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Optimal Treatment Conditions for Sea-RAS Wastewater Using Organic
Polymer Flocculants and Ozone
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This study investigated the optimal conditions for treating RAS (recirculating aquaculture system) wastewater using
a polyacrylamide (PAM) and ozone oxidation. Drum screen filter backwash water was treated with PAM (1-30 uL g
TSS™), filtered through a geotextile filter (80-100 um), and then ozonated (18.75-300 mg O, g TSS™). The optimal
PAM dosage was determined to be 2 plL g TSS, as it increased the median particle diameter beyond the filter pore
size (> 100 um), ensuring effective turbidity removal. In the subsequent ozonation process, low doses (18.75-37.5
mg O, g TSS') maintained stable water quality with effective nitrite control. However, excessive ozonation (300
mg O, g TSS") caused floc disintegration and organic solubilization, leading to drastic increases in turbidity and
total organic carbon. Therefore, a combined process using 2 uL g TSS! of PAM followed by controlled ozonation
(18.75-37.5 mg O, g TSS™) is recommended to maximize physical filtration efficiency while preventing secondary
water quality deterioration.

Keywords: Recirculating aquaculture system (RAS), Wastewater, Flocculant, Ozonation, Water quality

M E 1110}71 sl 1% At vlEa 22| ke skl A o
ol A-8-stoqof qitt. o|e} Fro] oFAl A EA7E A
cha g Aol tigt = 9l9] 8= HE8] SkskL )Ll = ﬂiﬂﬂw g AolHAM & FAe] & Alo)7t oljt
o, 4 A AR R et goRE ASAoR 57 opajAl 2wl et Wako] AXT glek. waholTepA A
g Ao tHFAO, 2022). AR 9FA o] il A v sHa=2)w) H(recirculating aquaculture system, RAS)2 341 94 &
A5 S8 ekl Qlof ERE =Tkl A B T o] H|8| & An|Eko] ]S 2] o m A OFAIA| AE] ELO] mQ
2 THHOoEAY] 98 61al Itk (Bondad-Reantaso et al., T} 222 20| Aoje} oEE o] oA 2 Ao My &
2005). T G4 A B3 e 7180 AR AL o] 4o] ks Aol Glol, S ARE Aol nHk 3
g2 PR TS ke Al XPO% = o= 4 ZAE sl dsk= vl 2 ticto] H 4= {lek(Timmons and
A To= i viEstaL glow, o] A th 2] FAE Ebeling, 2013; van Rijn, 2013). QA1&-0] vj&4 e AT
< F|agke] YAz ejolle e A2 “Hle 8O & HgE, B 5 a8 QA AR AR dAF SHA of it
3 9)i= Agolel(Abmad etal, 2017).olell 84 FAzel & ), FeUL o84 Y, v YE 4 F geotextle fier
g0 5l B SA dolom Bk, PR S 53 2 BeE o ofwlela o|ne a4 glo
o] thgh =4 - AI7F 2AkE 1 Q= A o]t o]egh =4 (Cripps and Bergheim, 2000), ~L £]o]| &= v} &4=0] @)% vl
A Bl WokFo] FAA HiEol o7t S e He o obA Zke) M (ultraviolet), G4, & EO & A% He]ss ut
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W 5ol ZgEth =g AaGEH O} YA A o] ol of
A Y] e agol oA chert AF-7F A AIE HE 9L
W, o] vhat -S54 @ geotextile filter %2]o] 9lo] <
7o) 45 b 22 W e A 2] nite) A4 25 AT
St A= WA 9th(Ebeling et al., 2004; Ebeling et al., 2006;
Sharrer et al., 2010).

SAAG] 2| A Sk AR B FA A A SHA S &
H[gS Faslsto] o71e] AAA aas 3T 4 9leH, v
| agsHivt ot 1 E S AlA Baol® e &
o A2 Be)x ojphko 2 A7)} 2ok o)A A d
$7182 Bol A5ehe o matdoln, 459 4E 5
2 A} Al A= a3 QJch(Summerfelt and Hochheimer,
1997; Gongalves and Gagnon, 2011). 181} ZH=3t @& A
Pt RojE 1R8] ASAS FAslel 1PE 5= A &

