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Abstract: Polyethersulfone (PES) is a widely employed membrane material for water and industrial purification applica-
tions owing to its hydrophilicity and ease of phase separation. However, PES membranes and filters prepared using the non-
solvent induced phase separation method often encounter significant flux decline due to pore clogging and cake layer for-
mation on the dense membrane surfaces. Our investigation revealed that tight microfiltration or loose ultrafiltration mem-
branes can be subject to physical fouling due to the formation of a dense skin layer on the bottom side caused by water in-
trusion to the gap between the shrank membrane and the substrate. To investigate the effect of the bottom surface porosity
on membrane fouling, two membranes with the same selective layers but different sub-layer structures were prepared using
single and double layer casting methods, respectively. The double layered PES membrane with highly porous bottom surface
showed high flux and physical fouling tolerance compared to the pristine single layer membrane. This study highlights the
importance of physical optimization of the membrane structure to prevent membrane fouling.
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2. Experimental

2.1. Materials

oFsA o ek Ao AR8E PES BASFARS] E6020P
A &S AP, Q] N-methyl-2-pyrrolidone (NMP)
< Duksan Reagents (South Korea) 2 ZHE ufs}le]
ARgglom, H-gul H7bEolA}t 713 P HAZE triethylene
glycol (TEG)E Samchun Chemicals (South Korea) 2. =
FE Fujste] AR @A bovine serum albumin
(BSA)$} phosphate buffered saline (PBS)- Sigma-Aldrich
oA Fujste] ARE-EFIT
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Fig. 1. Schematic diagram of membrane fabrication process.

Table 1. Preparation Conditions of the PES Membranes

Sample name Casting layers

Casting thickness (pm)

Dope composition (wt%)

PES NMP TEG

PES-Dense Dense single layer 200 20 33 47

PES-Porous Porous single layer 50 17 33 50

) 200 (upside) 20 33 47
PES-Composite Double layer )

50 (downside) 17 33 50

2.2. Preparation of porous PES membranes
oA PES oFuhg Axshr] 93l 60°C 2B A
Az¥ PES 1EA B2 NMP 9 TEGY] £33t
ol 12413F o]/e] 7IAA wiks B3 Y =
ZHE A zFom, o]F 12413 T AAsIY HEE
8Pt ozl 1782 &H& o83t polyethylene
terephthalate (PET) Z& ¢loll 7|2=&”3I3Th o]F o
ol4e] 7|F A7E R3] Y3 &% 30°C, &
50% 2719 2357] ol A 1523 AAg & 4
9] =9l FA|s= V-NIPS (vapor-nonsolvent induced
phase separation) 2] 0.2 & 5T} 538
60°C JFFollA 1247 Az & ARSI Alqt
HAE Fig. 19 2es] Yepdlom Aute] AL&E&
TEAF g0 247 A 270-E Table 19 BEl5t4
o B dFME B2 T2 1EA &Y (PES-Dense)
I e Fxo] vE2 &N (PES-Porous)S 2t T
g4S 7HA I e AH2E Yol E o] &) Altetela,
ol H§3 el o]FF o FH(PES-Composite)
FAE FA AR & FA AAo] 7 olF
Ae N2E Yol g 83l o]FF i

flo bl ooxt

2.3. Membrane characterization

Alz9 PES v vt 22 Wb djes &
S s oAt de) £4& 918l FE-SEM
(field emission scanning electron microscopy, Quattro
S, Thermo Fisher, USA)< ©]-&3lc] B4t ©H
o] B¢ Azt Aag o] g3ty vhe ddste] AEH )
Row, Mg I8 & 7HEAQG 20 kel Thefek viE
2 AZS st vt

PES o#ute] 7]F A7]+= gas liquid porometry
(GLP)E &l S48ttt ¢4 34 A o3 A=
(28, AE883 81.7 mm)Z 1593 + 0.03 mN/m&] &
HAH S 7= Porefil™ &Hol 3] HA AIA 5
B3 AL & vt ag AAvkes ARESH] GLP ]
(Porolux™ 1000, Porometer NV, USA)°IA wet curve
S dry curveE SAUE SASAY. 715 27] At
a4 ol Washburn B2 o] ARE-HUTH21,22].

D:4><Sh><£t><0059 0

D : pore diameter (pm)
St : surface tension (dyn/cm)
0 : contact angle between the wetting liquid and substrate

P : pressure (bar)

Sh : shape factor

Membr. J. Vol. 33, No. 4, 2023
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Cross section Cross - Top Bottom surface

PES-
Porous

PES-

Composite

Fig. 2. SEM micrographs of the cross section, top surface and bottom surface.

