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Abstract: The escalating challenges of rapid industrialization and increasingly stringent environmental

regulations have placed immense pressure on existing wastewater treatment plants (WWTPs),
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particularly those within industrial parks. These facilities often face the dual imperative of expanding
their treatment capacity to accommodate rising influent volumes and simultaneously upgrading their
processes to meet higher effluent quality standards, while constrained by limited physical space. This
study addresses these critical issues by presenting a comprehensive evaluation of an in situ upgrading
strategy for a WWTP in a major industrial park in Nanjing, China. The technical approach involved the
integration of a Moving Bed Biofilm Reactor (MBBR) process to enhance the performance of the
traditional Anaerobic-Anoxic-Oxic (AAO) system. The study aimed to systematically evaluate the
feasibility and efficacy of the MBBR-AAO hybrid for achieving significant capacity expansion and
improving effluent quality to meet the stringent Class IV surface water standards. The results
demonstrated a rapid and successful system start-up, with a mature and stable biofilm layer established
on the MBBR carriers within 30 days during favorable summer temperatures. Under a demanding
hydraulic loading rate increased to 150% of the original design capacity (corresponding to an influent
flow rate of 1.5 m3/h), the hybrid system exhibited exceptional resilience. During warm seasons, the
treated effluent consistently and reliably met all Class IV surface water quality standards. However, the
system performance was most critically tested during cold seasons. Despite the inhibitory effects of low
temperatures on microbial activity, the MBBR-enhanced process demonstrated remarkable robustness.
The effluent chemical oxygen demand concentration was slightly elevated above the Class IV standard
limit, with an average value of (30.87 + 2.54) mg/L, while ammonia, total nitrogen, and total
phosphorus concentrations all met the stringent requirements. This outcome confirms that the MBBR-
enhanced process effectively achieved the dual goals of in situ capacity expansion and substantial
effluent quality improvement for the complex industrial park wastewater. Analysis of the microbial
community structure revealed a pronounced seasonal shift in community composition and assembly.
During warm seasons, the biofilm community exhibited significantly higher a-diversity, with a notable
enrichment of various thermophilic heterotrophic bacteria. Conversely, the microbial community shifted
dramatically in cold seasons, with a clear enrichment of cold-tolerant microorganisms. Notably, the
significant proliferation of the genus Nitrospira was crucial for sustaining effective nitrification under
low-temperature conditions. The assembly of the microbial community in warm seasons was
predominantly governed by deterministic processes. In contrast, community assembly during cold
seasons shifted towards a greater influence of stochastic processes. Concurrently, microbial network
analysis indicated that the interspecies interaction network became simplified in winter and spring,
likely enhancing overall community resilience and stability. In conclusion, this study offers a robust and
scalable solution applicable to WWTPs worldwide that are facing similar challenges of expansion and
stringent effluent quality improvement.
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Fig.1 Operational performance of the pilot plant during biofilm formation
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Fig.2 Operating performance of pilot plant in summer and autumn seasons
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K, Ml T R G RE, Bz 17 5 1 1 K
NH,-N VA PT B A, 12 H 15 H—25H
W) SRS = -10~—2 °C, gE— L3 T s
F, S 3O K NH]-N & TN i B 3 0% 3 .
W AR R RGN PERRER LUK, Fa
iz 17(35~45 d) J5, 1 7K COD. NH,-N. TN, TP
e B 448 4> B1A 30.87. 0.50. 5.76. 0.22 mg/L,
NH;-N. TN, TP ik #] #IV 2 45 #fE , COD ¥k B
((30.87 + 2.54) mg/L) B fE IV Zhnif

2, Mt X AT A (9 A 8 H—10 H
21 H)5&%F(11 H23 H—1 A 4 H)ZEY st
AR LB AT, COD LBRBURA I
T B NH, -N 25 BR 32 BUEAE U 30, (EATh 0 2 — 2
A FRifE,
2.3 MBBR BB ENZEEZ ST

M HRSE MBBR 58 Ak b F 5t 72 v (0 £ 2 )
W5, AR GE e A T 2R T PR B AR Ak X
MBBR T Z AW 2w (5 4) . B
N, BT E R, 4B MBBR MAEY £
FE4: (Shannon F850) I & F#AIG, BEV% 341 (Chaol
FEHO AP AR AL (8] 4(a) (b)) o R F A8 4R
3T (PCoA) J5 ik i — L PR GE AR 25745 A= 4 JEE e
6