2 o8haZ 4= glom, sl Fo) BES} ol &(Br)T uhg
slo] B Rulo|E S3} 78 G5k ARAIBHE total residual
oxidant, TRO)& AJAdgtcH(Tango and Gagnon, 2003; Park et
al., 2015). TRO+= A|ZF Z 2ol whet 2ped E-8fj7} o] Fo| AL,
flmofl b3 TROZF & F- 4=oof| 7| A o2 vh&d 79
= AA QY] o eI A=l RFaligt dake A
5 m(Davidson et al., 2011; Stiller et al., 2020), o} %F
Aol Lo oo EUY|E 7hssto] vl8A as
= AT weha] WiEprE R = QR S o R0
= | astelal FAAE FA MG 223 fleiA= 2
A e] 270& gotstr] 913t At7E B asiet. ofof 2 ol A
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A N4 S5 vl ek oh ek 1B RO Q5 MBHE HH
2 BAjstol WFB S4 ol Aol g shAskL, ol 714t
2 0 A8 FAeIA ) 47 MBS Brpste] 259) we
o) 27202 B2k shgict,

2o o

Az M=

B AFOAE A E 14 27 SRR 4|4
RUE| 0] %] OFA§ RASRHE] HHAISH: olAH ulE4-5 A)
Hstol A2 AHESACkFig. 1). 319 RASE Eg2dwa
Bjo] o R|H Thgoll A o) YEEL ol R AR 3

HErg 20 AR o e 55 e AR
A AF s, B 2 mm Welo] 54 A2 A S 14
AAT & SRAGOIAR 1Y Es HAS I & Al

& (total suspended solids, TSS)E A 431, A
Aol 12} S-7r= Bl Aeto] F Ut R AR = A5
5 Wi AR 2 7Hs sl lt) o] 34 39 AlE= sl
& WO R GRS 32+ | psust ZASGT)

TEA SEM ANE

H A3 o] A= oo & Zejolg Yolulo] =(Zetag™ 9168FS;
Solenis, Wilmington, DE, USA)E ¥i&4 A& 11522} &

—
—— Influent
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/ f m MBBR
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|| Drum screen
filter Pump
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Fig. 1. Schematic diagram of the experimental recirculating aquaculture system and the sampling point for wastewater used in this study.

MBBR, Moving bed biofilm reactor.
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Fig. 2. Schematic diagram of the jar test procedure for determining optimal polymer dosage and mixing time.

A= A8 2 AFA AN Ee]otadotuto|=
(polyacrylamide, PAM) €912 - & A HaFo| 50%°] ™, 4
o] il pF oo SRRl a7t & HA| Yot SRTE
Mgt & FRAETS VIS0 R BRES AW Tyttt
(Table 1). ¥j&4= A|E= 250 mL 1 g&] TSSE 3Ha3l= &
3|43 & Fefi o] 250 mLA] £551l om, 7). Al & a)

02 generator

T PAME 1,2,3,4,5,6,7,8,9, 10, 20,30 pL 4] =<Jakgict. Sample o
2= A| 22} PAM £919] Bgel = 2l 7] (MSH-20A;

DAIHAN Scientific Co. Ltd., Wonju, Korea) S A5} 2.1, f"’,f”\ T [
Tho] ol 00 pm o AHeAT). @ WE Ag o m [ Geoodlefer | [ Disk fter |

Nhe 2o 2 Bolaiglon], mik ohe M Fole S YH NP E
o] A =]7] Hefl 50 mL & AlRE A Fste] EEo] FUsh
A Bahe A2 Suskelet ol F LA ARl Bt B
7] 100 um2] geotextile filter= oJ}3t & A 5of 4=
atgich. £3 AR W of 7} F AR Z7ke FE YE U 5
A BAS Axalo] PAMS] 14 £ B2 lolei | 2 —
%8]—9112}(1:%' 2). A ctons _»[ | __|_| Solids / Organics / Nutrients