TEIAS(pure water flux, PWF) ¥ BSA £ =3
Z=(BSA solution flux) &4 WHOZE f4a 9 H o]
34 cm’@l ZE EC(Swinnex®, Merck Millipore,
USA)E °]&3te] 2004 2 bard] &9 atellA 34
stk Az A-L(ML3002T/00, Mettler Toledo, Swiss)
o} AF AZ AZE o] ZZ I (EasyDirect™, Mettler
Toledo, Swiss)= ©]-&3tc] 30 T = ofFH AA <
FAE A5 SASATE 1A, AR dEA Y &=
T FAEE 5 AT T H g A HAE A
Ao, PBS pH 7.4 89 &3€ BSA 1,000
mg/LE T3ty 9 e o3 FAx FAE A
a9tk BSA AAES UV/Vis £33 =7 (Specord”
210 Plus, Analytik Jena, Germany)E &-8-3}4] 280 nm
o] FHE HlaE T3 ST

8 7135 SHAYHOZE SEM oA E oE
2~ Image] £2ZEo(v1.8.0)0l &J3l EAIx|of Hhe]
A O3S H7H8ITH23,24]. Image] A4S 9
SEM o|m|%|7} $H|E RE2 HEkEo] TAE ]
& w73 wol2E AASY] fs ¥l ¥ oinl =3
o] AHEHSIE o]F AF YARE ARl oHAE
o|FIH(AARY FAho g WMIAFP=d|, T F9L 7]
= YeEh A §9L o FHES YERo] A
A tiH] A FHo] HHE %E ALkstAT 2t F
A &4 A& FA Z747](digimatic thickness gauge,
547-401, Mitutoyo, Japan)E ©]-g§-3f] o} o F-2k9] 4149

of & kP>

L

Myl A 33 A A4 35, 2003

o7 3HA ZAste] Blul B8t
3. Results and Discussion

3.1. PES membrane morphologies

A" PES oj¥jute] o gl #£9 SEM o|n|AE
Fig. 20 vlwste] Yepdlith Alzd E27 BFolA
o3t FA ol &3 sponge & 73 TERE &9l

ot
ey
=)
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>
ot
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e
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i
to
ro
_0|L
2
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o
|

T 29 AEIES 9
PES-Porous 2te] 7-%- @ 9 Ashi FHd #Y%
71% A7) Zte isoporous¥t TFE7F FRAEHF O,
PES-Composited| A = o]5ZF N2ES T3 5L +
29 M F2E RIS Image] AXZEHE 53
4%k slF W] 7|F%+= PES-Dense, PES-Porous,
PES-Composite <=AtIE ZH2F 0.06%, 17.67%, 17.76%
9] 7|¥EE Yelth e AAE Tl shE EHY
71 %% PES-Porous ¥ PES-Composite®] A2 &%
Sk kS HojF= Wb, PES-Dense?] 749 uf$- v
SHEEH 7FEE Btk ol A 99 V|FER

o Ul We SEoz wiA gol
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Zztel g
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o2 Bol PRI, vl gulsl A HEOR S

FHo| Y3
3 FAEE AEFT S A AN =9 F2
% ‘o]"% %0151[25], 52 9] %% THl(concentration

0|3 Z(cake layer) 43S &3}
of cisjot £33, MR Aol 98 A2 BOhEc

3.2. Pore size of PES membranes
AZH PES ol7ute] 7% 3] BEE Fig. 39 vl
sl YER ST PES-Dense$} PES-Composite< 242t
66 2 65 nm2] H+ 7]F Z7l(mean flow pore size,
MFP)E YEMY, 74 2 77 nm®| bubble point pore
size (BP)E EoH, o] 53l 7 = 4% &
9] ARZE 7HAA e AE FASFAL AR A
Aee BHY o= A3ttt U A PES-Porous?]
73§ MFP7} 107 nmE YEFHIL, BPE 124 nm e
UeAth &8 GLPIA SAH= 7139 Ve
through-pore©|™, o] a4 Fe|=e] =744 7}
A 2z 71Fe 3718 9v|gt}. PES-Dense?| 74-%-
718 =7} g we sHE %Ol Aol &
Tt oA s EHE Hol ES-Composite 3}
A MFP2} BP% Bl 717141 A= s 15
[e)

]

(o
i

f
(o3
rr
"U
U)

nm °|8} 7| & SHHA don], A& I AR
M= 71 Bl EW e Hoz &y ALS2
nm °J8ke] 7lF& ZA e AoE AR"H. o=
)=}
B

PES-Dense?] 7-%-o% A% zd=o0] AAH o7 o3}

%% Sh= HJ”S. }Pr Al £ Edd EAshe=

o] T3} o] Folx|m,
o]

[e]
A g Aoz

=}
ol
2

>

3.3. Pure water flux and membrane thickness

Fig. 49 57 #< vlws|E o PES-Dense} PES-
Composite®] F7& Z+2t 68.53 um, 68.66 um= PWF
o IS 2 & Y& AAA A gol fAE AS
oY & 9l Fhe 9%E F + Ae A1 2]

er
by
O

100
MFP 66 nm —e— PES-Dense
—&— PES-Porous
80 | —a— PES-Composite
MFP 65 nm
60 |
—
X MFP 107 nm
N
a 40
2]
o
20 | BP 74 nm
BP 77 nm
0 BP 124 nm
L L L L L 1 L 1

40 50 60 70 80 90 100 110 120 130
Diameter (nm)

Fig. 3. Pore size distribution of prepared PES membranes.