&R 2 5 (K 4(ce) ), BF9E & L E FK R4 35
T TV S A AR B, T 21 PN BB I A A A
RIS B, 22 WA (W) 219 A 9 A i L T A A I
FRF . M, TRV DI RE SN AY PCoA 43
(1 4(d) ), % BIIX 9 I 235 4 [m] B 2 B AN ) 2= 7
AR E BB 25 5

ol 2 0 B s Al R antEl S TR, AR B TR T
(Proteobacteria) . ##T I [ ] ( Bacteroidota) Flfif ft.
HRJER ] (Nitrospirota) A HEE 3T (15 5(a) ) .
B ke BB AT, AT BT TG F B T
HAHFENHIRERE] WS E, LFERY
40%. TEREVE Top 35 J& (18 5(b)), HEKE=TTHY
LIP3 B2 g OB TR T )& (Amphiplicatus) |
¥ FT W J& ( Flavobacterium) . 224K Wi ( Thiothrix) |
¥ B 2B 8 B ( Sphingomonadaceae) ; T4 F 2571
(P S G 45 B IR SR TR RE. A Ak R E A
(Nitrospira) . BT F+H Flavobacteriaceae) i 2
15 YIER T ( Defluviimonas ) o X e F G J@ 1) B
SR TETR 250 S D e 5 DI AR G, #E T 52 e 35 7K
ALIE ib.b[w 18]

A — 0 LS T B RO/ A
AREZSYFI(E 5(c)) . BN EHTHE



L Cal Bt

1000 -

o
E
=
© 500 +
0 L
96 o1 1017 1127 25 1229
(a) Chaol EEE
061 W s
A SEFEY
03}
=®
o " .
= 0 V'S
< 4
<
&)
[-9
03} L
70'6 1 1 1 1
~0.50 —0.25 0 0.25
PCoA: 69.25 %
(c) BEIEZ5/ 73 HT

Shannon f§

[
T

9.6 ‘17 1017 1127 125 1229

39
(b) Shannon 5%
W =R
A CHEFEY
0.05 .
=X
2 L
= ol A
< A
S
£ }* ®
-0.05 |
70.10 1 1 1 1 1
-0.10  —-0.05 0 0.05 0.10

PCoA: 81.87 %
(d) BEVETIRER) PCoA KK Hr

4 FRZFFHLREMEDSHME
Fig. 4 Microbial diversity of pilot plant in different seasons

Ja 22K TR R R RS OB AN B izﬁb
W B R AU 5 BRI R R

JE) B I E ﬁJﬁn,EﬁSﬁﬁsﬂ%%ﬂﬁFJﬁﬂ%ﬁﬂa&m
BB 24 N W TR K A B, 7 R TR A R
LB ZEIACIRIE S . B M B R BT R
IG5 PR A 0 4 . X AR R AR i
A5 85 A 22 B 5 7K R I R A BLAY, T AR
UE TR 24 T ik e B s st . =, i
AL 1 s T B R 35%, WE R IE T AL
R IR A . A AT R B, WY Ak RE B R O it
AT, RERASTEARIR T 1975 /K 4b B2 40 b 2 B
AR T AR HE T R Eh A A AL B R

Eh A

2.4 MBBR 2L ANE B 4 ZS4SAE R AT

J T BEGEAS R Z5 7 A5 Y RV ) # i
FI B Ak T R AL R %) 5B, R B Ak
ZA R W RETE ) MST F6 50K 0.367, B E KT
AT 0.667. ERKZET MST F8 5K T 0.5,

LTI E P R T T REVE A A, I PR e
FE Wy e PEAE L 1 TG S5 M2 T,
AR ZETT MST $8EGE T 0.5, UEBABEALVE R FEAE
TEVE b Ao A 4 2 AR T, 3 — o R AT A v 4
TR A A RIBET | W 8 P 3 ™,
NIRARIERETS K i A rh A= Wy e A T B9
B, S T A A M B R T R ] A AH
TERISEE . 18 6(a) (b) EOMLHL R T H A4
P 5 B AE Ay A ) Ao ) AR ) 2R 25 R 45, KRR
52 A ) L A5 I 245 W AR W e A A R ) R
TR B R R P R T RE R . 2
W4 B 2 I A AR (R 1) o BAKETY
(14 0 24 - 249 38 I 2 i T A AR N, SR AR 7 o ]
FHELARE A 52 20 B W v, HL AR 1Y oA T e 1Y
BEGE, HE— A UL B He py R 4y o 8] f) 3L A7 558
FRRENNEE . VRIS R 5 5 i A
T R R B I, R T % Y AR AR
BEANEAR IO FEE o SRR Z 1Y 1P 2 R 2R R B