HE 2F X2

Sealing O3 generator

Water quality analysis

A = PAMOZ 37 U AR AR E @& 7HAR A Fig. 3. Schematic diagram of the experimental setup for ozonation
2ot & 2 9 27 u)A] 1859 A HIlE TS of the pretreated wastewater.
Table 1. Physical and chemical properties of polymer flocculant Q= A= A57} 85 it 5t Y B e =Rk 7|9}
used in this study AAE 19t oflojAES TSk WEI Fof LEUYTIE
ltem Description 71s-5to] AAISFFTHFig. 3).
Product name Zetag™9168FS 9z2 Ao WA 100 mg O/he] 2=HHY7|(ET-100;
Manufacturer Solenis (Wilmington, DE, USA) Weipro, Youngcheng Aquarium, China)& 435191 o, @&
Chemical name Cationic polyacrylamide 719 7] U= AR E 90% FERE YAk oAl
CAS No. 69418-26-4 2HE7](02MOS-7LC; O2MOS Co. Ltd., Goyang, Korea)
Form Liquid (Inverse emulsion) o AATFO AN L EWAY A5l Al Ad Eo 2 FAH
Active content (%) 50 =5 shlth 2 EUA7 = HH® 7hsste] AT 100 mgo
Density (g cm?) 1.03-1.05 eEo| YR =5 7hE6kolaL, HaE R 3F @& A sk gt

Charge density High cationic A 57 d 24 Soll ol gsralth. ooz skt
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oo 1|5 I(TSS 5, 8 ghottle), A7 E 1.5, 3,
6, 12, 24X 74 715510 A= 52 TSS 1 g4 18.75,37.5, 75,
150,300 mg 0,9] =740 2 ¥3alr}t A w2 25kt 91|
ol aLefsto] @& A2 B2 7] A7 7ks 59 2
2 HIA] Woll A A AfsEAT

pN|

A
= S

o

B A3 A= 7 AlZnejc) TSS, B, &5-7| €4 (total or-
ganic carbon, TOC), &-%l(total phosphorus, TP), TAN, NO,-
N,NO,-N 5-& Z433ch TSS= A s &= Al = Al
At FLet oz S5, Hiee S =H(HACH
Method 8237)°2.2 ZA5}%ith TOC= ZEkAx(total carbon)
ZA kol A F57| ek (total inorganic carbon) =74 4ES Alsh
o TOCEHS AF&EdH= 777|884 7|(TOC-L; Shimadzu,
Kyoto, Japan)2 243194}, TAN, NO,N, NO, N 213
= A|(DR900, HACH, Colorado, USA)E o]-8-35}o] Z+z} Arg]
A7 o] EH(HACH Method 8155), t]o}23H(HACH Meth-
0d 8507), 1] 1 3+ ¥HAH(HACH Method 8039) 0.2 24
31T}, TP AFES|H(HACH Method 8190)0.2 72|35t A4
&< DRI00 233 =7 = 733t

24 4% 270 2 BRE 5 FB A ARL ALkl
Brlstgom, 24 A o] 27] Swoh e 5 A5
o] w2 ujEko 2 4] (1)2} 2] A7) 8-S Akl

i

C.
R(%)=(1_C;mal)x1()0 ............... A1(1)
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D[4,3]), 18]l & A4 £3E Z|3E(cumulative percentile,
Dvx)?_] Dv(10), Dv(50), Dv(90) 5= AA3Ict D[3,2] ¥
D[4,3]& 212t 7171004 S4E glo]A] At el nlg e s
A1 (2)3} A (3)ell whzt 4k=SEA T Dv(10), Dv(50), Dv(90)-2
Al (4)2F o] AoE= w4 Al o] EeleE w2 A
2 wEgo] x% Y o] 7 ofnlshH, o] 5 Dv(50) A
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S5 24

ZF A A Bol A e AYate 5 A 33 HhE
T (0=3)3% 3L, 1 57 A Bt £ R FHIE
E7)5koT). 2ol A 412 IBMALS] B4 #4188
ZH(SPSS Statistics 25.0; IBM, Chicago, IL, USA)& 0]-8-5
o] A5kt A 242 One way ANOVA test= A A15HS
o, 2AMd A oll= Levene A4S 2-8-5k3ich. Aatgho
SHBARS 75 74 9ol = Tukey's B test, 5-2ARS 7145
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PAM 9] 5-20] th2 a4 RAS ¥&4: Al 520 47 st
Table 20] bR gich. A1 A}, BE 47 352 PAM 5]
o] wheh BAZ O folg Afol7h B SUThP<0.05).
QA 9.9 2| 3ol sk TS} Ehets PAM 59 5
wof whet Sotat 4 TS Rtk PAM 9] el
£ TSS AA % WSk Fig. 4] et PAMS Fel3h
2] k2 22 TSSS Bre= 212F 193.3+30.1 mg L9}
2453+10.8 FAUR 7P =7 2459tk PAMS 1 uL g
TSS' Z¢J3 AF 7= TSS 5571 100 mg L' Z4 5|90
o, T o) oF 94.8%7 AAH Ik TSS AA fgel A
5742 Ao] 2 o] gkt B 380 A9 2yl g
TSS! 2794 8.00+1.00 FAUZ &A= 1 uL g TSS' =
ARCHEAH 0.2 §OJ51] e 53] S e ol P<0.05).
g PAM 59 55271 10 uL g TSS & 2 7k8 749 TSS9} e
w7} ThA) Aste] taTel BAACl SRt gl Sl
2 37)5he A% Bart

