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Simulation of membrane lifetime by analysis on deterioration
of reverse osmosis membrane
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ABSTRACT

This study was conducted to simulate the lifetime of the membrane by analyzing the performance of the membrane
degraded by chlorine. Chlorine exposure under several conditions caused the degradation of the membrane, resulting
in the absence of any salts and an extreme increase in permeability. When the n value was calculated and compared
through C"T analysis and CT" analysis, the p values were all less than 0.005, but CT" analysis, which had a higher R?
value, was adopted to simulate the membrane lifetime. Power coefficients take on values higher than 1, indicating that
the exposure time to chlorine has a greater influence on membrane deterioration than the chlorine exposure concentration
at 20C and 307C. In particular, the process should be operated at less than 0.5 ppm at 30°C, and the chlorine exposure
time of 1 cycle should be set to within 15 hours. In addition, the sensitivity to chlorine increased by 10.5 to 12.2 times
when the chlorine exposure temperature increased by 10°C through the correlation between the chlorine exposure cycle
and membrane lifetime. The membrane lifetime investigated in this study is only an estimated value, entirely because
of chlorine membrane deterioration, excluding raw water characteristics and the type of detergent. Accordingly, it is considered
that the membrane lifetime simulation can be applied by comparing the membrane performance with the actual process
based on the filtration performance of membrane deterioration by chlorine.
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1. M2

g nxom nEWS 3]
al, 2021). B BE 2AS 225 99 gjoro s
A(Desalination) 2] £Q =7} &olx|al Qlow 1%
AFE(Reverse osmosis, RO) 24L& =& AAL, =
Fikg, @2 LS, A% A4 B, SRS
Sol ggom gy 34 uleol 0%l shgehs vl
22 X}A|gtt} (Jones et al, 2019; Madaeni and

Samieirad, 2010). RHA O 2 AAE FA oA Ei}
5, o HiAE, HA W O st & SRR
A ARESiTE 2 @ F(Membrane fouling)o] Al13}H&E
£3} faol gaska @ wiAlol Asehe o Ew
o] AkstA Faf, SAC= QI crack WA FF A
H7F 2l wstg Qs wjAl W ¢f=o] "olzich
(Coutinho de Paula and Amaral, 2017). 34 U SAE
uo] St 543 e SN Top) W A
vl wAlE 2751 H7] A 717k u ol

oha dith of $9e §9l4 W o oo 54, B4
z7o) oJsff A== A2 LA St (Bartels et
al., 2005; Pontié et al., 2005).

wejute] wzbelE sye Beld E4u sk
EHoR TEY 5 Uk ¥ FF
Z(Membrane compaction)©] WAYSHH W o3} [-Z
(Flux)o] =} vjdsy A4 #AE 5
o Q&2 polysulfone(PSf) 2] tf
=(Macrovoids)®] &3 of 2J3f
Autk o] AFEL
wauc o Fag o 2 .
Skin layer7} 5| =W F8 SHiF A= AolE FS7HA
A 21 d BFo BERAS A
al., 2018; Pendergast et al., 2010; Ramon et al., 2012).
71 Aol AE & SFe S 14 barol A] 207 bar7}A]
HAHOR /AL ThA 14 bar A RS
uj, Ebwe] ShAgt 3jEo] Brleh Ao R Mol uhe)
M7kl gabol el Ank WErsITh (Wu et al,
2022).

4T FANA 7 4 ¢ gl A= vl

3

22 Biofilm)o] o3+ ot @eolr}. wF oo Ay

o

%
D)
N o
ol
1o
L
o

Zx(Free chlorine) AHg-sH=t] o]= 4% 1t z2
2 F&2 AF8EE= polyamide(PA)2)
(Ohno et al., 2016). PA AA=Z A xH
composite(TFC) 22 giof FHokst Ao &
O} (Glater et al., 1994) IHo|= EF5taL ol A
P EE AR 9 0 YA Gat A
gtk ST Pt o wWY Aoka Rols 7
sfsta ofat e vl oR Wolme A
2 gAe] AT S BES Y9 oo 2AS
QF5HA =l (Light et al, 1987; Petersen, 1993;
Watters et al., 1986).