3500 100
e Tcurase
3000 2884.4
i
68.66 i 475
~ 2500F ; 7 55.53 o
8 =
= 2000F o
z 150 &
S 1500F 2
I 1153.76 »
1000 =
: N ERES
e 500 | 7/ ~
263.65 /
o w 7 7 .

T T T
PES-Dense PES-Porous PES-Composite

Membrane code

Fig. 4. PWF and membrane thickness of single and double
casting membranes.

2 % 5 uhe ok GLP HolEdlA T3 Ad
< 7 Ao E #GEY] vl PWFe| &2 mn]
sittar AZbEn) 224 0 2 PES-Dense2} PES-Composite
o] PWFE 247} 263.65 9 1153.76 LMH/barZ 4] ©]
e & Aol Holed], ol 237 v s EH
AWZ FF D 7F5o GFS e Hog Agd
o & J|¥3EE ZH= PES-Porousd ¢ FA=
19.69 um= $F2> FA7F SH=HAL, PWFE 28844
LMH/barZ £ FHAFS Bt 23440z g3
oA FRME AAAR] A7t dolue 2HF
o ef3 FIAol AAE F o, AHo=E
sponge FEj 2| 71ETEE e WS £ AAT

o 9ME & e won 53| T ALUZFo|
FA= = 78‘% ofHut HA o] FHRAGS A EFol=
Aoz dAetETh
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Fig. 5. Effects of membrane structures on filtration performance:

compared to water permeability.

3.4. Effect of feed surface porosity on fouling
AzE PES oAute] AAAQL AA FAHAA ] F
345 vmay) 918 ST o FeHhroughpur)
of & wid Fgoo] Eir Wl ARE Fig 59
UYERSIS. Fig. S(a)= 2 Al A4 BSA 899 F
she wstoln, Relote] RRE Hol7t 7 27] £E
I 71Fo 7 HEEE Fig. 5(b)oll YERAT
710l BSAZ} A B= A o] FAEAY, E¢E &E
& A (aggregate)ll 3 713 = A B Aol=
< ot el A s FAE A2 & F
=H[26], 4 Fig. 5(a)ollA] PES-Composite2] 73
BSA &9 E3=E= oF 700 LMH/MbardlA 2 ZHa
§lol 200 Lim® o) AgE W7tA 73] FIH=r)
FAEE A4S HAFA, PES-Dense®| 74 o3
of W EIhE gaZe] YA FAHM A&
ET A2 HAZET) Fig. 5(b)olAE PWFE 7]
o =5 ¢ 4 =6 PES-Dense®t
PES-Composite 7 22 & o3& gho] =718l °F 10
L/m*¥ wj7hx] BSAS ¥ &3 5ol 93 22 5
b gAY of 3
o] AZ4= PES-Composite®] 7% o37aFo] 200
Lim® o|37HA] 60% % FH=5 A8k, PES-
Dense?] 79 IR &3 o]l oz&o] 128 Lim’
+ ARolA 27] B tiH] 4%2] FH=71A] A7
o] dojup= Z o2 = uf ofdto] Zh= 7)E A7](65
nm)2oh v 2R F7]9) BSA @A o3 A=
SAE Bre o] dojd 21 BSAS A EAo w
£ 718938 (pore blocking) T/o] dojd Ho=Z o
o] 7ks3tth. BSAE thiE F347F dojit BSA Al

d Ho 3O ol rIr P

AN e o o
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to
o2
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80

o2
o
T

/

Same flux
I~ decline ratio
at initial flux

PES - Composite 59.19%\

Normalized flux (%)
S &

(=]
T

PES - Dense 4.01%

0 50
Throughput (L/m?)
(a) BSA solution flux (b) BSA solution flux decline ratio

100 160 200 250

A& #2 22 PES-Composite 3.08%, PES-Dense
558%% ol& F o st Fo| F2AQI Aolof ¢
3 AR Aety Bl
©]2 3+ PES-Dense$} PES-Composite®] BSA & &
I A e Aol AFute] T, ARFo
1 71% A7} 7]l A o' sh W J)F
e Zo 2 AlRHM27,28], B9 7]
= 6%%! PES-Dense®] 73-¢- o3 Aol A =
A AE3Y 52 FHAFTOE BSA 55 #5531 &

