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Figure 1. Schematic diagram of spinning apparatus for preparation of hollow

fiber membranes via non—solvent induced phase separation process.
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Figure 2. Schematic diagrams of (a) nano—imprint lithography process and (b)

soft lithography process.
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Conventional activated sludge process (CAS):

Grid | v
Wastewater Solid Stabilization  Anoxic Anaerobic Aerobic ssiaikad
removal tank tank tank tank Imenaton,
tank
Clean water I I I I
B
Disinfection Sand filter
Membrane hioreactor (MBR):
. | — Clean water
A Grid | ! +
Wastewater Solid Stabilization  Anoxic Anaerobic Aerobic Membrane
removal tank tank tank tank tank

Figure 3. Schematic diagrams of conventional activated sludge process (CAS) and

membrarne bioreactor (MBR) process.
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BOD),

demanded,

oxygen

4~ & 7= (biological

A

95%, 98%, 99%

o] & 2 ]
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2.4.2. o AEN-S7] FA 94

e el W] wjAdEo] whmdel] FAEHOA UAE= Ao
ofyi WA= AR A  HEulEE AaudA &4 (extracellular
polymeric substance, EPS), €& tAliltsE, 77199 §3 So] #ost=
E38k g Ato| o) (Tardieu, Grasmick et al. 1998, Wisniewski and Grasmick
1998, Ognier, Wisniewski et al. 2002). FHeol= 7AEIHe] H53H
AsAGAAZE E2v 2, 538 A=
AT7F WA= T olol tE thFdt
and Schmidt—Dannert 2010). ©]¢} 2 #g
TAE sty fetel A=A, e, =94, A
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et al. 2002, Kato, Uchida et al. 2003, Yeon, Cheong et al. 2009, Yeon,
Lee et al. 2009, Kim, Choi et al. 2011, Oh, Yeon et al. 2012, Won, Lee et

al. 2012).

30

.-"\.\.I -II'



v ohe}

NS

pig

o

Ho

)

31



32

25 A=t 8}

SECHIL MATIONAL LI J[ rEF‘SlT



m. A 9 944y

33



34

25 A=t 8}

SECHIL MATIONAL LI J[ rEF‘SlT



3.1. vlxH sz} EA e A=

B ATl A gaady] wRleE Axd wiAEH 3"l
AFEE QY. vEAEH Yl A &d]d . nano—patterning organic device
AN AFEdt. ATels s, v s, 4R A 7 dds
ARgskel ow miAE FEH ] zARA|sE JH = Figure 4 o YERA ST

kA E SR o] A Fol 2ol= g2 78wl gA wkeshy] w el
oS olgd HYY FTIAMT Axel wAH sYEE AH AR
AL AAeA dv weEpd 2 dFeM= mkaH 'S
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corp.) & A%t
BAMEE HEHE SI3AR] Alxe] o]&aSitk. PDMS & w@e
FHAUAE Ztar, vhekst fr1E el tiste] HEARl AHES 2] Wi

ke

AR Az AFEEE7] A dettt. PDMS SA Y vh5 3 2w

ll:

A

r- 2&

N

o7
A%tk i) PDMS ¢ 3344 (Sylgard 184, Dow corning Corp.) & 20:1
v gE Z3ettt i) AstAeh wdstA £3E PDMS & vRAE HE 9]
npA~E #'e] @9 WAY 0.067 g PDMS 9 HEZ H& H, 60TA
12 A1ZF FoF AeAZ i) FsE PDMS & wojuo] EAMuHS A=)
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(c¢) Embossing

Figure 4. Schematic diagrams of three types of master pattern molds.
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3.2. sj¥¥ PVDF F3Abet A=