A wro] gake R4S 9 dudow 9
A E 59 94 E A7Fe] FH(exposure dose
parameter, CT) .2 & = ojgith. o] ubejn|E = o
wejor wm AR B Aold AREEYc
(Cran et al., 2011; Pype et al., 2016). 3t &tof k=2
uho] Lo QolA 1ed BE W A7k Fol
A5k 7] w2l mhe] SwL aershn
7 8IAE CT shetujezh 4gken) eheal 43
ot 2 ti4le]l C'T g ARE& Albstith C'T g2
Fourier-transform infrared spectroscopy(FTIR) peak, &<
ZH(Contact angle), FE7F=(Yield strength), FI}=
(Permeability) gt} o] Qlkal AgsiGlal o 7] A
n power coefficient® Fo AEE= oFEo] 5
U 24 270 5o uehd wWEE 4 9ok (Abdullah
and Bérubé, 2013).

ot ki of

o

o] AFolME da =E w9 9
g 2=o wE e A3t s EAsHith EIT
C'T & AHEsto] 9] dse 4l
A&t (An et al, 2023). E o7t
g ] dsto] Wl AFE 7|2E Shof o
= RoJstaAl 3= Utk

=% RO % nanofiltration(NF) E2]u}o]
olat 45 Zstel v Ast HEE Tretsir] 919)
Fig. 19] ot o}z 42 ALgatode. fasel Ay
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Fig. 1. The schematic of lab-scale RO system.
Table 1. The properties of used membranes for experiments
Components ESPA2-LD RE4040-BE NE4040-70
Membrane Reverse osmosis Reverse osmosis Nanofiltration
Membrane type Thin-film composite
Membrane material Polyamide
Maximum applied pressure 4.14 MPa 4.14 MPa 4.14 MPa
Maximum operating temperature 45°C 45°C 45°C
pH range 2~10.6 2~11 3~10
Maximum feedwater turbidity 1.0 NTU 1.0 NTU 1.0 NTU

Table 2. Operating conditions for the chlorine exposure and test conditions of the membrane performance

Chlorine exposure conditions
ESPA2-LD (RO, NittoDenko), RE4040-BE (RO, CSM), NE4040-70 (NF, CSM)
10°C, 20°C, 30°C

Sodium hypochlorite (NaOCl) (Passive immersion)

pp. 223-232

Applied membranes

Temperature

Chemical regent

Concentration 10 ppm, 100 ppm

1,000 ppm - h~10,000 ppm - h
Membrane performance test conditions

Exposure dose (ppm - h)

