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B OB ABAKRS REE (RO) BAMIFTEER, RGMATTEEOBRNLEMSRAL ALK, AHETFIH
4% (SEM) 5BF /st (ARM) 54T RB, G BELEME S, FHMREEA 195 o, AMA N T AL £ IR &R,
RAETH A B 5M. KT 16S RNA ZBENF 4R, EHH T (Proteobacteria, 78%) HusHHHAIT, #
PARFNLE B( Pseudomonas A5t F B 534 61%, ARMFE B, 4z AR FATRFABN Hik, 2REF:
VA FerEek ok B . RALAA S H 2 EEM RS0 A AR 8 A AR RE (MIC) 12 4 mg/L, % =2 HLT
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Application of Formulated Biocide Targeting Pseudomonas spp. for the

Control of Biofouling on Reverse Osmosis Membranes

LI Yawen !, ZHOU Yifan!, LIU Jin !

(1. College of Marine and Environmental Sciences, Tianjin University of Science and Technology, Tianjin 300457, China;

2. Tianjin TEDA New-Water Resource Technologies Co., Ltd., Tianjin 300457, China)

Abstract: The biofouling issue in reverse osmosis (RO) membranes at water reclamation plants was systematically
investigated by analyzing both the microstructure of fouled membranes and the composition of dominant microbial
communities. A complex fouling layer, exhibiting an average surface roughness of 195 nm, was observed through scanning
electron microscopy (SEM) and atomic force microscopy (AFM), which facilitated microbial colonization and biofilm
formation. Through high-throughput 16S rRNA sequencing, it was determined that Proteobacteria accounted for 78% of the
microbial community, with Pseudomonas identified as the most dominant genus at a relative abundance of 61%. Following
this community analysis, biocides were screened against these key fouling organisms. The results showed that the
self-developed formulated biocide, with isothiazolinone and benzalkonium chloride as its main active components, exhibited
a minimum inhibitory concentration (MIC) of only 4 mg/L, a 50% reduction compared to
2,2-dibromo-3-nitrilopropionamide and isothiazolinone. An inhibition zone diameter was measured at 9.00+0.05 mm,
significantly outperforming single-component agents, indicating a pronounced synergistic effect. Application of 5 mg/L of

the formulated biocide in a pilot-scale RO system resulted in the restoration of permeate production to above 90% of its
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initial level, stabilization of salt rejection rate at 92%, reduction in flow channel resistance, and extension of the membrane

cleaning interval. Hence, both the technical feasibility and economic benefits of this biocide in practical applications were

demonstrated. The formulated bactericide developed in this study achieves persistent and broad-spectrum antibacterial

effects under complex water quality conditions, providing effective technical support for controlling RO membrane

biofouling and ensuring the stable operation of wastewater reuse systems.

Key words: reverse osmosis membrane; biofouling; dominant microbial community; biocide; minimum inhibitory

concentration
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1.1 SEIRFI S

{# ] Luria-Bertani (LB) %383 (JEEAMKF 10
g/L, FEEHREW) 5 ¢/L, NaCl 10 g/L) VE 20 £ 9%
£ RAWERE: (PBS) 220K (NaCl 8 g/L, KC10.2
g/L, Na3PO42H0 1.44 g/L, K3PO4 H,0 0.24 g/L)
e B 34T A e B . Mueller-Hinton
BE (MHA) PR T e P 2 ek s .

JREE R, b BEEAYHEHRERTIELD
Al WEREREY), bR EREARA A
NaCl, REEMREMHZEAF s KCLL PR EE AL
. “EARERRRI. CIRFHE O EER,
i SR AR AR A PR A F] s NasPO4-2H,0
Al KsPOsHO, FiFHE I RAEVERK A RA
Al; MHA, BT8nL( INEDRHEARAR;
e, AR ZEEPHERRE AR AR KA,
B HERAEYRE AR AR, RILEE . R
Bl Fox /B, W ARBHIEAMNAERA A
PowerSoil®DNA 7 & ik 7 &, 3£ Mo Bio
Laboratories A 7]

Multiskan FC R!E§4H51%, 35E Thermo Fisher
Scientific A F]; SPX-300B-G FU{HIE}; 74, i
R BT AR AR A A PR A F] 5 110703001 B
b, Wi bt ve @ 2B RHECA R A 7] HQ40d
M2 ZHOKE >, £ E HACH 2 7 ;
Regulus8100 R L ¥ BB (SEM) , HAE
Hitachi 2 7] ; Dimension Icon %! Ji + 77 & Tk %%
(AFM), #5[E Bruker A w]; PE250 &Y s & 7
&, [ Hlumina A &) .

