. TP. COD. #f#%(DO)AI pH,

INC X} A fb i ae 2 m . 94k ik b, 7E iR
£ HRT BY2EAE |, 5% INC 24 75. 100 F1 125 mg/L,
BN INC isf7 14 d, B2 d 5E HKFEFR(E ),

T FEFT R S T B 5350 B - W4 e i HRT
TN A NGB TR SR B AEAT, FERERE (60 TC)
BET, FRH 4 BB (SEM) R H: 34 17 451 41 0
K, T RIS AR b, 1A, T HAgER |
R ORFE Kk, A #ESEA.

WA I RETS S5 H 70 . HRT LIRS )5, BB 7E
HefE HRT T BS-DR,, 1 BS-DR,, f¥ 75 Vet i e 4T 40
TEVR ZREVE M HT 32 HL DNA, L “CCTACGGRRBGCA
SCAGKVRVGAAT” K L1514, “GGACTACNVGG

GTWTCTAATCC” N Fils1%, ¥ LAY 16S
rDNA [ V3 J V4 SR AE X, PCR ¥ K R LTS
#5445 1 uL. dNTPs 2 pL. TransStart Buffer
2.5 uL . TransStart 7ag DNA 0.5 uL FIf4 DNA 20 ng,
ddH,O #MZ 25 pL. il 52 0 7y SCPE (9 4l Fn Bk T
lumina MiSeq ¥ 55 5 F 20 M AT K 52 4= 90 2 Al
e o

1.3 oA *

KEEZ 0.45 um JEBE(PALL, )38 I 5E
NO;-N., NO3-N Fll NH;-N., DO #1 pH RH YSI
Professional Plus RZGE , COD ¥ >R FH 8 4% TR A
P AE 5 TN A TP 2R FH e B R B0 125 0 7 5 NOs-N
KBS B 43 6 BRI E 5 NO2-N R N-(1-2%
Y OB EDE ; NHA-N SR IKB IR 2066
PIE

B K B4 b DAF- 308 + 7 1 22 (Mean+SD) [ JE
XEH, H SPSS 26.0 & {4%} COD. TN, TP Al
NO3-N ZF4abr T B R 224047, P<0.05 &R
2% fdi FHl GraphPad #44% 8.0.2 1 Excel 2010 #2214,

2 #R
21 BEFNRALEHREERDTUHHT

M2 T LAE Y, F AR £ B N R (&
R 36.90%), FHLUK MR E (19.23%) Flf 4R 4 %
(20.13%), Hrh, BREE N 42.62%, A BRI
T 0.4%, RPFEFIERIMNERIEA Z) i % K5
Yoo i KIE TR, AR RS, 24
R 4 Z M S B RRAL, Ui Y kA Tk
fift, R AL ERAE TRRIR . BEAh, FAEFFESLEE R
W FRBEAIXT & AN K

B 2 2 SN #v s AT AT A A AEAT I HE 100 A5
500 fi5 F AR B IR o v LLE L, BT AT
FEU A LB BEDR LM . gt Kis s,
H WSS KA, 028 BRI G /N Bk HE LAY 37
Ry, HAERESLIE FSE R 5= A, b3 i AR RL
REFEBE R KIG I, IR 2d 0] LIF ), H 1m0 b &
— 2RI, kSO A B A T AR AR R bR YR 1 R
KA 2R 17

®2 LRAEEEFEIERSATER%

Tab.2  Analysis results of main components of BS before and after experiment/%

i Sample A E Lignin 214 Cellulose 2K 214 E Hemicellulose i C AN WP
BS-DR, 19.23 36.90 20.13 42.64 0.20 0.35
BS-DR 4 25.03 36.11 19.65 43.48 0.39 0.16
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Fig.2 SEM observation results of surface structure of BS before and after the experiment

2.2 HRT Xt NO3-N., NO3-N, TN, TP #1 COD HI=M

A SR, SN A P DO BMKT 1 mg/L, pH
(6.55~7.10) 2 55 MRt sl rh Pk, HAs SO Atk A7 iy 2k
il g, #EK NHG-N IR 4E 457 5.50 mg/L, 1E8A
SCYR AN, SN g BRI LT 4 B