Performance test influent NaCl 2,000 ppm, MgSO, 2,000 ppm, Dextrose 250 ppm

15 bar (RO), 5 bar (NF)
25°C
15%

Operating pressure

Temperature

Recovery rate

2= FAE Yol AeFg2ezo] JAH 2SS # ATk ARE-E F2]u ESPA2-LD(NittoDenko, Japan),
A7F AUEE QAo wbeo] TS 74 ol RE4040-BE(CSM, Republic of Korea), NE4040-70(CSM,
Z12o] g2 Hasstgnh T3 50 em?e] o Republic of Korea)© 2 27]2] RO 2t} 17]2] NF Hho|
48 71 due] BeurS o) o 45S HASH  ASEATh ASE Hejste] SALS Table 13} 2.
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102 ot fAYE, 299, s ek, FFo] Ha kE O FFED At Z 5
SRl 2AE A AFEHAYL FaA L CT'9 - nol 1Ht; & uf Z19f FU7t FF=
& ARAEY] SHFH FAE S8 AEHAT I otk & dAgtolAs C'TeF CTA AH&EE niks
of Al 21 =& olF 9 A F7HE fIvt H|uskal fejuhe] S oA Sstaat = ek F
* 272 Table 29} Zth. wo] ¢axof F3te % 7HA] 7ol A ngke k7] 913 A ot Aok
o wiAlER F71E wiAlES Al™str] 9lsll NaCl
2,000 ppm, MgSO, 2,000 ppm, dextrose 250 ppmo] 3t nlog C = log(é) +logk M
8 A5E olmAZT LHgPe RO T A r
15 bar, NF 2Fo] ¢ 5 bar® AA3}IL o= qF A nlog T = log(%) +logk @
2Abe] 94 24 AY F1EoR FeA ook et
AR A e 1N Co A ed FEES oulsn Te da
g A7HE o 1?11:} A= BIER LMHbare] £H]
22. =424 g 2tk 4 (03 4 Q)F ol8stol AT
Aol w22 oS 7}E1A] &b passive immersion &3l n valueE AMEsHGlaL J—]EH Ha & AIKHT)
o2 pYEQUY. Favt EE FA 2EE AF = AFESH] Sl A Q) A @)l dig-stel Atst
SHA §-A3H7] 93l biochemical oxygen demand(BOD) Ak
incubator(HK-BI3002R, Republic of Korea)E Al&-5}¢]
YA ke ABSAL. G A B AN G o
o] A¥sty Rajsl W uhe] S4S viwaly] 9ot G
& scanning electron microscope(SEM)$} attenuated total loga loger o)
reflectance-Fourier transform infrared(ATR-FTIR)S &% =10 " @
3l9ith. SEM(Hitachi SU-70, Japan)@] Hj-&-2 3,000,
10,000, 30,0082 =4O ATR-FTIR(Bruker of W, G o Ass A3 Yds Wl A
Alpha2, Germany) 323]9] scane =3 =4 %9k L& 558 N2 oY 455 &8 dddes by
Az wE AL uigth o 4 Frow B o
2.3. 9f £ mo| HHH TFolA= 0.01~10 ppme2 AT nO 2R
AEE Y Ae wF AT ASHo dart ot
ol AFEL F4 == (Chlorine exposure dose) o] AZEQS v Hejute] Amom B A ok &
GRS G e wes B eE AU H g w e Ay 92 ws A0 1R0E Sl 1
o] ppm - h& A&t} (Souza-Chaves et al.,, 2022). 3 w2 A7 T A2 Ee) 71l Mo s HEAAS
PR 9 e wimst Ak T AU FUE g owo) o eie) @i AZHS olnigh PA
€ st S SAE WEEGL ) W CTE pe o ggeln g w3 w9 Azl e 3
ey o, B0 e = RAT g iedtol gomw Az} FAHT 9 @
AZISAE CT SIS AT SFN 0 1 oo e z0w e, gz vpel o
VIR G ol G ted A GOl 0 g oy gm e 9a 9% Rl 1009wt
d3lo]] We kS W Tl (Abdullah and Bérubé, 2 1Eske] 0.01~10 ppme] w2 EEE A 7o
2013). o17] A n& power coefficient= A% 9Fo] &= AAFET 13] =2 A7F I 27]= 244]7F 90U &
i SSRGS T & e d GUE Weth OT el basioich. wa 2 dgolx AHEE o 4
£ Ol ghel Sk Aol ool el £ HE o oL an vae] olel Mo Ase melal
7} =t AL 9|t} Power coefficient®] Zro = Aoz 912 EXo|i} Ak of 2 sstoFEo] ok
B wem SRS Hb ew AN FIE VAT o yymgee g,
o, C'T9] 7% no| 1Ht} Zrod HJa s A7
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! oa 5
- 10,000 ppm - h& 10,000 ppm - ho]|A 2+9o] 752 <&

zZd7l ol 1=k
3. Zut H 103 73] GAZT oli= PAY active layer7} =A% o] €
Eat L 2O ZE ol a1l h=3 =
3.1. g0 o3t o @3t Znt + W 852 A% AASA Zdl7) el 2H
Fites &4 R wta vlaste] oF 100u) 3
Aol oJgh BF A3h= 10, 20, 30C 9] 2% 270 7¥at9ich. SEM, ATR-FTIRS ARg3le] uho] iy £
A ERIEGIE o] oAM= 30CE Aol =2E9 Yo BAMF Anl =& 2uv) olAAE 1 A
& o wo] ofgtE]7] 4t Fig 2= 30Tl Ha = zho] Zoj4= Hejuto] dslrt AstE 3S o
o] WE o Jeo HIE 9 wiAled R ol3gith. £3] 3,000 ppm - h o]Ato A FA3 ut o
2 vtk @4 =EFS 1,000, 2,000, 3,000,  s}rp FEE AT 10,000 ppm - hol| A BF Aio] ebA