1.2 HEERREEER

A E SR A 7 B C 7 W9 5 A B T AT G
KSR S AR, BB bR AT
G Atk . RRANR TGRS, AHF F0iE H
AR PRI R R R R R 8 (Pseudomonas
spp.) VENARERMERL R, AT E SR E BT .

T 2R BRI S0 R VRN Pseudomonas
HREBEDZIEHE ] (Proteobacteria) o 1A% B 7 BUBME
MR, ¥t Pseudomonas XIEHFT LB B G
MR, 37 CHEFRIIEA; PREUH VR 2 LB )
REFREE, 37 CCREIRIRG G TR . F M 7%
R IR A, QRS AR K I (K
ik 6x108 CFU/mL) , FRZ R BIRR: 2 e & 1 VK
J% N 1x10° CFU/mLI®!,

1.3 EFRCREFIRECH

FEFRIHAXT SEIG MR Pseudomonas HHT 1 BU
PEFRIEEE R, AR K —F SR AN ZRE
I EH 22 P B P R B B AL P T B 25 B R 4 R T
Jls 2B B o 0 R S R . PR L AR
AIRE. KSR, S AR EA L5k
1ot G EL AT RR &, VAR TR 2 oK,
S IR E], HlE A 1000 me/L fifi &
ZAERTRIE 4 CCREGIRAT, S0 HRAE 75 SRR H A
PR AHN TAEWR A .
1.4 FREFISRMENNR

% B TR R FH AR Bl A R
EEIEIR AN L0 AR MEZ 14> (CLSD HEF B4
IFEIATY, 45 Pseudomonas W &L %R T
AR KA, AR EORE E 0.5 FZIKLLph AL (£
FCEEE) , BACR B ORE — 5. LR M&R
@G, HWERAAT MHA FHCGET. JE485 )
HU 10 pL 32 mg/L MFFIIA AR, FFUAER
(30 pug) YEA Pseudomonas PIBHTHEXTHE, Jopg 255+
KAERIBIPENT R . KRI85 B 40 3 51 B T B
KM, 37 CHIEEFR. BFREGNRE, WEFHR B
BRT B DT 15 40, R DA = R A 0 2 400 1 | L
s DAVPAS A8 B 77 B0 R AR -
1.5 s/MIEDRE (MIC) RUNE

LB PRSI R I E R A MR L, TS
MR SE [H I R AL 36 EhRiEZR 2 (CLSD #RE§, 7
TR AT 96 FLARFREATE. BP0 R B S BE . —
ARFURREN. R RACEE. A
fi. AL SRRk A H O A S O S B 7RG
RIS, 1ZIBAESL 100 uL FERFLAR  EAT 6 1
Fike, FPRVE W E N 0.125~64 mg/L. LR 50
ul BRI (BN 1108 CFU/mL) , [ & &
WM 5x10° CFU/mL. DLEE R ENBHHEXR, T
25 B T KB NBA T I . B 96 FLERAE 37 °C%AF
NP 20 he 3 EEARCNE 600 nm A IR ERE,
AT 0 B 2 KA 00, 330 17 A o 35 2% B 77 O DL BT Vs
PR S LB AR B R 250,
1.6 RIKRITHRIR D

AHEFLHE 2024 4F 6 Hild, X RO R4k, HK
IKBEATIELE W, H HQ40d B 2 S HUK B/ Hr X
D ZKRE F H 3 R 20, o B v KR R R
fEtEE R (TDS) S &P, LLTh KRG L RE