INC=50 mg/L i}, AN[F HRT T, HKRRE:H
E(efﬂuent nitrate concentration, ENC)ﬁJjUPEE FEAK o
4l 3a i ,HRT 24 16 h i, ENC 24(6.23+3.98) mg/L,
£ A (87.53+7.95)%, 24 HRT 43 I ZE K & 20 h i},
ENC [% % (1.65+£0.68) mg/L, 2R F R ETTHE
(96.71x1.36)% (P=0.021), 4423t HRT £ 24 h B,
NO;-N ZEBRR % (94.57+4.73)%, Uil NO5-N
EBRFIFA—ER HRT WK, 25, X4
HRT=28 h i}, ENC X [&%(0.29+0.32) mg/L, £FHFH
k5] 99%LA |, {fH HRT 7E 20~28 h & FE NI, NO3-N
LB E 2 F(P>0.05), % [& 2 i a) A a5
AN HRT=20 h I, [ b i HA B8 I NO3-N £ BR%L
., AR HRT F, Hi7k NO;-N 5 ENC #4 HiT i1
L%, HRT 2 16 h B, NO, -N thBH R,
(2.65+1.89) mg/L, i L AF NO3-N #4464 NO,-N J&5
#r NO>-N R, WA —Li0 )ik N, FiiE HRT
HNZE 20, 24 A28 h J5, NO»-N WL BLREAL, 43
S124(0.64+0.54) . (0.70+0.49)F1(0.15+0.23) mg/L,

8T 1 mg/L, XERE Y HRT=20 h i}, [Ni#fsk
fEscElsE 4 mfk . W 3b fis, TN 5 NO;-N A
I AE b e . HRT & 28 f1 24 h i, TN ZBR%
3R (94.34+2.77)%F1(94.48+3.11)%, 24 HRT 44
20 A1 16 h BF, TN FBRRAHIFEHF(93.43£1.93)%
F1(84.61+5.74)%, {H HRT=20 h B ) TN £ 5K 1%
=T HRT=16 h (P<0.05), {H5 HRT >4 24 h #128 h
To E 25 (P>0.05). L5 LW, AR SO a1 i
{4 HRT 4 20 h,

WK 3b s, R as %t TP [FkREEA BT £
R, H TP Rl HRT B E K AL, HRT iy 16 h Al
20 h Bf, TP ZBRFE5350H(86.49+1.14)%F1(87.61+
1.68)%, {HICH#EHZF(P=0.31); HRT ZEKZE 24 Fl
28 h J5, TP [PR334 N 2 (90.48+3.26)% Fll
(92.03£1.89)% (P<0.05), & Z [ kW & %%
(P=0.19), B HRT tHJE52Mm TP RBRECR A 2
£, HEH PR

AR HRT F, H7K COD ¥ ERIAEAL N 3¢ fF
/~o HRT #£ 16 120 h B, H7K COD 43514 (64.96+
19.99)F01(58.33+17.86) mg/L. %EK HRT % 24 h, COD
FhE BB (69.11420.03) mg/L, 4kZEiEHK HRT %=
28 h i, COD X R#AIK 2 e IR {E (46.95+19.65) mg/L. {H
AN HRT &, 7K COD H-JE i 3 2= 5 (P>0.05), i
HRT X} 7K COD i &
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Fig.3 Removal performance of BS-DR for nitrogen and phosphorus pollutants under different HRT

g2l

FEffE HRT 4 20 h (AT, #E—S 55 AR
INC Xt S AHAEPERE RS2, NO3-N (128 4k il £& 4n /&
4a Jii7n . INC 7E 75~125 mg/L 305 Bl P9 [ R £k 71 fif 3%
nitrate loading rate, NLR & 90~150 mg N/(L-d)]f,
ENC Fifi INC A3, >4 INC i 75 mg/L B,
ENC “M(5.18+4.52) mg/L, NRR “# 83.78 mg/(L-d). INC
142 100 mg/L B, ENC 34 /111°4(10.78+7.09) mg/L ,NRR
1 5 1 F.(107.06+8.51) mg/(L-d) (P<0.05), 4kzft
INC 421 % 125 mg/L, ENC % (15.13+2.77) mg/L,
NRR #4k£ 4 %5 (131.84+4.53) mg/(L-d) (P<0.05), 4K,
TEARTHE INC T, NO3-N ZBRFT0 I 2 5(P>0.05),
DL B S5 5308 INC /252 I ENC AT NRR 9 CHE R & |
{EXF NO3-N Z R M A K

WP da i, 7K NOL-N Bifi INC B3 Jiin i 3 i
I E R, FI INC 78 75~125 mg/L L BN, B
SR R A AL BRAE ), ANBESE BT A I A AL

2.3 INC %f NO;-N, NO,-N, TN, TP #1 COD

WK 4b iR, 7K TN 722445 NO5-N AH
oL, [IFERE INC A3 Inmisg in . INC 2 125 mg/L B,
TN 5% 8 (80.02+5.45)%, W EMLT INC=75 mg/L
ZH FI1 INC=100 mg/L ZH(P {4 0.007), {H INC 435l A
75 F1 100 mg/L B}, TN ZERFICWEZESR, PIESTH]
49 0.097 F10.053, 4545 2.2 BRAF R4S 00T, A AE
¥ HRT &, INC 4 50 mg/L i}, S #$r Rk
Wb FERE J1 iR B RS