ol
ox
>
o
2

o} ol avt FRA W ks Tl
Assls Wzl weel 18 d45kRing

| | 1400 L -
iy 100 T?\““ s chlorination)o] ©]3F ZHoletal wekslgich o Z}A|SH
= \ - } L1200 ©
S 80 \ - E W82 o] d Aol A ZAME QI (An et al., 2023).
2 i - 1000 T
o 5. . b |
S 604 i o Leoo X
c L. ¥ ] =
= Mg o Lo 8
£ 40 " (a) ESPA2-LD g
2 Y el
r 20 i N o
=R B 200
; N
0 9o oo T T T ol 0 10 N H
0 2000 4000 6000 8000 10000 (a) C"T analysis
o
Exposure dose(ppm- h) =
T o8-
=
& o « | 1600 ..g
£ 1400 —~ ‘S 06
= < o
S s \\ . 1200 £ %
g b3 ) p 3
] . - | 1000 = O @ ESPA2LD
£ 60 \ = ) —— Regression line (ESPA2-LD)
= \ j - g0 = 2 04 4| m REdos0BE
k] E ] Do_ —— Regression line (RE4040-BE)
£ 40 s s o 00 5 ¥ NE4040-70 s
8 _‘T.‘I"-\, (b) RE4040-BE g Regression line (NE4040-70) (I\l
(=] i g 400 & 02 ; ; ™
x 20 s N
% it b 200 5 10 15 20 25 30 35 S
0 PP =t 0 Exposure temperature (C) Q
0 2000 4000 6000 8000 10000
Exposure dose(ppm- h) 20 n ]
(b) CT"' analysis
o 18
=]
© m
— 100 —— 10 ppm (salt rejection) L 2500 i 16
%‘ —a— 100 ppm (salt rejection) 2 =
= | ¢ 10 ppm (perm eability) © - 14 4
g 80 = 100 ppm (perm eabilty) 2000 g _§
o =5 = 12
L 60 = =
= 1500 E g
% 2 3 1.0 A ® ESPA24D
e 40 L1000 © [) —— Regression line (ESPA2-LD)
g E = 0s | B RE4040BE
3 (c) NE4040-70 [ g —— Regression line (RE4040-BE)
r 20 ts00 & v NE4040-70
= 06 - Regression line (NE4040-70)
= ; e, ¢ 5 10 15 20 2 20 35
0 2000 £000 6000 8000 10000
Exposure dose(ppm: h) ) Exposure temperature (C)
Fig. 2. Salt rejection and permeability for the deteriorated Fig. 3. Power coefficient and linear regression for diverse
membrane at 30C: (@) ESPA2-LD, (b) RE4040-BE, () exposure temperature: (@) C'T analysis, (b) CT"
NE4040-70. analysis.
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Table 3. Linear regression and R* value for C'T analysis

C"T analysis Regression equation R?
ESPA2-LD y=-0.0101x+0.8676 0.8905
RE4040-BE y=-0.0101x+0.9358 0.9785
NE4040-70 y=-0.0132x+0.9402 0.9567

Table 4. Linear regression and R* value for CT" analysis

CT" analysis Regression equation R?
ESPA2-LD y=0.0442x+0.2712 1
RE4040-BE y=0.0462x+0.2457 0.984
NE4040-70 y=0.0428x+0.3717 0.9851

08

) 05

o (@) C""T analysis . (b) CT" analysis s
~ 21 y=0.6237x-1.5452 ) y=1.1621x-24016
S 4 R2=0.5703 S R“=08566
] 18 8 0 s '
£ s £
[0} Q
& 2.0 S 15
g g .

221

-2.0 A * ]
2.4 '
26 . 25 T T T T T
05 10 15 20 25 3.0 35
08 10 12 14 16 18 20 22
logT

logC
Fig. 4.