PAM 9] o] mh2 S Folt ST 1FRL| Y
£2Z Fofo] 4 5 9lrk PAM F¢) 0] 112 132
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Fig. 4. Effect of polymer flocculant dosage on the removal effi-
ciency of TSS from marine aquaculture wastewater. TSS, Total
suspended solids.

Y= FE 5/ Table 3of| eI thx+-9] A4 H
17 D[4,313 F95 474 Dv(50)2 212} 72.14+5.99 um,
$7.79+6.25 pm 24T}, B AN oI AL
St geotextile filter?] & W& F7]+= 80-100 umo]w, o]&=
2ol o A/uko 2= v]4] 214} a7} of ik 1S o)
liciee

PAMS- 1 pL g TSS! FI3F A2 &= D[4,3]°0] 105.94+2.41

YAR=1PNR

3 kel A2 23 57t 203

um=z  Frket E5& JASIth Z12v Dv(50)
88.10£0.90 pmZE o] A 3] geotextile filter®] o W& =7]
2l 100 pmeo]l ©] 2] 2] F3Ach Dv(50) 32 2 uL g TSS! %
A3t SA AR Aol & HolA] ehrotk(P>0.05), AA Y=
geotextile filter2] Z|j] W= =27]¢1 100 ume]| v|X|A| L5}
o}, wpaba] o kbAoAl mlA] YA7F A o2 FatE S
7Fs/do] glom, oljgt 2fol7t Bt i AaHE Aghetl S
Ao & getEt,

Hhd 2 uL g TSS! 2o A= Dv(50)0] 112.76 £6.49 pm
& Z7}5ke] geotextile filterd] Xt 27]2 AF3]8}g] oH
(Fig. 5), D[4,3] =3} 130.19+£8.23 pm& At Z20] PA =]
At & PAMoO| Q3] Jw=r} of w9 WhHEE T 24 4%
SHAA tAg E5 % oA 23] AA 0] Bt &7 oR
AAE Aoz gobdct 3 PAME] ¢ H7t S7eke
2 18 9w}t =9 o), 20 uL g TSS! o]4+e] PAM
FUT A RO NP E Y= HEY FYETt ROl = 4
S ghelatdict.

A2 315HE 9] 9ol = PAM Aol et o] 0%
Z}o] & B THP<0.05). TAN-2 T 210] 4] 0.67 +0.06 mg L
& vepd o 8haf 1-6 pL g TSS ¥ ¢Joll A% 0.30-0.33 mg
L' 302 §osH 4 9 fAE gl e, sid A A
olof FAH SR {93t Afoli= LpEhA] ¢SITHP>0.05). 1
21} NO,-N2 1 pL g TSS* 271041 0.12£0.01 mg L'2 &
AL, o] 2T H% 0.14+0.01 mg L9} EAZ o=

oo ilo

Table 2. Change of water quality in marine aquaculture wastewater with the amount of polymer flocculant input and agitation

PAM dosage TSS Turbidity TAN Nitrite Nitrate
(MLg TSS™) (mg L) (FAU) (mg L) (mg L) (mg L) (mg L)