[29] @ 71% 23 @akol FAlsH olike Aole

2 b

2

-
o
e
.0

R oox Pdoof MO

3.5. Membrane fouling by pore blocking

Pore blocking modeli= Hermia’s models[30]S ©]&
ato] THE 3hte] mo|m[31-34], o] & o] &3t T}
Asol wet Feds AWE 4+ ItH35-37]. Pore
blocking =€} 7]& Well drtdos 7]E A7|Hnt
& YA EAbse] 718 o 5 wafstAY g+
A3 g e B 38]. ©eddt THOE pore
blocking @42 FA| 47HA 2 FE5 o] Th(Table 2).
Pore blocking &7 47149 ¥El= Fig. 6(a)-(d)°ll 3t
@3] TAISFYTE ©] modelol| WEH 7]go] A
28] complete blocking, YAF=°] 7|F ¥H| 714
o2 &2 9 Y2 E = intermediate blocking, YAHE
o] 71& WHol| F2E AU 2 5= standard blocking
2ol 9 g'lol| Aol Fo] FAHEHE FAl 7
ol A7t HIZbg A o2 ZAEH= cake layer for-
mation®] 1T <& 7}A] pore blocking model F 4%

rlr
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1
HEH T

() 18
@’E [ PES - Dense -
B=2 ug F.*
S 4t q-_l-.
b #| N
7] .
— PES - Composite - .
“; B=ND
3 |
S gl
g
- 6p
6 7 8 9

Log [dt/dV] (sec/m’)

Fig. 6. Illustration of the fouling mechanisms considered by the models: (a) complete blocking; (b) intermediate blocking; (c)
standard blocking and (d) cake layer formation. (¢) Comparison of resistance coefficients with the reciprocal of filtrate flow

rate.

Table 2. Parameter Values of “/£” for the Four Models Represent Constant Pressure Blocking

Model

Assumptions s

Complete blocking

Intermediate blocking

The solute completely obstructs a pore. 2

The solute partially obstructs a pore with a certain probability.

The foulants distribute uniformly along the surfaces of the pore walls,

Standard blocking

resulting in a reduction in the diameter of the pores. However, 1.5

the number of pores per unit area remains unchanged.

Cake formation

The solute forms a layer or coating on the filtration surface of the membrane,

resulting in an elevated level of resistance to the flow of filtrate.

A} PAE 7|02 dead-end Aol HEF F e
2(Eq. (1) 183t Fig. 6(a)2] BSA &9 ;;Jrg

W HEAA Y& Ax g T 227} Fig
6(e)°]T}.

’t [ adt )\’

d1? _K(d—V) W

Fig. 6(e)1X 71€7]= B #*< Yehde=ol, PES-
Dense?] 7% 71717} 2& Y0, ©]& Table 2
o] EH complete blocking®l 3Eeh= AS &

5
At ol EHe wi Z2 7|y 7] % VT ER
ols] BSAY ¥% B A wAsly, FRAFoR

]

QI8 BSA7F S3E o] 718 o2 7]Fo] hE
18] = complete blocking d/Fo] dojytiy Tt
"t o] PES-Composited] A% 71717} ko] &=
pore blocking modeldll A2J=|A] gk=t} o= o3} 3}
Aol A pore blocking®] §1AtHE A& oJmETH39].

l‘ﬂ
2

B AT o34 PES oute Tz} ExA
s 3 OElTJer kel ABBAZ Qolrr] Y3
V-NIPS ¥ ©]5%5 /N8 B o] 83ty 7L7] SE=E
TzE zt= PES 9#S Azt Azd F 7}
2| ofguke T3 o] S 04452 Zb3 9=
A 7] g2 7)1 3Ee] sEEHe 7Hth o gute)
wZ 229} 7| 7= SABR T dFtube SEd)
2 oo o)F ute @ AFoA A HolE B

o, ol 7|2A] AAE B FiEs Eeol
P Qs ool s AR, A oA agAg ol A
Uehbe EAAE 9 e e AXF 7= 4

k

H“i&l-l‘l

Byl 713wl ofsl A Fe wE R Y
% ABACE BN HoY UL AU A
A ol A 25 3 oled A e 97, A8

Ha }104[4041] 1 o)Al oy
HAaslshr] A% 2214 Bl F29 aﬂﬁﬁm ﬁ
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gelojof & Zow HATHETH
a Al

= AT EAL T FHAHE ¢ 20009796)}
oA TY FAAY(KK2311-40)S T 3=
omn ofo] ZAL=HYt
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