XF 2024 4F 6 A KERGAEMALEE T H O&%E
HEIEAT 4 D H TGS RO BEFEA AT 5 04T o fi 1
Je P REASE AR {5 P 41 415 P S Rl W % L RO T 305
81 5 T 71 BB XS G 2 I = 4R T 50 SO RS
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PEHEAT 5E AT T Tllumina MiSeq =18 &=l 7T
G, X5 JER I E R TR AT RAE ST, R
F PowerSoil®DNA 73 & i 77l G52 HUE DNA, {5
¥ 338F/806R % 16S rRNA #:[X V3-V4 X #47 PCR
oy e gaife)s, FIA Mumina Miseq 1 &
HEAT R P, B2l id &R (Shannon) 48 %1
Chaol fEEPEAL T AEIRETE 1) o ZFEMERHE, H7RT5
YU R T AR ) ) S5 S Z AR PETE DL
1.7 FIXRGESEITSH

HI FEAE R — AR 7K 1 RO B THEAT o
ZH ARG ML O A N3 8 F~T A RO E T
(#455 GTRO8040) , MAWREAA 262 m?. &R
GRAE S AR R AE ) ORFFAE 0.8 MPa, 50T IS %
N T5%. R AZ] G EAAE R g K,
FRBK BT FEFR N : /% & (COD) <30 mg/L,
HL- 53 4200~4500 pS/cm, pH A 6.8~7.2.

2 HER5TS

2.1 RO BRFRMEISRMSRERFEIHT

153 RO FER TR SINEL 1 s . FEIRfE5R
T, BRI EIR ARG, BEBEERRFEONEE
A RS, (HA] I i RIS AT G B B
RS, R T O — 2R UL
PGS, R BB R, BRI A AR H.
ATABIRITIORZ S5 88 DX 38T DL A 0L S A
RIBCIR, S5 RV R R Rt R T
MEERIL, BRCIREE dh 5 RNV IAA A, 3
WZi5 Y= R ENL R 4590 5 VB R B 2

HAL TR,

ABBR LT SR
159 RO MR MIEA K ED R AR E 2
Fizx. HHAFM =403 BT LLE H, B -1 Sk R
FE29 195 nm, #E—PHIN T i5 Gl i R RE AN
B SI AR, X A% )3 1 45 M N AR ) e
MM RIE Rt 7 E RIS, T 16S
rRNA 5 B 7 1l A8 9 B v o0 B oo
Proteobacteria 1915 4B T HIPLH 1T, FHARXS
FE & L5 8%, H XN IR L E ]
(Actinobacteriota) , AHXTFEELA 20%. X—25
S5IMAE RN Proteobacteria r& BANK] R H
K EBRZOEBE S50 = L) 50032, RIZKE
HAEE S GOE O FE v 4 £ AL B oK E
ER T o, Pseudomonas D5 H R 3R T 1 B AR
B JE, HATFEREN 61%. HAth 5 LR & w8
NETHHEE (Chryseobacterium, 12%) - FiIIE
# )& (Afipia, 9%) FEMEJE (Flavobacterium,
8%) .

B 1 5% RO BEEREMMAIR (SEM)
Fig.1 Microstructure of the Fouled RO Membrane Surface
(SEM)

2 BHROBRREMSEMEMRFEENK

Fig.2 Surface morphology and microbial community composition of the fouled RO membrane

2.2 HDE BRI K B 4

LA Pseudomonas FNREK WM, FHiEHAERE
RBAYERT R, VPG DR B A AR . SR TR
By, R TR, FREOE. RERE OB, FILE

S SEMEMEIRER A B ) SRR A PTE S . K
R4 1 Bk m, 2558 mE 3 fros. {E
BRI (256 mg/L) 2544, PUZRIEESEILRE. —&
SEREREN . . KA O N T REIE O
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AP A AT R, FR I H H AR R o Rk (& 3 RN AR, AN B B AR50 8 (8.00+£0.05)
(a) — (&) ) o« RILAAMMFEBEESLNOmm (B mm (B3 (g) ) Fl (9.00+£0.05) mm (K3 (h) ) .
3D ) . EERERE (32 mg/L) &4, FuE SEIRRIH, RO TR A ) B RO A
Wk 5 E R BRI Pseudomonas FRILH &

3 RRRFABCETEREFII Pseudomonas HIHIHIZIR

Fig.3 Assessment of the inhibitory effect of the bactericide against Pseudomonas using the disk diffusion method

2.3 B EMRRIREFIHiE R R MIRZI o 9 3RAT S HE R A 5T RS PR B, AT AT
S R P AR DR/ T S e R R TR T B BT BB RAMERGRHRENE MIC, SEILE R
W AE ST, (H LS5 RS2 B R T A B P AR i, GERWE 4 Fs.
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4 FREFIAIBE Pseudomonas T 600 nm I E AL AREEKWEHE