3.2. Power coefficient &4

A (D~@HE B8 CTY CTe BAste] Yehd
power coefficient(n) gt o}l Fig. 31} Zch. Power
A EE C'T &4 23, (Fig. 3 (a)) ngt
o e | ugtog AEEYL G4 wE exvt =

7hgkel whet ne] g2 Fashs %S JEr itk
ol ¥4 kE FEEG ¥4 kE A Jo]
 Att= AL 9u|3it) Fig 3 (b)= CT'9 24 24
HE et 92 =& 2571 F715 g n
o] Fre F7bele AFS Hdth ESE 20, 30 CojlA]
+ nol 15 233 & HeEtl o] E3F C'T 4
I up7 A2 Ga E AZE] JFFe] ¢S Attt
A e

Zb el g ALY AHAS R)E=
Table 1, Table 20 Azlst¥ct 2= AwEH C'T
o] A% ESPA2-LD%} RE4040-BE®] 3] 7] & A14]

coefficient=

710
=
i
=

Power coefficient for ESPA2-LD at 20 using (@) C'T and (b) CT".

2717} -0.01012 FUF 3 NE4040-709] 7]&7]+=
-0.01322 SFA 7 o) vlasto] Ajgho] w2 A
Atk ol da kF 2ETF SRl wEE o
& ke ARl BF dgte] B @2 7|98 ke A
OFAIEHCE CT"O] AS G4 =% %o WE n gt
o A Qn‘%*u 71&71%= 722z} 0.0442, 0.0462, 0.0428
2 e 28] STt wE g4 k=E AREY
10:157} NE4040 70, ESPA2-LD, RE4040-BE =02

mlm

ﬂllo 7

pil

LS 2oJ5H7] 93t n value:= 10 ppm2] F4
Bes s AMS WE V=
Zgé}ﬂq Table 37} Table 4= 1 7l+°ﬂAH n
S Uvebd Zojch AAA e gt p
valuel TL5%F 0.005 nRks UEhls Aor Hof gt
ol folstrtal Aksgict AN C'TY] A% 2%

Aol Ele|Z| |38 H A 4E 2024'H 8



N
o
ol

Table 5. Power coefficient and R* value for C'T analysis

n value (R?)

20°C

30°C

ESPA2-LD 0.6237 (0.5703) 0.5839 (0.2921)
RE4040-BE 0.7507 (0.7297) 0.6235 (0.2986)
NE4040-70 0.6437 (0.5197) 0.5603 (0.2862)

Table 6. Power coefficient and R* value for CT" analysis

n value (R%

20°C

30°C

ESPA2-LD

1.152 (0.8566)

1.598 (0.9162)

RE4040-BE

1.101 (0.8815)

1.665 (0.9102)

NE4040-70

1.288 (0.8817)

1.625 (0.9237)

A2=0] Zko] 0.2921~0.72972 BIA LH ArahA
Hol=t o] Fig. 404 Hox|= A2 I
= X9 AL 2 7FX|(10, 100 ppm)=
o AnH Gy OT B4S 5
= Hosy] siMe v 5
T A7t 49 Jow 94
0.8566~0.9237%2 H] 1WA

4
Aol 22 0o 3hE

0=

FTEF P4 kE A
il 1~2,000 ppm?] &4
et al.,, 2010; Gohil and Suresh, 2017; Ham
Kwon and Leckie, 2006). 7| HLoA=
= AlASH] f13 HA o= 0.5%9] =2
AFESFE AL o)== A9 AVHS oF7]5)al extracellular
polymeric substance(EPS)E EAMA| 71t ZAME What
319t} (Bar-Zeev et al., 2014). o]} o] A4S /\}
Hevl 9] B 1k 2 el el o
spolA Gl Sa Wt 712 2ASHE AL
‘31 Fasith Fig 5t 18] @2 =% A7 3718
7 24X 7k 90U 2 7FA S of The] £~HE U
el 1o |tk 20C oA x=2] H Q= 1~8 ppmo] il
30Co A xZ2] Hel= 0.05~1.2 ppm= LFERH-S wf
2 R (y=)S 55~85?_‘3E Hls=3k HelE vekd
kil s e ed
& oujgith. oz
ok et s

et al., 2021;
H]-o]gmé
92 FES

Olt
o¢ g

AN ol o>“

Membrane lifetime (yrs)

Membrane lifetime (yrs)

Fig, 5.
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80 1
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NE4040-70

Membrane lifetime for chlorine exposure concentration:
(@ 207C,

02 04

06 0.8
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