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Evaluation of Nitrification Characteristics in a Moving Bed Biofilm Reactor
(MBBR) under Varying TAN Loading Rates in a Seawater Recirculating
Aquaculture System (RAS)

Jae Geon Lee, Seung Ri Kim and Jeong Hwan Park'*

Department of Fisheries Biology, Pukyong National University, Busan 48513, Republic of Korea
'Aquaculture and Aquatic Sciences, School of Fisheries, Auburn University, Auburn 36849, United States of America

This study quantified the nitrification characteristics and operational limits of a moving bed biofilm reactor (MBBR)
in a seawater recirculating aquaculture system (RAS) under increasing total ammonia nitrogen (TAN) loading rate
(TLR). Eight independent culture tank-biofilter systems were operated at 33+2 psu, pH 7.5+0.5, and 22.5+0.5°C,
and TAN loading was reproduced by continuously dosing a synthetic nutrient solution using a metering pump. Each
system was run at steady state across a TLR range of 0.1-1.2 g TAN'm2-day', and influent-effluent TAN, nitrite
nitrogen (NO,-N), and removal efficiency were evaluated. The relationship between TAN influent and areal TAN re-
moval rate (ATR) followed Michaelis-Menten kinetics, yieldingan R 0f 1.0705 g TAN-m™-day' and K of 89.1845
mg-L! (R*=0.9689). At low TAN (0-6 mg L"), ATR increased nearly linearly, y=0.0113+0.0257x (R>=0.9969). TAN
exceeded 10 mg-L' from TLR 0.6, and NO_-N increased sharply from 5 mg-L"' to > 600 mg-L" between TLR 0.4
and 0.6. These results suggest that increasing loading under seawater conditions increases the risk of TAN and NO-N
accumulation. Therefore, a practical upper TLR for safe design and operation is approximately 0.4 g TAN-m?-day!,
with the linear model derived for the low-TAN range serving as a reference in this range.

Keywords: Recirculating aquaculture system, Moving bed biofilm reactor, TAN loading rates, Nitrification, Michae-
lis-Menten model

M OE S0 R 28| TA7tol Sgo] et AV A7 A7} et
w0} HAFZ o]o]& 4= ¢l 2 (Randall and Tsui, 2002; Zhang

o= WA ZgollA op7tmlot i S F3l & Y ord etal,, 2013), B W Ewoflx VSRS AME 2 ¥
2 2x(total ammonia nitrogen, TAN)E Hj&shH, 11U = GF4] o 7)% #8123 4= 9lth(Dosdat et al., 2003; Kim et al.,
34l gtodaha] QA Al A" (recirculating aquaculture sys- 2015; Gongalves et al., 2017). T3+ AL} 7FA o A Z7F A3 A
tem, RAS)ol| A= TANo| 4=Fof W24 Z2 =0} 4715t & E2 UERH= NO,-N 94| 54 0] 2 AN AR R, of
A BAIE b8 4= Uk 250 TAN pHeF =20 what o] FoflA] s F a2yl oS 2 F @yl o 2 AFShA| A Aba St

23} P E(NH, )} of FollAl iAo g o f53t vlol& 2 Adjoh= tfx2AQ SA AR 285l (Kroupova et al.,
3} PR UOoKNH,) FH = HgHEh NH, &= ilE=olA ¥4 2005), o8& #ej7) QE ) weka] RASO| A+ 2AASE
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2.2 9 TANS 4202 E4jo] W 4k AANO,-
N)E Al&538] Aeksl= 2 Agt AlA Al |

(Kuhn et al., 2010). o] &g} vl 7 S| A 54+ o] 2= (moving
bed biofilm reactor, MBBR):= =& v %28 712 o] wjul
Zl(media)< ]85t A& S FestaL, aLRst 2710
A AARE =S PR 0 R fAIT = e 3P LR 9]
L5 o} greh(@degaard, 2006; Rusten et al., 2006). MBBR-2
ol swlol 34 AR RS o) by of AbsHgammonia
oxidizing bacteria, AOB)¥} o} Al Aldlt(nitrite oxidizing
bacteria, NOB)& 11490 2 4] A}58 o] W2 dfja= gh o]
A A A Q1 AARE RS Rt 4= glow, 3 &
Qo Tt fxEE B8 SHNME S3 ol U
%31 ¢Jth(Navada et al., 2019; Tadda et al., 2021). MBBR 2]
S BQ1E AR eol thE TAN wheka) o o) o
9 WAT Al Aol Qe AAEHEE, A Al 229 TAN