Fig.4 Histogram of bacterial growth of Pseudomonas at 600 nm absorbance after treatment with biocides

B 4 AR, IREIE 2 R S v nae ok i ot
Pseudomonas ] MIC 379 8 mg/L, FILHE A4
EIE T RFLEEN MIC A 32 mg/L, tHERH—
SE A B AR 1T B G PR B R 1R ) R s A R
R, MIC A 4 mg/L, ZEN T8 AR
A, 2 B BC ) FCE B A R Be 0% B8 G R )
TEMERAERK. 2T, VIOREER. =&
FERGREREN R OR AR S AE IR 2 9 B A
AR IS AN EBCR, H MIC 3 T il ik
W, R Pseudomonas %X %875 B HIBUSB MR
ek B —wm2t, ZHLETrEHT
Pseudomonas | £ ¥ 20 L BE 25 6 F1 71 BB i 22 98 )2 1)
BEBEAER . BRAK 7300 AR R 2 i e 1183
24 SEAEFIESKOIESRIN AR

DR UE S 56 = 0 BT A5 1) 52 0 R TR R AE S B
KA R &R, #1477 R g B
B0 1% SREG B AE 0 UE 2 TS YL R VR A AR
WRE TR TR e BT A5 I S TC R 1R AU AE SEBRTE K AR BE R
R R S )R R I T . AE S R e A AR
L5 HTIE, VPl R A A5 Gl ) 45 il
Re1, TERBATELMFHBEMFMET, WE 245
BATHIF USRS . SCIR R, &R0 FLBT 5 48 it
CERFINBIYEFD REEAAL . SR THT,
S2AG 5 I 5E 19 MIC 2N 4 mg/L f E Bt & B A 77 DA S
mg/L A EIESLHR I TiZ 4K RO R2EHEK
o, BIERREA I R GRS HEE TS, DO L
X A5 G SE PR RO . OB RC R A S
Xz T8dEInE 5 fros.

HE 5 (a) AT%n, WS RAER, —%r=K
HIRE N 25%. EREITIERRE LGN
BOLE, WIMERAEANGE, —S"KEREKE
BYIGET=HEN 90% LA I, [FIEy — 2 ik Efs e b
T+, R EE B B BEA AR TE e B R AF 7E
R HIUR, BIEES RS KEE 5 EBE UKk

. A 5 (o) KBS REMERATH, B E
FIET, ARG EHRF R TREESR, AN 90%; #
IR WG, R RE R E IR EAE 92%LL
o RERTHIEEALL 2%, (HHEARGEH] T VR
BEEaSS, IR R YRR R, SRR
FRZE A 504 ) A2 0 15 G P T I A 437 55 S ) 20 8 Ak
BE. SiaMIBMBITRHOINT, BN G A R
TIIENEYEEZE, FRIR T KU AT, 3R T
b RGIEAT REFE SE KR TT R e A A A HEE
X