WE 4b fizs, A INC &4 FRHK TP £
RITE 1%L A, JFARBE INC RIS A i B0 il 3% 22
SE(PAE43 0 0.38, 0.80 1 0.71), ¥iHH INC X} TP
1 KBRS A K

ME 4c ATLLE W, 7K COD Fifi INC B3 i
/N, B COD YW FE 2 F NRR 5L IEAHSC A [] INC
ZMEF, 7K COD 43514 (75.14£16.07) . (56.29+23.68)
F1(38.33£27.87) mg/L, EfIZ ML EA BEF 2R
(P<0.05), Uil INC JZ5m ik COD R =R .
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241 BHEAREBZHAEN S HFEIBE T i
HEYIREAR ZREPE R BN 3% 3 TR o X h P 8 R4 7
TERbER, Ay BIAKAS 49 881 il 53 163 A Bl ¥ 51,
LI A 5202 Fil 4429 4~ OTU (operational taxonomic
unit). T A FEA Coverage $5%40>0.98, 15 BRI ¥ 7471
JUFE S5 A A, D)5 25 0 HA v St Atk
o MBI, RS ad KWz E,
Observed-species, Chaol., Shannon #§%% %1 ACE +5%k
BIREAR, 10 W 20 TR B 7% 2 AR P RN S s, iR AL
H. FEERS R, 40wl E 5%

242 TURFLRemAGBERE LN AR,
SLUTE N 103 M7, 218 49 524 DFLHI 749 1N .
X} OTU WARFRIF AT IR B4 2R ILIE Sa,

IV £ 7E ) 91 BRI 00 I 34 TR P AR A5 A 2 A —
ROAELME, 0 & AR TE i 1] (Proteobacteria) . R AT ]
(Halobacterota) ., #1551 ](Bacteroidetes) . A4l (]
(Desulfobacterota) . 25 [ffi#f I ](Campilobacterota) . J&
BEB | ] (Firmicutes) . Sva0485. £¢#5 [ ] (Chloroflexi)
FIPE A ] (Verrucomicrobiota) %, {H H AR X} = B .
AZES . LRI, BT FE 300 15.53%.
14.68% . 4.61% . 8.35% . 0.13%. 1.69% . 4.99% . 4.19%
F12.27%; SEwJEM, ZIRETT. BHFETT. S
TR RIS BE BT 1) A S L s AR R HE I 2 31.20%
6.67%. 3.08%7F1 4.26%, AHSZ, FLRFFET]. WAL TE
[T, Sva0485., Za b [ ] PR B 1A i g i v ik /D>
% 10.39%. 5.13%. 2.82%. 2.00%F1 1.17%, &K
Vi, T AT BN B A IR A R k1 A 3 350U g s N Y
BB 4 TR B A
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R3 HEBEE OSHEEH

Tab.3 The a diversity index of bacterial community

T iy Gl

OTUs EE 2700

C Chaol Sh Si ACE
Sample Effective sequence Observed species OVerage a0 annon HHPSOn
BS-DR, 49 881 5202 3095 0.98 3443.61 9.07 0.99 3519.78
BS-DRy, 53163 4429 2 628 0.99 2 954.00 8.60 0.99 3 080.27