o

3= 914l oo,

AY=8H4 of 1} §Hg-2 Michaelis-Menten 22 o whe} 7|2 &
ol Hlajstol] 47t Z1etrl B 5 ool A Eay]
L EAS HQltk(Malone et al., 2006). o] 2 ¢laf AAS} 24
o] A2] Aae oll&staL AA o ¥rdstr] s, @ 718k Al
& ol A<= Michaelis-Menten ]2 2831 $1517} ZI8)%of gk
TH(Zhu and Chen, 1999; Ling and Chen, 2005). ZL&{4} 3l
2= = Ao R Qe AR AE | A0 A3 1A
o] Z4tsl wAE Bt 2o FFS v 4= ASolE =
8k, B0l 4 Q1L o1 705] A3k o] i (Gutierrez-Wing and
Malone, 2006; Gao et al., 2020). T3}, 7]< 34> MBBR &1+
52 F2 9F0.5-2.5 mg TAN-L! $252] 8w 2 2o TAN
Z A =3 & o] (Harwanto et al., 2011; Pfeiffer and Wills,
2011; Gao et al., 2020), JF& =7} 33L& A 3HE= 171744
0] ZASHA] Sl SATE qdeh whekbA Hd) AlA S
(R )2 REEZSH (K )E =E0617] fleial= 2} 1712 3
et s 71 270l|A 9] Aol Hasith E W A
T ojtritTEo g FAY 7|Rke &, A4 RAS $H4 oA
O] TAN A4, Abax 4xn], pefsha) W5/ 52 WhdohA] 25t

+ HAE 7HIT

weba] 2 Aol M= AR 20 A2 S ST A E AlLE
= TE5HL, AFHIE of8sto] AA AR oA WAYS
+ TAN Ha}of| sigsh= 4 dddS Aol A52 s
SHAOEN FAHA QI RAS 4 20 Akt & A+
O] H2& Ao A sl LA SA A 22 TLR
= 571719, TAN % NO,-N¢| 5= H3e} A A9 oA
£ THH o BA5H= Aol o] & 3l sl MBBROJA]
Michaelis-Menten §H3- EA 7} 2L} 45 9] Z3R| -2 f
85k, TAN 9 NO,-N 40| Whsh= A 2702 A At
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Fig. 1. The schematic drawing of the MBBR used in the experi-
ment. MBBR, Moving bed biofilm reactor.

7}y PE X9 A2 (712, 1.16 m; 0], 0.4 m; A £, 0.78 m)
2 AU 371 9 R 28-S P H=2](0.89 kW, DHB-
202; Daeha Eng Ltd., Gimpo, Korea), of|o] 22 2](58 W, LP-
80A; Jeongsu Industry, Gimhae, Korea), 5532200 W,
UP200W; Hyubshin, Seoul, Korea), 57| +#AI(LZQ-7, 3-30
LPM; SHLLJ, Yuyao, China), & 3% 7|(LZS-25(D), 60-600
L-h!; Hilitand, Wuhan, China)g o]-83s}o] 2&3s}3t}. £t
T2 AL Y8l #17] 3]E(2 kW, OKE-HE185; Sewon Oke
Co. Ltd., Busan, Korea)?} 3|E] 22 7|(OKE-6422H; Sewon
Oke Co. Ltd)Z A3ttt E3 7+ A AE]0] TAN 5618
2 = H 3 (LEPP 150F; Labscitech Inc., Corona, CA, USA)
Z o]g3dlo] 2Aslgict B §|=[DG-12-D Multi-channel
Pump Head (PVDEF, 12-channel, 10-roller, Max. 32 mL/min
@ 100 rpm, ID 3.17 mm; Labscitech Inc.)]5 #2s}% 0,
E1-8 Silicon 3-stopper Pump Tubing (ID 1.0 mm, WT 1.0
mm; Dongbang Hi-Tech, Seoul, Korea)2 A3}t

ZF A 2Fl ] B AR 2 O] 42752 200 L} of 22 0 ke
50 L2A, oJ3}2 f4E 50 L-h'2, U7 2431748 (A5}
Atk Y v ok shete] Az|sho] et AlFAIS
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Q15 (m?h!)
& 84|(m’)
............... 2(2)