7



100 - Zoogloea - @ @ o . . °
l 7] Xanthomonadaceae_ - ® @ ° o o °
. B Acidobacteriota Thiothrix - . o o ° ° °
W Bacteroidota )
S I Campylobacterota Sphingomonadaceae_- @ @ ® @ . ‘
-‘ﬁ M Firmicutes Sphingomonadaceae_ - ® ° ° e O o
50 F ;
_g 1 Gemmatimonadota Sphingobium - @ ° ° PY ° °
= W Nitrospirota
Others Sphaerotilus - @ o ° . . .
251 M Planctomycetota SMIA02 - ® © © . e ©o
= Proteobac'tena' Pedosphaeraceae - ® [ ) ) ] ) )
[ Verrucomicrobiota
ok Novosphingobium - ® @ ° [} [ []
9.6 9.17 10.17  11. 27 12. 29 Nitrospira - ® ([ ] [ } ‘ ‘.
)
@) |‘]7J(§IZ;;—?§ Sk Nitrosomonas - ® . ° [ ] [} [}
et Moraxellaceae_ - . ° . .
©  MWauxzn  Weesn 95% BfiIX - L
Micavibrionales_ |y %) 3.37¢-8 Micavibrionales 1 - o . . o Y )
Gemmatimonadaceae_ [ : (0] 1.05e-7 Micavibrionales 2 - o o o . . .
1
Nitrosomonas |y @ 1.08e-7 Methyloversatilis - @ — ® ° ° ° °
. |
Flavobacteriaceae_ fgg- 5] : 9.91e-7 Leptothrix - ® ° e 0 @ o
Gemmatimonadaceae_ | e 2.94e-6 o
| Haliangium - @ @ ° . . .
Defluviicoccus [ Ke) 3.48¢-6
Nitrospira |B : 3.860-6 Gemmatimonadaceae_1 - o o o e o °
inli I - Gemmatimonadaceae_2 - @ [ ] ° °
Amphiplicatus = | ror 4.29¢-5 - [ ]
Chitinivorax & :. 5.17¢-5 Gemmatimonadaceae 3 - ® [ ] ([ J ° ° °
Defluviimonas g o 747¢e-5 Fluviicola - ® o - . .
i i 8.72e-5
Cloacibacterium : : [0} e Fluviicocous - e o . . .
Zoogloea | 1.47¢-4
Flavobacterium - ° ° [ ] °
Gemmatimonadaceae_ g .: 1.60e-4 avobacternim . .
Novosphingobium [ :. 2.11e-4 UE Flavobacteriaceac_ - o ® - ® 06 O
Dechloromonas & : @ 2.64¢-4 E Dongia - ® ® © @ o o
Sphingomonadaceae_ By (o} 3.03¢-4 um Defluviimonas - ® e o 0 0 O
. . 1 Y
Thiothrix fF=— . HOH 745e-4 Defluviicoccus - ® @ @ o ° °
Blastocatell, I 1.53¢-3
astocatellaceac_ g . ¢ Dechloromonas - ® @ ©® @ @ °
Sphingomonadaceae_ [l ol 2.66e-3 G y
- @ [ ]
Haliangium B el 3.64¢-3 omamonadacedc_ ® e o o
! . .
Fluviicoccus | o 3.83¢-3 Cloacibacterium - ® @ @ o ° °
I
Leptothrix g @ 4.27e-3 Chitinivorax - ® e o [ ] [ o
1
Flavobacterium f==— I —o— 4.53e-3 Blastocatellaceae - o o c @ @ o
7. |
Methyloversatilis :. 0.013 Aquabacterium - @ © © o ® e
Dongia @ 0.017
Amphiplicatus - @ e o
Aquabacterium @ 0.019 ) , , ’ ] ]
Sphaerotilus B~ :’_._‘ 0.028 9.6 9.17 10‘1‘;3151.27 12.5 12.29
Fluviicola o 0.038 ’
L 1 L 1 1 1 1 1 1 g
0 38.5-20-15-10-5 0 5 10 15 20 QEE 0 @10% ‘20% .30% .40%
ARXSFRE /% SR LA 22 531 %

(OENEESSEEERTE =L i)

(b) JBACTREE AL

B5 ARSEVHEMEEHEKR

Fig. 5 Microbial community composition in different seasons

%, UESE T AW S v A6 2 2= ) TR AR 2
2534k, AN [7] D BE 41 22 18] 9 AH H 52 0 R X 2
oAb, S R AR RO, s A ] Y 1 4
BT, {7 B AL 1 AR, T4 R 21 A i
W7l ] 9 AR LA PR, BT i) BE A B T
AT AP R IRIR P B . 8 b, fERFEE AR
i 8 T, PRI 0 8 1 — 0 E M R S8 T R AR
AP RETE R AL % o I, B MU RE TR N BB S
8