0 193.3£30.1° 245.3+10.8° 3.330.15f 0.67+0.06° 0.1410.01' 33.00+4.50°
1 10.048.72 19.3+1.15° 1.77+0.31° 0.33+0.06% 0.12+0.01" 5.83+1.892
2 18.3£14 .42 8.0+1.002 1.07+0.06° 0.30+0.092 0.01+0.002 7.50+2.182
3 13.312.92 10.7£1.532 1.90+0.10° 0.30£0.102 0.01£0.002 6.17+0.76°
4 28.347.6° 21.34£0.58° 1.53+0.06% 0.33+0.08% 0.01+0.00% 8.83+2.36°
5 16.7+2.92 23.743.06° 1.77+0.12% 0.32+0.06% 0.02+0.00 6.00+1.502
6 11.7+£2.9° 27.743.21° 1.97+0.06° 0.33+0.06%® 0.02+0.00° 5.830.762
7 16.7+2.92 38.3+3.79% 2.2040.10 0.37+0.08% 0.03+0.00% 8.67+2.522
8 16.745.82 39.047.94% 3.17+0.06 0.38+0.08% 0.03+0.00< 9.17+1.612
9 30.0+10.02 66.0+16.64° 2.03+0.15% 0.43+0.06% 0.05+0.01¢ 9.67+3.512
10 43.3+12.6° 74.0£21.79° 2.33+0.06% 0.45+0.05° 0.05+0.00° 10.00£0.50°
20 45.0+£10.02 87.3112.42° 1.80+0.10°° 0.50+0.05 0.07+0.01° 11.0043.972
30 143.3£10.4° 162.0+£36.39¢ 2.23+0.06° 0.52+0.08° 0.11£0.01¢ 18.33£3.06°
P-value 0.000 0.000 0.000 0.000 0.000 0.000

PAM, Polyacrylamide; TSS, Total suspended solids; TP, Total phosphorus; TAN, Total ammonia nitrogen. *Statistical analyses were per-

formed using one-way ANOVA (IBM SPSS Statistics 25.0). Homogeneity of variances was assessed using Levene’s test. Tukey's b test was

applied when variances were equal; otherwise, the Games-Howell test was used. Different superscript letters indicate significant differences

(P<0.05).
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Trofgt Aozt gl & BIE wlw|skelet. oo ¥hsl 2 uL g
TSS* Alg-to] NO,-N-5%=0.01+0.00mg L= A A
shw 1 uL g TSS' A9l -eb= Wes] th2 A4 Aol & K3l
T} TP E3H2 pL g TSS! 249 A 1.07+£0.06 mg L= 713
22 5 Ui sich

1 uL g TSS" A 2]H= 2 uL g TSS™ A 2] 5-9} v] 15} G1 & uf
TSS A|A ZHAA FAZA QL f-2l/d o] $l3itt. L2tk Dv(50)

el

7] 88.1 um=z 2 Ao A ARE-3t geotextile filtere] [T
45 217]91 100 pmoli v] %)) $51g00), ol )] 1152
US| e A Bt 7/ o] Sl SfmIgtet o Ee ot
NO,-N &&= SHA =2 pL g TSS' 2|47 A4 S 2
OfHA St Al A B BT whebA Q= 73z 7|Hke] of
oA H7F Autel 3 e A B T A ALEE)
o], PAMS] 24 #2] =52 ulL g TSS'& A1A3}1 o] 3 4]
CEPCELERES

OF XY xf2| £

WA =EE PAMO] A A2 = 271o® S olnt
Aol tisto] @& Ake} 37E A8kt s Alzoll o
gt A e 9 422 WSS Table 49} Fig. 601 LR itk
AR BAo] HslE Aw T, 18.75 mg O, g TSS! 270
A BHE7} 0.33+0.58 FAUR 7F W 2A4=9lo0, 150
mg O, g TSS" 27104 %= 1.00 FAU ©]3}2] SF A%l =&
SR8k 22y 300 mg O, g TSS' Al@FLofl 4= TSS7}
49.00+6.24 mg L' & A48}k B 103.67+6.03 FAU
2 o] vaf 220 o] ofFlel= 5, SREOR AHo| 7k
AR o] WiEglsh= Aol LrElyiTh

Qo] o3t A} w7 €} 7RESlo] whE A WS} o
71E % FTEY T Hsto A= 2lg 4 %Mk S4
o]7} 3 A9 TOCE 5.33+£023 mg LGl oL}, & F
O] F71e} HlEo] A&A o7 AFsstglon, Xt AgTolA

Table 3. Change of sludge particle size in marine aquaculture wastewater with the amount of polymer flocculant input and agitation