Q
Vi 17878 AT 3
C-C)xQx24
ATR,ANR=—( : 15) Q2]
media

ATR, o} 7}ufj 2] £ H 2o TAN A| 7<= (areal TAN removal
rate, g-m” media surface area-day™)
EN
=7 2

-2
ANR, oj3huf2 FHAT NO,-N A 7<= (areal NO,-N re-
moval rate, g-m™ media surface area-day™)

54 ol EE ()
C-C
O %100 +++v-

£/32 Table 1] A|A[8}}. o] v}z filling rate 50%%
225193, o] 2| 43ko] ] | 1] 9FAlR)
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A2 Zhu and Chen (2002)8] 24
& 87 HEl Al2"lo] TAN Fofe
single pass removal rate=
Single pass removal rate, T 53} A A-E&(%)

C, 74 5% (gm?)

o & sk(gm?)

AollA ARH T FeE2
Fluto 2 Azsit) % 87he) =
50.1,0.2,0.3,04,0.6,0.8, 1.0, 1.2 g TAN-m? media surface

oA Al =S A

area-day'2 Z}zF HE|sl$it;.
MBBR ds E7I &
MBBR9| #4138} 4% H7FE 918 TAN, NO-N AALE
Table 1. Physical characteristics of media used in the experiments AXl =X
Media PE10 =T
Density 135 kg'm A BAE el oo felaet i
Diameter 25 mm 3lH o, xHijuHolE()i?g 53 :00, 17}00, 201 050;/]4 471;%4
%397

Height 4 mm, 64 rooms 1] )\EE:L"— 2"":}%} O EHHD “Z] ; ﬂ‘;iﬁﬁT;;i;];O”;”
Specific surface area 1,200 m2-m-® »TTH s e A 2
Table 2. Chemical composition of synthesized stock solution for TAN loading rate based on the formulation of Zhu and Chen (2002)

TLR 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.2

(g'm2-day™) (System 1) (System2) (System3) (System4) (System5) (System6) (System7) (System 8)
NH,CI 1.5 23 345 46.0 69.0 92.0 115 138
NaHCO, 29.1 58.8 87.4 17 175 233 291 350
MgSO, 7H,0 0.30 0.60 0.90 1.20 1.80 240 3.00 3.60
Na,HPO, 1.32 2.64 3.96 5.28 7.92 10.6 13.2 15.8
KH,PO, 1.27 2.54 3.81 5.08 7.62 10.2 12.7 15.2
FeCl.-6H,0 0.04 0.08 0.12 0.16 0.24 0.32 0.40 0.48
TAN, Total ammonia nitrogen; TLR, TAN loading rate. Values are given in g-day™ for each system (System 1 to 8)
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Akt A @717t Eet F 384712 A2t A FH =

(8 A28l x4 AJTF X 2 215 X2 X 3Y), ZF A&
A AR E o & 33] v BAISkGIch kA 1,152
O] FAgo] S E| Gl om, 7k A ol i3t 33] WHE Sk
o BFe EGOR AglGTh ol F 24 248 Bt £E
HAE HEL, o] % R oR B4 R4S Saslolch

DO+= HQ2200 (Hach Co., Loveland, CO, USA)& =73}
&t} pH+ HI 98108 (Hanna Instruments Inc., Seoul, Korea)
2 ZA3} ) TAN 42 salicylate method (Hach method
8155)2 2|83 K31 A|(DR 900; Hach Co.) 2 435}
© 1w, NO,-N 4] diazotization (Hach method 8507)Z ©|-§-
stol ST HYPEAS A1l Sl

offl e g

fo e x2 o
o
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S & dlole] 24

SPSS 25.0 FAIZ =18 o]-&3ll AE ol 54 AYE
gstolet. et 1F 194 S 218l one way ANOVAE
AAEEg o, SEALLS [evene AAL £l Hrlskgich &
A o] 2k E 7 2-oll Duncan’s multiple range tests, S5
Abo] BhH g 7] k& 790l = Games-Howell's multiple range
test= AR A of] 21-8-5F3iTt

E3E ZF TLR 2704 4] TAN 5%of u}2 ATR (areal
TAN removal rate)2 HHa A% F 274W Bd4hS AH=5)
o] Michaelis-Menten 92 R 9} K & =43}9c}.