Held ZFAHO] A FoE= 1EAE polyvinylidene fluoride (PVDF,
Sigma Aldrich), £"% dimethylformamide(DMF, Sigma Aldrich)%
AH8-3F9th. PVDE 22 (pellet) & DMF 9} £31eF 5 60ToIA 24 A7k o]/
wykete]  pEA FAE AxsAY. ddeA EdE 1w fds
gt Eld FFAMES AlxzskE WS Figure 5 o YWERQITEH 1)
o] bmm Q1 2AEESE FHET 2) ~AEZS ke PET 45 & Sld
PDMS HA|d&lS ol W=tk PET 52 PDMS ¢} @t Ato]e] npzs
=o|7] fgeltt. 3) €ls HHE welxl PDMS HAlEE=S T4l
Z3A A A A A9l braid (polyester, Mitsubichi) (W7&: 900 m, SFA:
0.45 mE <LIAAZIH. 4) PDMS JHAlsjEda A AA| Alele] Rl

PVDF €02 &) 5) 182 AXA F29 3 &F &5 AAZ =9

X

FEE et ozl HEWME AEA §doR dgs] HFAT)
Agelrt. 6) AAA FEE vuE FFH =S Fote] vl DI

water (Milli—Q water, 18MQ)E FA}7| =

o
I

3 (Legato 100, KD Scientific
Inc)Z FYste] FdolE frdrh 7) FxolA sEW Ft AHolE
¢tz ¢RAZl T PDMS, PET #HE, 2EZSE AASY A4y
SxAEel AxE egdsith. Az B4l SlejA PVDF §99 Fxs}
gl FdEHE WHIE Fo dE¥d PVDF F3AES AxsoH,

AA e 21L& Table 1 o YERAA T
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Figure 5. Schematic diagrams of preparation of patterned hollow fiber

membranes.
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Table 1. Conditions of preparation of patterned hollow fiber membranes

Injection rate of

PVDF DMF
Solution non—solvent
(%) (%)
(mL/min)
S1 7 93 40
S2 10 90 40
S3 15 85 40
5
S4 20 80 20
40
S5 25 75 40
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3.3. ¥W¥¥ PVDF F3Ab F+=x9 #3F

'8 PVDF FT3AHe W3} ©i %=  scanning electron
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t}. SEM ##ES 93
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i,
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| %+ sputter coater (108 auto, CRESSINGTON) &

olgsl ¥Wiw FIEete] wEST TIAMES EES 800 Hi, 2500 Hf,

AzE LG FoAEre] @elM vehs A o] BlEs vl
w4 Z2I3% (Image J 1.46r, USA)S o]&3ste] A3tk AXAE
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Figure 6. Schematic diagram of the apparatus for measurement of pure water flux.
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Figure 7. Schematic diagram of the continuous membrane bioractor (MBR).
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Table 2. Compositions of synthetic wastewater

Composition Concentration (g/80L)
Glucose 2454
Peptone 18.4

Yeast extract 2.24
(NH,4) 2S04 16.76
KH3PO4 3.48
MgS04.7H20 5.12
MnSO45H0 0.46
FeClz.6H20 0.02
CoCl2.6H0 0.2
CaCl,.H0 0.52
NaHCOs 40.88
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Table 3. Operating conditions of membrane bioreactor (MBR)

Working Volume 20L

pH 6.5
Temperature 25~27C
SRT (solid retention time) 40 days
HRT (Hydraulic retention time) 13 hours
Soluble COD removal efficiency 95~96 %

MLSS (Mixed liquor solid suspended)

7000~9000 mg/L

Synthetic wastewater sCOD 550 mg/L
material Polyethylene
Maintenance pore size 0.2 sm
membrane surface area 0.5 m*
flux 4.5 L/m*/hr
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Table 4. Surface area of patterned and flat hollow fiber membranes

Surface area Pump flow rate
Pattern type
(m?) (L/hr)
Prism 0.00244
Pyramid 0.00249
0.025
Embossing 0.00256
Flat 0.00240
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4.1. \QY PVDF F3Aete T2 33