243 RAKF L& AMBE LN SLRFEH, X
N N LR -7 HE T 49 (Gammaproteobacteria)
(28.88%) . LT I# 24 (Bacteroidia) (6.37%) . Methano-
sarcinia (6.75%). Thermodesulfovibrionia (5.31%). Z5fil]
I 24 (Campylobacteria) (3.08%) . H b¢ 7 H 4
(Methanomicrobia) (3.64%) . BRZEHLFT 18 24 (Clostridia)
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Investigation of the Performance of Solid Phase Denitrification Under
Different Hydraulic Retention Times and Influent Nitrate Concentration
Using Banana Stalk as a Carbon Source
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Abstract In China, aquaculture is the primary source of aquatic products due to the decrease in wild
fishery resources. In 2018, the total output of aquatic products in China expanded to 47.6 million tons,
accounting for 58% of global aquaculture production. Intensive culture methods generally use significant
quantities of feed however, approximately 75% of nitrogen in the feed is retained in aquaculture water,
mainly as soluble nitrogen, such as ammonia nitrogen (NH3-N) and nitrate (NO3;-N), owing to low
feed-utilization rates during cultivation. At the same time, fishes generate a substantial amount of excreta,
which will cause the increase of nitrogen compounds in water and negatively affects the quality of aquatic
products. Serious problems could occur if nitrogen compounds are discharged into the environment,
including the eutrophication of rivers, the deterioration of drinking water sources, and hazards to human
health. Furthermore, nitrates can form potentially carcinogenic compounds, such as nitrosamines and
nitrosamides, and nitrate consumption can cause methemoglobinemia in infants. The Second National
Census of Pollution Sources survey showed that the total nitrogen emission from aquaculture was 99 100
tons in 2017. To protect the environment and human health, it is important to remove nitrogen from
aquaculture tailwater before discharging it to the surrounding waters. Biological denitrification is
considered the most promising approach since nitrate can be reduced to harmless nitrogen gas by bacteria.
A sufficient carbon source is necessary during the heterotrophic denitrification process. To solve the
problems mentioned above, external liquid carbon sources such as methanol, acetic acid, and glucose are
added to the tailwater, but they are costly, require high-energy, and have high operating requirement. In
contrast, agricultural wastes as a carbon source have exhibited significant economic advantages and high
efficiency. Many aquaculture tailwater treatment systems often face variations in hydraulic retention times
(HRT) and influent nitrate concentration (INC), which are caused by acute changes in tailwater
characteristics and production, and HRT and INC often exert a profound effect on the treatment
performance of biological treatment systems. Extensive research has confirmed that adding agricultural
waste (such as corncob, woodchip and rice straw) to municipal sewage and industrial wastewater can
effectively improve denitrification efficiency. However, the effect of using agricultural waste as
denitrifying carbon source to treat aquaculture tail water remains unclear. Banana stalk (BS), a typical
agricultural waste product, is used as a denitrifying carbon source for the first time in this study. The study
investigated the effects of HRT and INC on the denitrification performance of BS, and provided a
theoretical basis for the application of agricultural waste in aquaculture tailwater treatment. In this study,
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using BS as a carbon source and a towel as biological carrier, the performance of solid-phase
denitrification under dynamic flow conditions was studied by using a 1-D column experiment. In the HRT
optimization experiment, INC was maintained at 50 mg/L and operated under four HRTs (16 h, 20 h, 24 h
and 28 h) for 14 days. The effluent NO3-N, nitrite (NO,-N), NH;-N, Total nitrogen (TN), Total phosphorus
(TP), and chemical oxygen demand (COD) removal efficiency were measured every 2 days. The optimal
HRT of BS-DR (banana stalk-denitrification reactor) was optimized by one-way ANOVA analysis. Then,
based on the optimization of HRT, the reactor was operated for 14 days under different INC (75 mg/L,
100 mg/L, and 125 mg/L). The sampling time interval and measurement indexes were the same as those
of the HRT optimization experiment. The Illumina MiSeq high-throughput sequencing method was used
to sequence and analyze the two hyper-variable regions (V3-V4) of the 16S rRNA gene of bacteria in the
initial and final stages of the BS-DR. The results indicated that HRT and INC are the key factors affecting
the denitrification performance of BS-DR. There was no significant difference in nitrate removal
efficiency when the HRT was 20 h (96.71+1.36)%, 24 h (94.57+4.73)%, and 28 h (99.41+0.64)%, but
they were significantly higher than that when the HRT was 16 h (87.53+7.95)%. Therefore, the optimal
HRT for BS-DR was 20 h, and no nitrite accumulation. The second set of experiments was conducted
using the optimal HRT obtained from the first set of experiments. The effluent nitrate concentration (ENC)
and nitrate removal rate (NRR) of BS-DR increased significantly with increase in INC (P<0.05), and the
effluent COD decreased with increase in INC, and the proper INC for BS-DR was =50 mg/L. It is worth
noting that BS-DR could completely remove NH;-N in both experiments. In addition, HRT significantly
affects the removal efficiency of TP, but INC has little effect. According to pyrosequencing analysis, the
microbial community structure of BS-DR changed after long-term operation, with the relative abundances
of Proteobacteria, Bacteroidetes, Campilobacterota, and Firmicutes increasing to 31.20%, 6.67%, 3.08%,
and 4.26%, respectively, ensuring the efficient operation of the reactor. On the contrary, the relative
abundances of Halobacterota, Desulfobacterota, Sva0485, Chloroflexi, and Verrucomicrobiota decreased
to 10.39%, 5.13%, 2.82%, 2.00%, and 1.17 %, respectively, in the reactor. In addition, at the genus level,
most of the dominant bacteria at the end of reactor operation play a role in denitrification and degradation
of agricultural waste, which is significantly different from that at the beginning of the reactor operation.
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