R [S]

R="K 48]

R, TAN A7) &% (2 TAN-m?2-day™)

S, %Y TAN 5% (mg-L")

R 2t A4 4% (g TAN-m™day”)

K., 2] 417145 4b0] 9] TAN %52, ¥HEEHIZ (mg L)
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Fig. 2. The relationship between TAN influent concentration and
ATR in MBBR under seawater conditions. TAN, Total ammonia
nitrogen; ATR, Areal TAN removal rate; MBBR, Moving bed bio-
film reactor. The solid line represents the fitted Michaelis-Menten
model. Symbols indicate mean values and error bars represent
standard deviations.

%(ATR) 7He] #AIE Yepdich -2 TAN 5% Z7to] ot}
ATRO| Z7Fetglom, = ko A 3} A Halrh.
3 ¥ = Michaelis-Menten 22 7]uko] v A& 3]7]4]o|
A= At
1.0705xTAN,
TR: inlef
89.1845+TAN,

3|4 A3 R*%=0.9689% 21, R +=1.0705 g TAN-m?
media surface area-day™, K &= 89.1845 mg- L' & =ZE[3lct.

A5 TAN F7H0-6 mg Lol A= 227} 7o) da s o
2 Basior}. ol w2} o Lol A Al 574 E UE
2 Agstgon, sfae ot gk

y=0.0113+0.0257x

B 2412 A% %= TAN (0-6 mg-L)olA] TAN A ALE
2He] HAE B, =2 AAAF(R=0.9969)E Hetic
(Fig. 3).

TAN 25120/ T2 TAN 55 2 HALE

Table 3= TLRO|| @2 594> X HlE422] TAN 5=, ATR,
VTRO| W3}s vepdith 594 TAN %= TLR F7tel
et AEEA 0 2 Akgstelon, A At 1k Aol {2
3 tH(P<0.001). TLR 0.1-0.6 7ol A= 0.86+0.060] A
15.6£3.8 mg-L'& e ow, A2t 7+ f2Jgh Zfol= ¢l
2oL}, TLR 0.8, 1.0, 1.20)4%= 212} 46.4+15.0, 229+ 60
4 327464 mgL'2 YeR} 9P kR 308kl St
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Fig. 3. The linear relationship between TAN influent concentra-
tion and ATR in the low-concentration range. TAN, Total ammonia
nitrogen; ATR, Areal TAN removal rate. Symbols indicate mean
values; horizontal and vertical error bars represent standard devia-
tions of TAN influent and ATR, respectively. The solid line denotes
the fitted linear regression.

skelct. viE4 TAN 5% FARE Z3S Hol Al A=
T 7F 2ol 218 tH(P<0.001). TLR 0.1-0.6 -7k A=
0.23+0.010]14] 10.8+3.9 mg-L"' & Vet At 7+ 325t
z}o]7} ¢19.2™, TLR 0.8, 1.0 Y 1.20]| 4= 242 39.2+15.6,
209+ 55 9 306+ 62 mg' L' & 5-0|514 Z7}s19ict.

ATR A AA| A2+ 7t Zpol= 72151512 (P<0.001),
TLR 0.1-0.8 17kl 4] 0.03+£0.00 4] 0.29+0.10 g TAN-mr
2day' & e} # 2] 7k 9-9]8t o7} glgloLt, TLR 1.0
T} 120 41= 7F2F0.81£0.42 2 0.82+0.56 g TAN-m?-day!
2 Ueh 9 A1t 70051 =9kt VIR 4] ATR}
B2 7S Ho AA| A2+t 1k Afol= #2154 aL(P<0.001),
TLR 0.1-0.8 -7t A= 25k 2po] 7} ¢l 2, TLR 1.0}

1.20]14 F-0J8HA] & ghs Urepillch oH Tl s Al A 8 &
(single pass removal efficiency)=> TLR %7} w2} 73%01 4]
6%71A| Fraxsh= 3 H oAt

