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TS A i A2 A IR R SR TIIR Sas 7R E
PEA AP, mR TR R AT Yk b
TRAEFEIZ AT PR AU R BB AL B R

UTAER, AR R A A TG T5 KA AL K Ak
Hrh B R R, ik AR o
B VEFHEE S 4R S SR A R S A DR R BLR,  FEREAIT
WEREFERY I SEEUAR . W SO L R 2 o2
ANEREE . M L B TE A R I I K B R S Bk
(total organic carbon, TOC), kL% (total nitrogen, TN),
AW (total phosphorus, TP)&:Z:fRRAT 1k85%1 1121,
IR, 35 PR AR A R DK 5 7K b Ul T Y ) B e ik
eI, HTEA . PSS R E IR A,
NI R 2B S5 K A B BEARC O, HE RO 2 3¢
VRIS, T SR K S A B, 3 et R -
WA AR R (AN DARESE . AR ICAA B e . AR US98 5
HILA TR FAK), W7 F S msEE K
A B Rl S (chemical oxygen demand,
COD)M R 2B, H Wl Ml P R0 Rk,
Tl - 2 T P [ 2R e R S O Tk 5 S R A
P2, RIS e a8 L B i Tl i £ i AR ) 5T B AL,
Ay — Pl ELAT 1035 P05 5 BT IR P )RR AT 7K A
B AL,

SR, BRA Wt - 0 A ot ) Ak JER AR 23 A7 T g o
B2 OB S — DL R KIS AR e N A5
[, 29 VIZEAR 2 TR L. AR H i
W RRE AR R, Sk, JUHIZ/NKBE(Chlor-
ella), TEAEAHRAR | AW R R B PAR R TV 0 07 T
HA RERH, HAEABUIE & & m, BAEREN
A RS REIEIT & R RPN ARG, Hil T
HOER A B BUR, /NERBETE S SRR SR T B
IA AR AN R A, RS AR R SO S R
(IPFEVE LS S = R, X RBUNREEAE S
ER K AT 1 R TP ) AR S o R, 2 T A kg R 1
T T A AR (o) S R A A A RIS A A ) G A
zZ—

BT, AW LAG B 178 M ER AL/
BREONAZ O IIRESERE, M NN TE A R R A 2

MEZRIEIK, MRV asiERY . B S8k St is A2
ML = A2 RGP R i RS RS04
Y B #% (aerated  photobioreactor, APBR)-5 i it
H: W) 2 Vi %% (raceway pond photobioreactor, RPBR)ZE/|N
BRI K S5 Qe LR s T 22 5%, DA ek
BN, FFiE— b B 4 s 1T
S0 TEICIEAR L, FEIZE DL/NERasE A% O D) RE BT Y 3
PRALAER R, MR AP REIE  ZE R e W AR AIE, A At
FETa LR 25 LA 4B /R S 5 D Re 2 181 22 18] ¥ e AE
KFR, AT () BH 7 INER - 200 B M A R 2R S 35 e Ak
LB SREE T AR RIS, AR T RS TT
SRS EWNAZE, WA T X RSk
INBREE-AH P LA R R A SRR B LA, J
AR R A = A PUE KA B T AR5
AL T Rb AR,

1 MRSk
L1 BssEshh R R b

SRR A 9286 % O ORE/NKBE Chlorella sp.,
W A b E R B K AR A IS B K S 2 (FACHB-
36), £ R I AR T A OO R R,
i 196 I Ao 8 A8 BE R (HM-3), L2801 6 B 6 B2 ik
SEHG, RITEA.0%EE EERE IR AL P 2 A 1L SRR T T R
ARSI % E 121 TCAST(cyclic activated sludge tech-
nology) S & BT i 48 5 e h s 3 JI Ak k.

1.2 JoRksy

PESEIE KUK R 46 A B IR M SR A R A W
SR — IR T, REESS YK 2:0.15 mmidgab B
PLEBRECRIBRIY), JFAEACHAE N IR LIS 225250
fii .