5 BEMERRENRE XETHE
Fig.S5 Operational data of the plant area after adding
formulated biocide
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MLV E G EBUE I, IF DA AR EE AT R B 2
S RIS RS M Re i . SEIE A HERR BN,
ZE AR E AR IE R Pseudomonas AT 454
(RPN . 22 2050 P [ FH AT Resd i A [5) () i B
WL AE 22 R PRI 245 P B 7= A, DRI AE B2 4 /K T A 5
AR R ERARE B RS B PUE MR . BT SEBRAK AR
HHAEAE B G WA S i P o o o4 B R 1 7 AR —
FHIER, PR S ECSEBR IR FE (5 mg/L) B& & T
SEIG S 52 B MIC 15 (4 mg/L) , {HIAEZEFE T
PHSEE 1  25 BTG el R, el Tz AR
AT AE SEBR K B 26 A N R AT A7 1. BN E
BRI, HA AW R FE B BAR T A 5T A R I A
BB — R BT (IR 2Tk e A S e PR bk
MIC ¥4 8 mg/L) , FRUALE S B [F] 4 2R )
HIEET, HEECAREAERBOME T2 50%,
J& 7 BRI IS AT A 1 77
35T A% B 791 P 8 25 ot [0 4 004 FH P e U T4 23
F) 22 BT ML o e MR AR bR B R A 280 2 025 4 A S
b1 S E A T P U 1 34, T R AL A EAE NP B
T 77 P 770 R R ORI S B I S EBUR A Y B TN
(351, V9 5 K FH T 0o 4 i 5 A 7 A P TR B R AR o i
Ah, AR BRENIE L E AR F 55 4 VD IR 25 R 6],
A] et — 20 3 5 R B R AL 2 X IR P B A R VS A
TBERAE ). R B ECA R CAEWT T s 43 2
W EEAREL (FIC) kS H A PR o in &k w7381,
RNAZ AR R FEAE R 7B SRR B,
S C AR B 7RSI o I FH A R B L ) v R R AT
AlRe S H Z A Z2HLH 8 B E b S s % U1
Ko
25 MMEREMEZEFUESN
FESCRR TAER A, R0k FH /& 276 7F AN
HIEE 2 2 S HARL T AWHF R BSR4
W AE I 2 a7 T B & R HEA, HE2E M
By CreBEmEmiER . R R A MR AR NS 1236
BEKAR T 5y RAEIK IS AR, IR B AMERUIG,
N PG T B BE A 30 858 BRAR XU 39401, AN T 2 4%
KE, AEAIINT RO RSt /K, 1 IE3E N
THX T E>100 FIEVEAED 99%M#
R, GRS TR TS, I REE T
KK A ELFRE T, RAH 5 mg/L HIESHIK
FIEF IR, AFERGANETIKERRE. B
B il UL S I A B 55 2 B A, HOWR B T H KR R
=1

kiR, R TREERHEHEN S S5 KIETE
WAL, B R B A A SRR B RE AP AR E] =4
= Fge) 1, REFRRE RN EE LG A
[, FROHAZE B 5 R = P i RS 2 5 BRI

ERARAET T, ZERAHAEIH %
FIE . FRR” RERS . B O FRKH MIC
(4 mg/L) , AXAER— R TR 77 S M e Ik ) 5 — R A
LRI —2F, IX RS 7E 1A 3 [ 45 S U0 0 B R
B, ERTE SRR E D 50%. BT
HEEAT 8, A7 A R ik
JE 55056 % MIC NREEZSH, 456 M apHng,
FZ X B T AR B 77 B S A B RRAR . AR 5T
AR RO RGHF/KEE SN 24 JisiTik. 3
TS, DUIE BIAH T A AT G i RO 1) A iR %
IREWRE (R D AR, % (D HEHA
PR A2,

T=0XP (1
L. T REGEESA, jo/H; 0 NHGHKE,
m/d; P AFLAIAEE A, Jo/md.

TERT LR T, & 255000 B4 A B AL B
SER R 1. HHER 1 ATH1, E RS 1 R I B Ak
H AN 0.060~0.075 JG/m?, Xt B H 4b A A
1.44~1.80 J3 0. 5 R 0 B 380 R do A 1) B — S BT )
SEWERRIRRER , H A A 1.87~2.88 Jit. MHLLZ T,
i B R BCA F AR H AT AR 0.07~1.44 75
JGo 1ZFIEAT 330 d THE, EMLHIELT, SRABEME
B 2% BRI I A B 2 R AR 2 475.20~594.00 /5
TG 5 HUVERT 250 SR g A PR B — 23R T 771 e P P AR ] A L
(HAEERAFINAN 617.80~950.40 Jit) , FE
A[ A AL 23.10~475.20 Fiot, SptERE. H
MERARANET RS, BEET S AR
FIERAE R, HASEMEN LN —Z7 42%
P SRR o b4k, FRBITEdR Eon, %
M2 GBI ) TR B PAEK, Tt
AHE— D BRI I VeI . 4E4 AN I RS REFE,
MR AT WL Al e 2 57 22k . IR, TS KA A
K RO R4, ZHWEEARAEL “IKHE-=L
R HARBAR, ERBITE 5 s H 8O, A
IH & A HAR M@ M B B 1, 3 S HLIE 2 1 )
BT AT AR, NH TR AR T A
(2255 AR

BERREFSHEE—RENEFMmIIEL

Tab.1 Economic benefit comparison between the self-developed formulated biocide and commercial single-component

biocides
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