TAN S520] T2 NOAN 55 2 HALE

Table 4= TLRo| & §4 2 #iE&94] NO2-N 5&=¢}
ANR, VNRO| ¥} Hepdth -9 NO,-N 5=+ TLR
710l wheh ek 0 2 AFGstgl on, HA| A2t 7t Afol=
901519 tHP<0.001). TLR 0.1-0.4 -7F] A= 0.24 +0.039]]
A 5.15+1.45 mg L' & Yep A2l 7k 525k 2ko 7} §19)
O} TLR 0.69A41%= 621 + 114 mg- L' & F23] Z7}ste] oF
A e F-o8HA =9kt o] TLR 0.8, 1.0, 1.204+=
7}z 821+ 158, 826+ 132, 804+ 158 mg-L'= TLR 0.6}%.t}
o E9koL, o] F AT Tl ol Ato|7h flgict. viE
4 NO,N =% FARE Ao Ho, A A2t 7k Zpol=
9 015} tHP<0.001). TLR 0.1-0.4 7] A= 0.09 +0.02¢]]
A 4.80+1.72 mg- L & 5-0]3F 2}o] 7} 919 O 1}, TLR 0691 4]
£ 623127 mg L' & F43] F7Fsto] b L7kE o 3-9] 8t
7| L=9ka1, TLR 0.8, 1.0, 1.20]4% 797 + 1580 4] 826+ 172
mg- L& Ut TLR 0.6%th =3kt A2l 7k §-213k 2t
o= §l3lrt.

2HH ANRE TLR S7Fol| whet a3 Hel o, A2+ 7F
TAAORE FOFt Afol= YEhtA] ¢hShth(P=0.207). ANR
2 TLR 0.1-0.4 7o A= 0.007 £0.0059]1 4] 0.014+0.019
g NO,-N-m>day' & Z7}5H= 43S 293, TLR 0.63} 0.8
o A+ 22 0.07+0.77,-0.20+ 1.01 gNO,-N-m>-day' & &
o] ZFS UFERATE 0] TLR 1.0} 1.20| A= 2421 0.43 +0.92,
0.3140.44 gNO,-N'm?day"' & T}A] 2] 3-& 2 rh. VNR
A A] ANRI}F 3-ARSH FAFS B 9l o0, A 2]+ 7FF-2fgt Aol =
S ATHP=0.207). GL-5} A A TE-2 TLR F7}ol whet Z5k
A 07 sk A Bk

Table. 3. Effect of TLR on influent and effluent TAN concentrations, ATR, VTR and single pass removal efficiency in the MBBR

TLR (g'-m?2-day’) TAN influent (mg-L"") TAN effluent (mg-L")

ATR (g-m2-day™)

VTR (g-m3-day') Removal efficiency (%)

0.1 0.86+0.06° 0.23+0.012 0.03£0.002 30.4+2.8° 73
0.2 1.73+0.25° 0.34£0.102 0.06£0.012 66.6£11.9° 80
0.3 3.86+0.372 1.10x0.26° 0.11x0.012 133£17¢2 72
0.4 5.8110.742 1.92+1.11° 0.16£0.032 187+312 67
0.6 15.6+3.8° 10.8+3.92 0.19£0.05° 227612 30
0.8 46.4+15.0 39.2+15.6° 0.29£0.102 345+1212 15
1.0 229+60° 209+55° 0.81£0.42° 967+508° 9
1.2 327+64¢ 306+62¢ 0.82+0.56° 978+676° 6
P <0.001 <0.001 <0.001 <0.001

TLR, TAN loading rate; TAN, Total ammonia nitrogen; ATR, Areal TAN removal rate; VTR, Volumetric TAN removal rate; MBBR, Mov-

ing bed biofilm reactor.
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= 3l RAS MBBROJA] TLR 57}e] wh& ZHAks)

S48 TFEstA =Sl TAN AAS == 7]
L STl wet STtetthE 97 = ool E3HE
ichaelis-Menten &3} -F-ARSE /5 LERH, o] 247
[Rke 2 FHof AALER OeF RREESHE(K)E T4 8l
s AlS AAol Z8sk= Hto] Hark|o] iti(Zhu and
Chen, 1999; Ling and Chen, 2005).

2 dAollAe sl 2719 TAN =9t AlASES 45
ststz| flel el e 289 Aah K= 89.1845 mg-L,
R 10705 g TAN'm>day' 2 ©5E|90a, R*=09689%
A UebsTh K= MBBR A|2glo] 4] 0] 24k} HE3-o] oF
89 mg-L'¢] TAN Fk=ofA o REg-&0] ARt 0] &=
2o oulst Hla A 2 TAN Fe7b ade-s AlAL
o}, AR s 2404 RaE K (2.0-9.5 mg TANLY)
AR (1,670-5,000 mg TAN-m*-day™)} H| a5} #H(Zhu and
Chen, 1999; Ling and Chen, 2005), & 19| R =231 K
= 52 ATFE ok o] gk Afol= sl 2ol A Aatsk A
ol Het th2A yehd ¢ S-S AlAkskH, AAIZ sl
RASO| A= g Al 270 vl sl 2o A4k} 52fo] o WA 1
313 v} ltk(Nijhof and Bovendeur, 1990). =3 G& S71H=
ke &4 #fstef opEal 45 e 4= 9lem, o] 1
of|A] A AEF A7 ol 7HgAd o] AJAIE B Qlth(Navada
and Vadstein, 2022). ok&# ¢4 #13l7FR 9 K HFof ¢
TS 2 4 J20] EaE I cK(Dinger and Kargi, 2001). w2}
A 2 ol TEE A HOR £ KO SR B S
24 o] JaFut dRE A= s 4= Qlot