1.3 sEus ik
1.3.1 KA R M AIEAT

APBRZE i hy 375 B A HILBE B8 il i 4 4 X6 A W
Mes(E1()), 1204 cm. %354 cm. 80.4 cm,

F1 EKES
Table 1 Composition of wastewater
%K) COD(mg/L)  NH,-N(mg/L) NO; -N(mg/L)  TN(mg/L) TP(mg/L) pH R (%)
ML IEIK 200~1700 80~200 5~10 80~230 5~15 5.5~7.5 1~2
BESRIE K IEK 37000 1600 100 2000 30 5.32 3.8~6.0
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Chl a, M-%4¢%a; Chl b, M4t EDb

Figure 1 Growth of microalgae and pollutant removal performance in photobioreactors. (a) On-site device diagram of APBR; (b) on-site device
diagram of RPBR; (c) photosynthetic pigment content of RPBR; (d) photosynthetic pigment content of APBR; (e) variation of pollutant concentration
during RPBR operation; (f) variation of pollutant concentration during APBR operation; (g-k) changes in photosynthetic pigments and various
pollutants under different stirring speeds in RPBR. Chl a, chlorophyll a; Chl b, chlorophyll b

FAR3S0 L, T8I #f AP 4555 B A LEDXT 7 LA HifiHM-3, AR KR — e W B e e i A HE Y
#h et E. RPBRASE R PP WU KAS FIAR UM S48 0] MESREEAOM AR g, EA TR A3, R A AR AR e 22
HL(E (b)), KHENFBK200 cm, F575 cm., B35 cm, B JHIIBFTSEC APBRAE KRS . R0IE)EHE 1 R Ab
HBUNA50 L, BUEHRMUFIFEEI), MAHKEBFER SR 10000 lux)95F FizfT; RPBRAEMRA L NT,
PEIR. PR NAR B TEIN SRS, 5l T iAW R3.6 mg/LAAF Figts. Kia T e s
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A O R ARSI LS 1AIS2. YeR gt RExT L
SIS A /K 64T, RPBRIREE BE (10 5256 4
10% MR K B K AT
132 E@EObAeFEAN T *
KRR A R RIGSkFa, Kby
JEAE N RIFZA, HoA TR A A BR S
M AR R p R E R BUR . AR R
SRR ERY) W b i-4¢ Za(Chl a), M4 Zb(Chl
b) LK b E (Can) & T TINE. SO R TR
WP BT AR

Pcnia= 13954665 nm — 6884649 > (1

Pcnib = 24.964 649 4 — 7-324 665 nm> (2)

Pcar = (10004 470 4 = 2.05p ¢y, — 114.8p ) / 245.
(3)

133 JEoK7m gedpa il o %

b2 A (COD) . & A(NH, -N) . BA(TN)M
S (TP) S5 B T HR AR 38R FH I Gbm e il . L
RBATHRIER: CODRHE K IR FI% Z 1L (DB 11914-
89); TPRHHMEL 3L %(DB 11893-89); TNRH
Tl o R 0 VS i 2R A1 4 G VR (HT 636-2012);
NH, -NRFH 98 FGIR ot B (HT 535-2009).
1.3.4 A A BEAS I Fn AT 7 ik

TEXT B REARSEATPCRY 8 S5 2l 7 4y B i, g
AFEREE T ZAEE, D iras ST bt B
B ERAR AT SRARAS SEIR I B BE RN G IR A,
F—80CHE AT LM G250, (#FHE.Z.N.A.® 13
DNAIRF &I B FE N ZHDNAJS, PA799F-1392R 5]
Y, WiIPCRY BEANF 16S rRNAFEH VS~VTIX,
AFEARE B3I AT, PCRIZY4IML . SRR E)H, T
Ilumina MiSeq PE300°F-55 #E47 Ml /7. XIS i
FEHIBEATOT% AR 2L LIARELOTU, I F1 i Silvads
Bl R T o R

i HRIE S . Microsoft officeXid: ¥4 ¥ s B4
Y5434, {4 FHGephi, Origin 2021, PowerPointZ: [4].