G i 1% R G R, R B R SR A T4 T S T
TR I S B0 0 A A e 4, AT 3R AR T 5 SR i AR A7
23 [E)FTGE R, 3 AR A F T ke B e 4 i
HE M R AT 2
I Zi R P 322 38 J3E ) -Pi (R[] 7 38 35) %
ABIHT T T s b2 A e (1 6(c) (d)) o
2RI IL LB 3 AR A S, AL EE SN
9 15, (Peripherals) . BHAX 2 (Module hubs ) F13% 4



ot omere —
oo . 3
e o e b ——
ot - oresy 0T o - oTes oT¥iss orens
325 OTRSS 9
VS oy 00 | 0O 2 m ore170 o4 OTULIN
ore o
o ol i e ~a=—— e o6 o2 oTe193
oty | oS . 99 otwis oTE624
oo o v o oruss N
s e @o e
e g @ 00920 O -
onas ot . .. . o o T ) o 7
iy e o ® e T s OWs Loz o @ o@n
3 e : ® ® S (oo @
o ol Al or@s . . offhs ones oTW0sH omi oteasd / oo @ 0T
oress |\ Zormsy | arwny Pa o @ onmer |7 oy " % o
5 7
ongRos B orese WS rgos . D2 " Qe oy y oy ofis
ANE @ @, on s A e ot o ofths
o (o o offs o a o
of@ve @ oreis oy i o otely | O™ oy
gy oMl ofl S v os o Nz . o
e o > 0@ o
S O ool . @ S orwn omwio of@o
: 0L, o ® N
0w - o oo @ O ones orers : : @
oTeiss ofys  ofy X OB 12 oes o of2
v oo o W B > @
orvtte CTRIOIRG. o@s g O off: or@ | OO ory77 ) OIS OTwass 5
S oiyss G O e @ @ o0 oTEl6s oSS £ . c.: o) 0 Shwso
orvin OO e oo (| omis o . ) Sk
N o @ % oy oTwis  OTES o
N o P OB g ol . @ @ o o orutsi T olrr o orgns oS
o
oTuH o OTRE— oIS S 2 ; orE171 oTE227 Ot
o1@is o D GTW1S5 o1ig2000TOISS OTw90 OT@i63 oT@2
oro i omie or@n
o1y # N otwiss
i IEAAX / N o om
otves oo oren 0T N g oT8120
OTW247 /Di *H 3% TS OTW50 OTw26
oTwos
(a) (b)
e @
OTU34 (Xanthomonadaceae)
2r 2t :
= - s
N e 1 i N i
1T QIR (S v 1 :
sge gt i 3
EJ ° J‘E‘Bt‘lj)ﬁ g’ﬂ '
J: N ; :
9 o HiihLA @ 3
z 0 shEE B 07 i
2 ® s
i K ® ®
®e @
-1 ] [ ] .
-1t i ' °
i)
) !3 ' ol ° °
1 1 1 : 1 1 1 1 1 1 1
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
sk bt . FRETIR .
R AR (Pi) L) T (Pi)
(©) (d)

6 Ef(a)FMEFEDL)ETESNE, EM()FMEE(DSFTTMERXBYH
Fig. 6 Ecological networks in summer-autumn (a) and winter-spring (b) seasons. Keystone species in

summer-autumn (c) and winter-spring (d) networks

79 #i(Connectors) . H KAWL F2H
HMEET ORI R A, X R BRI A S e AR
S 450 R, AR A RS ] 16 2R AR Y i A A
AN W 2 AR X A RN A I (H
59% B 2, OTU34( Xanthomonadaceae) 1F % 3
Z= REVR T Iy 8 T RS AL ) S €, XA BT
PEEREVR A 115 BAL R oAb, X/
A AN 4 R S AB ARG ) 5, (BRI T B 2 3%
B pi (28 ), Xk — DR T T M2 N B A5 B
o & .

g5 b, kM BEALPE 325 L S5 A TR A (B DGy
FUOE R REVR AR A, T B A T ) R SR A A%
DI RE T AR, ST v B E AR A9 AR A7 ATl
RE LRI 1A RIS, B AE R E R A &
S ABREM R E . X TR T, 4

<

A5 A G A AT 235 A R e B BE ) A 1) ER AL
il oAb, ABIETE A K IR TR 5 K A WA 5
GHIBITEHBAEEIRSE L B TLAFMHE
eyt 2 BEALE 3 5, AR 0 BEAT HHE v G v 4
A RE WAL TR, S A A SR R AT
o R, AR A5 X 75 7Kk A BT R AR R i
EP RS REAY, l AIE AT T, AT
S A 3 B & A YO e 59 R RE TR AR T
PO fE A FRIRIB T, REREB R & A
T RE T M7 PR A SRt b, A4 RUB AU ERE, AT
LB RGN RE RN AR A A A

4E

=A

(1)MBBR #: i F2AL T 30 d SERENS & A
EREYIE, RS0 COD, NH;-N, TP ELAA Kt
9

3 i



R1 BEMEERS TESMENRIMIYT
Table 1 Topological properties of microbial community

molecular ecological networks
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