3HH, A4 TAN 74 5= #$]oll t3l] Michaelis-Menten &
9 A galol EoHY vhgS AWt st ok Al 7
ZH0—6 mg Lol A= AF=.2] 2327} A 9] Aol 7H7kgl o,
o} 15 mg LiolA] F7}Eo] st gntea| 7kl TaE 3]

ox ML fr mY
Z off oo e
1o e

[~

o}, o] = 7| A =7 6] W 711l A= Michaelis-Ment-
en o] ¥kgAlo] 13 902 AbElo] A1 B} Leh
T ok= 7)1 219k U X|3eH(Ling and Chen, 2005; Chen
et al.,, 2006) webA A2 3L Hol= oF 6 mg LR ¢
Woll A BAE 2ot igets] AA 6] flsh AR 2lHE 23
o2 Aga1¥al, 71 A3 y=0.0113+0.0257x 2 YL =2 A
T E(R=0.9969)= SHelsk3irt. o] oF 22 7 h el 282
FF oheret fot 270 slof| A 9] Bbg- ol & e & wol= |
7108 = Q& Ao & ek ofsto| A= 2l A A
uhg o & TLR S7te] ©2 TAN % NO,-N 5= Hael A
54& AYskaieh

A TANO| 4] 3 A|A H3dS 2, TLRO| 571
e} TAN 5= Ad55H3l 2w o]of] vl #|sto] ATR E3 317
Z718Ftk TLR 0.6 44 2 wij& TAN 5=+ 10 mg-L*!
ooz F7FsH e, o= of ol A A7 leE Al A B A
2] A 32| A5}7} 2% TAN H9IE 2 Yol At -320]c}
(Dosdat et al., 2003; Lemarie et al., 2004; Zhang et al., 2022;
Han etal., 2025). ibH TLR 0.4 A= vl &4 TAN©] 2 mg-L!
ost& fA =0, & A-tofAl= TLR 045 AAAN &4 4
ghof| 7P7h& o= s Alskeit). g TLR 1.0 o358+
TAN F%+= SeP7HAEE ATRS B o4} F=5151A 57151HA]
ol A AL =7} Z3E] = Aok KAt o] 2|3t 42 il
T 2o e i 20 71 gt 9l Aba: A Aol A
ol we} whg 2mo] F7bt Eote Ane A 4 ol
(Torresi et al., 2016; Ikem et al., 2023).

NO,-N¢| =4 9 A|A Z3kE BH, TLRO| F7Hte] upet
NO, N AA&EE Mty oz 7hasiglon, £3] NO,N
X+ TLR 0494 0.60.2 Z71sko] ufg} ¢F 5 mg-Lof|A]
600 mg-L! o]Aye g FA317 571513t} Anthonisen et al.
(1976)2} Zhang et al. (20182 NOB7} AOBXE.t} A2 Y
oH(free ammonia, FA)o| T 717}15Fe] NOB2] 147} 0.1-1.0
mg NH-N-L' =04 A7} A2t = RHH, AOB= 10~

Table 4. Effect of TLR on influent and effluent NO,-N concentrations, ANR, VNR and single pass removal efficiency in the MBBR

TLR (g'm?-day”’) NO,-N influent (mg-L"') NO_-N effluent (mg-L") ANR (g-m?-day”’) VNR (g:m?-day”) Removal efficiency (%)

0.1 0.24+0.03° 0.09+0.022 0.007+0.005 7.08+1.36 63
0.2 0.45+0.122 0.31£0.112 0.006+0.005 6.62+6.37 31
0.3 1.44+0.26° 1.17+0.38° 0.01£0.01 12.9x11.8 19
0.4 5.15+1.45° 4.80+1.722 0.014£0.019 16.8+22.4 7
0.6 6211140 623+127° -0.07+0.77 -87.7£925 -0.03
0.8 821+158° 826x172° -0.20+1.01 -233.8+1216 -0.01
1.0 826+132° 815+127°¢ 0.43+0.92 519.7x1101 0.01
1.2 804+158° 797+158° 0.31£0.44 372.0£524 0.01
P <0.001 <0.001 =0.207 =0.207 -

TLR, TAN loading rate; ANR, Areal NO,-N removal rate; TAN removal rate; VNR, Volumetric NO,-N removal rate; MBBR, Moving bed

biofilm reactor.