2 giR50Hr
2.1 e S s A IR Rist TIERE LR

2.1.1 APBR5RPBR ¥ ¥ {& 4 K #:4F &

2FFPBR e i A R N 1 (e, d)F7R, RPBR
HHM-30G A R BERE IR (AR Tt i, SEEe gl
H A 2 5o 13.44 mg/L; T{EAPBRY, HM-3J2

4

HeA RS 2 NS LT el TR
Fafrtass, SCORas R, HAAZE G E{UN6.85 mg/L, Ui
FIZERPBRHY, R 43 £ 1 A 4 =K 0 2644 )
FEARAE RN 2 NS A AR R 2ok, NI E
A BB E, TAPBRY LS JRBES N F09IR
HH ARG E R RFRI s, ARFEAaRNERES
RS ARURPO AN, Fe bR K IR R, Sy
FEARCO I, APBRAYSRZUME S TR IR AL 1L B[R],
K MEHE I TS AR 1R KA COM B R, FEUK T IE
HURRH AL, BRI /NER R A & ek P [l e
2/NPBRH, Chl a/Chl bHAE A LB TS, %
B HM-37F W38 R K 3 B 45 1 T A AR R 1 ) 5 9
FHE ). Hrb, RPBR¥EIACHI a/Chl bHb i f  1] 353.84,
VEIHIZ 2 B ROt R A5 E RGN g 4 ic 5 in
BRI FREBOCHE RNFET. 15 RES SEHE (7 7F & £k
WEE T FR/NEREE, B4R ZE R8.7 mg/L, X TFRPBR
PR 4 2R 51098 mg/L)P, E— R AT 5T
TR RPBRZ N #2811 7R Sl e 5 (o R
PSR 1T AT B S
2.1.2 APBR5RPBR #7744 & & 14 & 4t 1

S PEAL B B AR R R AP RIRON, A AE T
TAE AR PR T TR R /N ER B HM-3 B b T[] 28 v 6 v
SR X HRSCHG,  AH OGR4 (1S 3). i i
AR B R R K s G i B AR A& 1 e, DT
7N, RPBRWVEE & 1 3 A A K KO kg - T AR R R
UIERIFEAr R HEBEE T Hemll, MM T 15 54 225k
PERE, TEMESRE KA ISR RN T APBR, JLHAE
REEBIT AN, RPBR#EH LA (K R X
NH,"-N. TN, CODFITPH EFRF /% M93.85% .
90.57% . 84.94%F153.73%, FHJEERERDH N
17.34, 18.79, 13021, 0.59mg L' d'; APBRH MM
K ZXNH, -N., TN, CODFMTPHY LR K5 K
28.72%. 47.92%. 89.33%#177.04%, F-H4I:f Ry
M492.89. 7.01. 100.55, 0.57mg L' d'. RPBR%;
T SRR A W R 1 M AN 58, T X JC LR AT
() ELFERIACRE 1, TR 8 o R I A A DL RS,
PR T DHBELN B A S 5 P ) G AR, i
SEELTNH, -NS TN SRR, 1R R XNH, -NAl
TN R, BH 5 SOk 1 DS/ 480 M e
F S5 (NH, -N: 50%~70%) K i 4 2 (TN: 78%) 207
R RIK PR RE M EBRFR. 2FPBRIY #5XT CODI)
FBR(84.94%/89.33%) = T B R 19 75 — /N Bk e -



MR R GEx SR A HLE K Th CODRY BR(73.23%) ).
ARG IR, RPBRAEARAI/K 1 55438 1 fie F e Ak
AR S E-EEMRIVER, SLRIERED TR R e S &R K
IR, FasE 15 e 85

ZEA BT LA R RAE2FPPBR B 1 RUR T LU
% th, RPBRTEFEAPERE LRI T APBR. WA S i ¢
PR T I IR AR MO IR A5 AT R Gtk
Z5, AT W BRI T AR TREEAR
R INLE G ERETEAL. FEILAEZE T, RPBRAPEEMAIEH
R RE R NAPBRIV2AE, TEMESER KM T IR+
e e AT RS, 7Eb3Eat [, RPBRHAS
e AR A e 5 AT A AR T B P REVE ],
R RER R LR RIS, NH-NAITN
[ 43 1i5 393.85%F190.57%, B i & T APBRIY
28.72%M147.92%. G 2FPBRIECOD 44 )7 i 22 7
AK, {ARPBREA T S ABRHR, (RELH F 5%
(BRI BERLRE. I, RPBRZRSEAEME T 76/ K -
B AR R TIREE S, Db s ke T IR 4k 5L 56
W%,

22 HGEMORA PRV BE R SR AL

221 BT AR R A K R ARAE

TEHE BT 35 0 B P I A1 0% M S /K UK 28 4
RBIN300 L, W5 THHIRIALBEEREE T, 3FPOR[RIRFE 3
FE(40, 30, 20 r/min)X 7 B LA AR R s A KRR
FIH BT Y B 0 52 ) (11 1 (g~K)).