E Ao 8] € w8 (nonsolvent—induced phase separation, NIPs)
AHolylE  ol&stel  HHy F3AMYE AlgeRdith vlEmjadt
Aol el M= &R Fx, vEme TR U A, ¥ =5, J7HA SOl
o] Fxo AA dFS F dow dyA k. B AFdME=

olg] W o PVDF €99 »x o vl FAEEE WHErg AR sk,

i

ol wE FEAM 7 x9 WskE FARAAERA (scanning  electron
ATt ]

microscopy, SEM) o2 #zs} , AR dEe TEE o ®

w7kl ALESTE
4.1.1. PVDF $9 =9 #sd g F3AY 729 43

Zg]Z 8ly PVDF Z3AMS Autets gelx PVDF £919]
A

EEE T%~25% Aroleld WA WA, FFAS] @ (cross—section) 3
¥ (surface—section) & AAFAIER] A S F3l #Zskslt

4.1.1.1. &8 F=xe] W3}

PVDF €9 sx° wWgle] webx F3AMESY & 39 whdo A
A71Fo] AA|F= WA H&S 77 Figure 8 ¥ Figure 9 o
UEeERGltE o] A3E T3 & uw, PVDF £9°9 F%7 ¥2(25%)

el Azxzd EE PVDF T3AMS S oA Ath7] ¥ (macrovoid) ©]
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A e WA nlgo] AdFoE We(17%) As ¥ 5 Atk wbde|
PVDF &9 %7} W& (10%) 274 #Alx$ #wld PVDF F &AL
Be A7 5 vl&o] AddoR ¥2(35%) #e JeErih

Bird =3 Lin & %o mEAR LA aEAR AL

213! (polymer chain entanglements)©] 4oy, o]g|st 1A A& ¢3)
A A e w7 ZAAshe] mel Fdx Fojerhal

Ao+t o (Bird, Stewart et al. 1979, Bird 1988, Lin 2003). &3+ o]g3t
AN}E WMEOE Peng & FT3AMHE Azl lojA, mEA g9
TEZF AdZIEe] Aol wA= gFe] diste] Raskgith. Peng 59
AT ZHE, 5 F X (critical concentration) oF#ollA 1EA AL H2
AFEE Zrom A QYA 7] Wil vl&ui7t AbE Apol g
Ttow HAA HAFE & £ govw JAA AWNETS FAIA. 18y
AEA gl 5 FrRt mA HW, LA ARES g wwliEts)
YA 7] wEol 3 (entanglements)©] FAH 1, o]l8|d wEA LA
HAETH= TA] ZH7RA v g JAE7E wednh ARHor 5X
TERT £ Lo uEA fgdow Azxd FIASlHdE AYrEY
3 233} tF(Peng, Chung et al. 2008).
T Ansl wiRAR, B A FAQl H'dE PVDF
TS ATl QlojA @ sxe] PVDF 9 (7%, 10%) 2 =<
559 PVDF &4 (25%) Kt 132k AbEo]l =&8hA A 7] wie,
T8 5 oA FEAREel A7) F ol
A FAPY Aoz Rt Wi, 22w uEA £9(20%,

25%) M= ALAR AbEol mlawA mmEA HAA i AbEe] A
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LEI 10.0kV x25

(b) 15% PVDF solution
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(i S
x>

LEI 10.0kV X30 WD 80mm  100um

LEI 10.0kV XxX25 WD 8.0mm Tmm

(d) 25% PVDF solution

Figure 8. Cross—section images of patterned hollow fiber membranes prepared

with (@) 10%, (b) 15%, (c) 20%, and (d) 25% PVDF solution.
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Figure 9. The percentage of area covered by macrovoids (%) vs. concentration of

PVDF solution.
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4.1.1.2. &9 F=x2] W3}

PVDF & X2 wWsle] weba F3Atebe] e vehdes 719
el o] A3} (fidelity) & Figure 10 o Yehfigleh o] AxE & & uf,
PVDF &9 s%7t =3 w5 #Aglel Axd #Ed PVDF
ZIAEe] EHolA = ES bicontinuous T-27F YEREAINE, 39
% % (pattern fidelity) &= &2 Fo wa}t ZFo]7F gl 22 gkt
PVDF &9 s&7} %2 459 Hlwsto], PVDF &9 F=7F v