PAM dosage

(L g TS D[3,2] (um) D[4,3] (um) Dv(10) (um) Dv(50) (um) Dv(90) (um) Uniformity
0 22.41£2.73 72.1445.99° 10.95+1.572 57.79+6.25° 149.01+9.09° 0.74+0.05%
1 43.56+1.87° 105.94+2.41° 22.66+0.63° 88.10£0.90°  198.68+3.48° 0.8140.05¢
2 54.51+3.77°  130.19+8.23°  20.61+2.73°  112.76:6.49°  24251+11.73°  0.71:0.04%
3 62.86+4.14%  141.75:10.58°  36.84+2.83%  123.07+10.19%  262.27422.97°  0.77£0.11%
4 77.41:4.02%  171.89+8.019  48.763.96%  155.708.57%  314.88+13.90°  0.64+0.02¢
5 88.37+0.76%  202.93+17.86%  56.06:7.44%  184.92+15.45¢  372.39£32.73%  0.65:0.06"
6 90.55+6.17¢ 197.4646.27° 58.11#4.51¢  180.27+5.630  357.95+11.55%  0.58+0.02
7 96.85+3.98%"  194.07+13.67°  67.01#2.67%  174.84+12.77°0  346.63:+29.18%  0.56£0.03%
8 112.53:4.79"  224.64+7.84%  T7.57+3.649  209.24+6.19%"  393.27+14.38%  0.55:0.04%
9 98.61:15.97%"  207.94+2553"  66.35+12.87°  193.01+25.15%"  368.83+42.27%  0.530.00%
10 103.2746.48%"  207.13+8.02  70.35:4.719  191.68£9.03" 365311050  0.58+0.05%*
20 135.0048.56  232.21+13.24%  92.66:5.98"  213.43+12.06%  402.51+23.27¢  0.55:0.03®
30 134.30£11.02°  246.45+7.649 94.48+5.34" 224.414856"  431.72+11.13' 0.46+0.03°
P-value 0.000 0.000 0.000 0.000 0.001 0.000

PAM, Polyacrylamide; TSS, Total suspended solids. *Statistical analyses were performed using one-way ANOVA (IBM SPSS Statistics
25.0). Homogeneity of variances was assessed using Levene’s test. Tukey's b test was applied when variances were equal; otherwise, the
Games-Howell test was used. Different superscript letters indicate significant differences (P<0.05).
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Fig. 6. Changes in turbidity and TOC concentrations according to
ozone dosage in the pretreated wastewater sample. The bar graph
represents turbidity (left y-axis), and the line graph represents TOC
(right y-axis). TSS, Total suspended solids; TOC, Total organic
carbon.
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Hiickel ] & % ¥ A+ ARgol wh2 7 (Kim and Bae, 1999;
Muthukumar, 2002), ©]-& Z=7} 52 Bo Al 250 &
Alsh= A F=R9] A714 o] F3-o] Ao A 7] %17
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Table 4. Changes in water quality parameters of marine aquaculture wastewater according to coagulation, filtration, and ozone dosage

Treatment TSS Turbidity TP TOC TAN Nitrite Nitrate
(mgO,gTSS")  (mgLT) (FAU) (mg L) (mg L) (mg L) (mg L) (mg L)
Raw sample 254.33+1.15°  4.67+2.08®  46.33+1.53°  10.25%0.45®  10.33+0.58°  0.37+0.123° 1.03£0.06°
Flocculation 19.6749.87®  4.33+0.58"  40.67+0.58%  4.55+0.96° 0.10+0.00° 0.05+0.01° 1.07+0.06°
Filtration 8.67+2.08° 3.3310.58° 37.33+0.58° 5.33+0.232 0.17+0.06% 0.05+0.01° 0.77+0.062
18.75 3.33+1.532 0.33+0.58%  44.00£1.00%  24.78+4.09  0.33x0.06° 0.06+0.02%  0.83+0.06%
375 4.67+2.312 1.3311.53» 5.47+0.232 34.02+0.89*  0.030.012 0.01+0.002 0.93+0.06%®
75 4.33+1.53° 0.67+0.58° 8.3310.29%  38.14+0.31%  0.34+0.12% 0.01+0.002 0.97+0.06%
150 11.6742.522 1.00+1.002° 11.67+£0.76°  42.60+0.15°  0.12+0.16%° 0.01+0.002 0.87+0.06%
300 49.0046.24>  103.67+6.03°  70.33+4.65" 545.73+36.05¢ 0.12+0.15% 0.12+0.01° 26.87+0.42°
P-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000

TSS, Total suspended solids; TP, Total phosphorus; TOC, Total organic carbon; TAN, Total ammonia nitrogen. *Statistical analyses were
performed using one-way ANOVA (IBM SPSS Statistics 25.0). Homogeneity of variances was assessed using Levene’s test. Tukey's b test
was applied when variances were equal; otherwise, the Games-Howell test was used. Different superscript letters indicate significant dif-

ferences (P<0.05).
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