3L HHM-3 A R B e AR RE A I ] 1 HE
Mg 1(g), Bizfrgs s, 40 /mindcfd N4 &
B A A E SR (12.54 mg/L). %5 FHM-3194: K
TEOAFAEDE BN, PRI B e BEAIG . S2)N, RIS
RN /3 CODF= A B COMEFE T Hoblui A K B3,
TR T 30 A T T I ) 7 A 0 R 0 4
KB B A KO B B I K NG, SRR
PEANMTT W24 AE T, FEAERECOD T, BlS S 9= 4l pa
PRI RS COD, F=A:CO,, fRfli/INeRkER 2 AL K
It IR IR 2, HM-35 B 32 401 2 [ A7 1E B
A E R SR BRI R, ANeREE T LS SRR -
R A, XPRL B AP RR, R
A RSN IRCT, FeR B K iz S R R ]
PR AR B AR RPY, HeAh, 7830 r/min K20 r/min &4
T, AEEESNHN0.51, 7.88 mg/L, FRWHE—EE
RPN, $EmB bl A A ek /NeR B 1R KR R

H AR B
222 B-WHEAEKRREZREATEWHE

SZAPEFEEE FNH, N AR S A —F, B
IR LT, BB TaE T, 40, 30F0
20 r/min  3ZAYNH, -NZFRFE794.30% . 93.67%
F174.54%, H:r40 t/min &4 FNH, -NF-2) KBRSy
2021 mg L' d', BT 4h24; 340 4440 FRFTNAY 225
TN 88.03% .. 91.29% . 70.74%, H:H140F130 r/min
S FTNER bR R 55 T20mg L' d ' RAL.
BEAN, SRS AR B R BR R T RGO, SHEH:
JE PR AT e 2 AR b A LR I E T e fkh
NH,'-N. 5 RHA IR L b fb Ve T4k R
NH,"-N. NO; -NFINO, -N* % iz 4733 FE TN
AR AR 0 T 0 TR A R R A PR R e A
FHEAEINH, N, ARHENH, -N K TN L BRACR 7],
PP A B T A R R R RS e R A
AL, 40530 r/min£cF T BTG B LBRACRIC
FER.

AT H ) 8 B AL A IR R AERPBR A NH, -NAN
TN E BB (R 51 94.30%F191.29%), 5AabHE[F]
SRR K A RE e - A A R R (NH, -N: 91%, TN:
78%) LA B [ A/ NER AR R (FEAL A5 1 F TN A BR R
A[3K95.58%) K A4, AN INEREAE At = B A Ak
Pk, A A FI83. 3% MINH, -N & 4242041 2]
IINBR A R K B R P R ELAT 5L O RV ).
223 B-WHEAKR X RTPACODHFAE

SLUPEFE AU T TPk Y S BURE LRk, 2
BATEEHE, 40, 30F0120 r/min 34H 5501 F TP AR RS
WIR67.31%. 78.40%F173.51%; 34141 FTPHI T
FBERS 132, 237M12.11 mg L' d' BiRgE
RRWIZERPBR Y, PR ILA R RN TR K s
L) L BRCR I AR Bl P B R I R s T, AT
T RBRTPHEGE & PR FE 230 r/min.