Aol e FAEZE vuA W dEdidled, oled A A4

i
rl
=
@]
=)
o
rlo
)
i
ot
-
<
m
M
i)
=
=2,
[
i)
N
=
™
=)
I
é
i
kit
(]
o,

ATE BEATH(Won, Lee et al. 2012). ©] dg-ox+= thakdt PVDF
FH Fiof uwel HEY Fy Fus Azsta, o] EweA
e 2o wEkE aEeslth A w2 $x(20%)° PVDF
gNoF Axd HEYP FYue Aol FAAAN mEATF SHHEE
Aol eyl wiiel #HEE SHEA A9-A XEte] bicontinuous &
cellular Fefe] +x2& dehly AxHo= e FUE(fidelity) HT
W 3(0.72) & Zeva Aeelh v, W 5%(10, 15%) ¢ PVDFE
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Figure 11. Cross—section images of patterned hollow fiber membranes prepared
with 20% PVDF solution, using injection rates of (a) 5mL/min, (b) 20mL/min and

(c) 40mL/min.
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non—solvent (mL/min) for same PVDF solution (20%).
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(a)

(b)

Figure 13. Schematic diagrams of structure formation mechanism and cross
sectional images of patterned hollow fiber membranes result from injection rate ;

(a) 5 mL/min, (b) 40 mL/min.
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(c) 40 mL/min (fidelity : 0.913)

Figure 14. Surface—section images of patterned hollow fiber membranes prepared

with 20% PVDF solution using injection rates of (a) 5 mL/min, (b) 20 mL/min and
(¢) 40 mL/min.
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Figure 15. Surface and cross—section images of prism, pyramid, embossing

patterned hollow fiber membranes.
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Abstract

Various researches on membrane water treatment technologies have
been carried out due to their higher—quality effluent vyield.
Notwithstanding this advantage, application of the water treatment
process using commercialized hollow fiber membranes is still constrained
by membrane fouling. Membrane fouling leads to permeate flux decline,
making more frequent membrane cleaning and replacement necessary
which then increases operating costs. In this study, we prepared the
patterned PVDF hollow fiber membranes and their flux and anti—fouling
performance are analyzed. Patterned hollow fiber membranes not only
enhance the permeate flux due to their larger membrane surface area
than conventional hollow fiber membrane, but also inhibit the deposition
of microbial cells on the membrane surface.

Patterned hollow fiber membranes were prepared from master
pattern molds fabricated by lithography. Three kinds of master mold
pattern, prism, pyramid and embossing, were applied to prepare
patterned hollow fiber membranes and their fabrication process is
described as the following. First, the master pattern was replicated with
polydimethylsiloxane (PDMS). This patterned PDMS replica mold was
rolled up with PET film situated below and was inserted inside a straw.
Next, a braid was positioned in the center of the straw. An empty space
between the PDMS replica mold and braid was filled with PVDF solution
and then a lumen of the braid was clamped to induce more prompt
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penetration of non—solvent to the PVDF solution. Water was, then,
injected into the lumen of the braid. Finally, the straw and PDMS replica
mold was removed from the hollow fiber membrane and coagulation was
completed in the water bath overnight.

We investigated the surface and cross—sectional morphologies of
the patterned hollow fiber membranes in accordance with two variables:
concentration of PVDF solution and injection rate of non—solvent in the
fabrication process. Consequently, it was found that uniform macrovoids
were formed on the cross—section of the patterned hollow fiber
membranes and patterns with high fidelity was formed on the surface—
section of the patterned hollow fiber membranes when the concentration
of PVDF solution was high and injection rate of non—solvent was fast.

The pore size distribution of the patterned PVDF hollow fiber
membranes ranged from 0.2 um to 0.6 um. The average of pure water
fluxes of the patterned PVDF hollow fiber membranes was 25% higher
than that of non—patterned hollow fiber membranes regardless of the
pattern type. Finally, comparison of TMP profiles between patterned and
non—patterned PVDF hollow fiber membranes showed delayed TMP
rise—up in MBR with patterned hollow fiber membrane which indicates

that patterns on membrane surface lower biofouling tendency.

Keywords : Pattern, hollow fiber membrane, Polyvinylidene fluoride,
Membrane bioreactor (MBR)
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