TLRe] u}-& 3= MBBRO| 4te} 54 121

150 mg NH,-N-L" H9]of| A oA elrtar BHausglek & At
9] dfi4 2748 pH 7.5+0.5, 52 22.5+0.5°C, %= 33+2
psu A E e, olof ufg} pH 7.5, 42 22.5°C, Y= 33
psus 3O 2 salinity-corrected pKas E3f FAS 43}
Stk Bower and Bidwell, 1978; Bell et al., 2007). ©|-& Table
39| Hat -9 TAN F=of 2-8-5}H, TLR 0.6} 0.8 A Z}2f
©F0.19 9 0.56 mg NH,-N-L' 2 F7 &]o], o] = =7l o] A] AA|
I NOB A3f| # 9]l sigsF it ¥FH TLR 04941 = 2F 0.07
mg NH,-N-L'= s} 9ot o S2okeh wheba] 2 o+t
ofl 4 T2HE NO,N2| F27 Z0]i= FA 45o] u}2 NOB
of Aheia] o7} FiA 0 m Polye FHsAlol ik Fael
HANO,-NO| 4 U A AR FS e o 2 A 2=
TLR 0.4 olal7} o402 QP AR] &4 Wel= AlXE 4
SIck. £, 4= MBBR 47| Alo]= ATR-TAN 7413} 3
7 TAN % NO,-N&| 4] 7aqE ¢ 1ejgt A4 7|&= 1L
ej2 9zt o,

A om, & A 205 St s RAS Wi MBBR
O] ATR -9 TAN F% S7}ol whet 223} = e 24l
o, AA| 7+ Michaelis-Menten &2 AHE 4=~ 919]
o} T3 A= L7t A= ATRO] 5% TANO]| 7 2] A3 2]
7S Ko, djd HelolA= AR o] of A3l FHE R
g} o]2|3t ATS vgko & MBBRO| ¢H4 20l &AL 9J3H
24 P4 TAN H518-2 oF 0.4 g TAN-m>day” %] Yol A
Asle 1] Ay mdle Jarsto] AAJsk= Zo] et 4
o BTk}, o] Wol TANS| o4l 414 Agol vl
% Qbg Ao 2 §AE)E FAI0] TAN, NOAN %7 gjglo] &
S P A deor & 4 Sl vheF o] WS 2t A&
TAN, NO,-N =2 9 7|4 A8} o= Qlsf AA| Hitsh w3
o] B9 4= itk 1B g B { Kol =42 LR
ShoflA] Lrehuhe 23ket A sl REg5 1Sl A] ofatx o 9
ofzhi A WA 4y 52 7Hs sl Sk AFA A 7S
2 oA o= qdek

ek 2 A= TLR ¥3}o] w2 sl<= MBBR O] A4ts} A5
= AFH 2 nlashy] flsto], the &4 QIAFe] Fak HiA
517] fl8f FAIE oA 3= I o] =, AA| RASOA
2F-g-5h= hokeh 3 9 4 2Q1E S8-8] whYgstR] Sek=
SHAIE 7H2Ih 3, 2 AT T FEES o83 1| A
Ao A pRE|Glo B R AA| FAA oA U AFR
7l&, 19w 54, 4 He A 9 e Wl 5o 594 o
oS ZetA| Froksinh whebA i Atoll A AJAIRETLR 43t
=2 sll4= MBBRE| A|2] A5 B7HE 913 L 7o 2 9
A ] ofof gttt o= AA| of{FE o] &R Al 2EE e
B 34 AGE dsto], AA| oA 2494 A7 TLR R19
A7gstaL 2 Aol A A AT 7] 0] A8 9f et # A
s dsddart oo
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uic I
ox

Al AL

o = 20219 AR (IS g HEal e Ao
AESA71e g7 o] A Y-S ol E AF-(No. 2021-
0-00225, 2| 2)9] =4k F4] HA|- 292 13t A oot E
A 3 EHE 71E ).
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