SLLEFEHE T COD LRI A FN94%LA |, Hirp
40 r/minH 25 B R i 5 (95.69%), 30 r/minZ{iIkZ
(94.49%). SR, FBATIH(AT3K)30520 r/minZd i1
CODZ: [ 4 &1 (4351134 92.74%F1194.35%), 140 r/min
AL H81.41%; [ H 51, CODHEEIYEHEAEZ
150mg L d ' EIRIGLEH, NI oAb
S AR g A AR AR U T RN AL B X COD I ERE T FE,
Je e G B 1 = SR AT BB T R Ak T 1
AREF= A BT A WL, S 3 CODRE MR Z . W
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EBRHE R, 40530 r/ming 13RS ) 285,18 5
28438 mg L' d', ¥ 20 r/minZ(264.42 mg L™ d™),
TR E SRR IE TR A B 1F5 A 11200,

JUE AR S r i) 3 D e A A R A T B TR e i
bR ER K S, ER AV bR 3 BAT I
P24 FECODIY LB ki T 55 — /N B P A 2
GEhb B ek EP YR K BRI Mt TR R X R
SR E 5 G AW = s e 1. (BAETPIY
i L, mESER R AL AL 25 1 T A MsE A 8 T AR A
F 20815 g SRR B 3 1 2R R A 56 AETT
i RPBR Y, 7K 145K B(dnpH . #h BRI shnT
e B0 2R TH W B O R A AR, FERTIE AKAR, A
T AR P B4,

CERTS Y R T, 30 /mindiiFIEE RS
B AE N RO R . 2B, SR R R X
NH, -NFITN LR F 540 v/minZF F LR &2,
X R R RIS, HXFCODL BRI T IISCR B
B, R R 540 r/minS U R ARY. R, BT
PR G A IE O RS, 30 vmindit b s T
JIT s DIAEAR T-40 r/min, ARSI = A5 b B [R) A BE 2L
WREWS 1. P, 30 r/mindE: LR RTS Y sk A
PRAGEE RAAE KA, 3P . 2P nik s,

2.3 FGEAOEAPIRON AT EE R R T R S
fiEbr

231 BB E T HEDHFEEN G LT
P 2 FFAE

AL XT30 r/minf e HE AT i A A iR R A
PP K R AR I, A3 i e B T 3K, Ab 3 i
Lt K s B B S O RE i 2EAT16S rRNAE DA vy i
W, DAET AR S5 sl 2828 Ak, 38 SRt 24 1
FAMEFT /I AN G 6, R T A YR At
AR, BARSERNE (PR, WITKEE, RPN
I [ J(Pseudomonadota, 60.38%). T[] (Bacteroi-
diota, 15.47%). FfUfT# [ ](Bacillota, 10.17%)535IHE
03, H A Pseudomonadota s £ A M) 2 [RIFEAE
Bk, HARZBMEY Z M2 IIEAC KR, R
BIAE30 /minfUEE i P 551 T, BRI R i
YRR MR BEAEMEHE S HE R 3, TR T 45
oo . Diie EAMY AR M. ANRIDIRESSHE Z A v] fig
AR B R A8 ORI SR EE S5 D[] 98 15 45
J5 SIS, 40 S 5% 40 B R FH B o A LRk, I

6

U R = R CO, . HiA: 2R Bl 5 574 B ) mf
PR AER, MO A R AR AR SR
;@[47].

aZ FEPEM T AR (E12(0) B, e R — B4 %
Lz i #EH, Ace. Chaol, ShannonSimpson#s %
TEA RV HURE I 8] AR — g B 2y, (H 45 B ] g5 8] JC 5
FLF(P > 0.05), RUVUSEHMAEYRIE YRS
H5ZFMAEEE LA FTRR, (R A is TR
IR E, ARk 2 B R el EE 4, X
Rt PR AT B S B 1 2 TR e A A R A S g # 2A
T EA B A S YR g
232 BB HAE TR HREHL AR L HE

WE— 25 TRN R 7K X 3 R AR AR R R T
AT T (E2(c, d)), 25 BRIt E2ATE
ATFHE T (Bacteroidota, 57.03%). fREAMIEE](Pseudo-
monadota, 41.08%). ZEFIFTET ] (Bacillota, 0.67%). 7E
A TR, /K dBacteroidota AR YT B E T
K, PEIATEIZ S K, BacteroidotafiAh £ 524G %%
B, TR ST R AN hE . B ) K R
SRRSO R LA O A R BeAb
MBS, AR T BB (M 61.04%%)
44.83%), TMiPseudomonadotaffiXf = [F] 4 F T+ (M
37.85%%154.08%), X — AL AT ARSI AR R B IR At
NSRS | R IR IR A3 . AETCHLRIE FE A2 |
VS AR AR A B I L T, 8 43 Pseudomonadota i
AR AR R TG PE A A K 3R, FE s F ] A1 IS
YR 3207 T R RS, TR 3% rh iy 3,
M a1 THENE, RPBRASENIRIE 5 A4 D THFE,
AT et ™A% DR AR B (N Bacteroidota) 4E ¢
s R HANXFE . BLAh, Bacillota R 7ER; SR
AR, AT T B E R S AV K. R
KAt R I, o e v fe B T 2 2
H WL 18] Sy Kkt v 18] = W e AR R0, NI RS4RI
TR IR ZAHLTE Y 2B PEe.

TEIBAKE L, norank fSaprospiraceaeft 34~z
Frad AR v DR 35 i s AR X S BE(39.96%), 12 s i
BN R 58 B2 FHAN 2 2 A WL K i UTAR O,
HAER KRR RS, PTRE S JRoK s & Ll
1R B & BB HLY R R T 5 R R A
S Tl AR T R &R g e kAT,
WA 5 S A At FR PR LR B, RS iR &R



Richness Simpson InvSimpson

(@ s (b) 550 Z _
e Y 5001 , aﬁ | 354 QH :gza Bﬁ ]
) 450«IB I 3 I i 6:I I

g, il Tegir. | Shannon Chao1 ACE
e . L NP - 1.0 700
A SN a 650 ggg 2
PE. SNET 0.9-a|;] a a H
e A I 550i 550.@ a
0.8 500 500 _
I Pseudomonadota [ Bacteroidota [l Actinomycetota Al o Il 558
" unclassified [ Thermodesulfobacteriota [l Bacillota Significance level: 0.05
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Pilot-scale operation characteristics and synergistic mechanism
of the Chlorella-bacteria symbiotic system in pickled mustard
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This study evaluated an algal-bacterial symbiotic system for the treatment of high-salinity organic wastewater, using
synthetic pickled mustard wastewater as a representative substrate. Two photobioreactor configurations, an aerated
photobioreactor (APBR) and a raceway pond photobioreactor (RPBR), were compared to assess their treatment
performance and operational characteristics. The RPBR showed better overall performance than the APBR. To further
optimize RPBR operation, paddle wheel rotational speeds of 20, 30, and 40 r/min were investigated. System performance
was evaluated based on the removal efficiencies of ammonium nitrogen (NH,"-N), chemical oxygen demand (COD), and
total phosphorus (TP), while microalgal growth was assessed using biomass concentration and chlorophyll a content. In
addition, high-throughput 16S rRNA gene sequencing was used to analyze bacterial community dynamics under the
optimized RPBR condition, and the potential relationship between microbial communities and environmental factors was
further explored.

The results showed that 30 r/min was the preferred operating condition for the RPBR. Under this condition, the removal
efficiencies of NH,'-N, COD, and TP reached 93.67%, 94.49%, and 78.40%, respectively, which were comparable to those
obtained at 40 r/min but with lower energy input. Microalgae maintained favorable growth at 30 r/min, indicating that this
mixing intensity provided suitable conditions for both pollutant removal and algal biomass accumulation. Microbial
community analysis showed that the hydraulic conditions in the RPBR contributed to the formation of a relatively stable
and functionally adapted bacterial community. Bacteroidota became the dominant phylum, and several taxa associated with
organic matter degradation and nitrogen transformation, including Oceanimonas and Cryomorphaceae-related uncultured
taxa, were enriched. Meanwhile, some anaerobic or less competitive bacterial groups were relatively suppressed.
PICRUSt2-based functional prediction further suggested that the potential abundance of genes related to nitrate reduction
was enhanced at 30 r/min, indicating a strengthened nitrogen transformation capacity in the algal-bacterial system.

Overall, the RPBR operated at 30 r/min provided an effective and energy-efficient configuration for treating high-salinity
pickled mustard wastewater. Its enhanced performance was associated not only with improved mixing and mass transfer
but also with the establishment of a stable bacterial community adapted to organic matter degradation and nitrogen
transformation. These findings provide operational parameters and microbiological evidence for the optimization and
engineering application of algal-bacterial symbiotic systems in high-salinity organic wastewater treatment.

high-salinity wastewater, algal-bacterial symbiotic system, raceway pond photobioreactor, microbial community
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